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PREDGOVOR

U ovom zborniku je 25 celih radova autora iz zemlje i inostranstva koje je Naucno - strucni odbor
38. Medunarodnog kongresa o procesnoj industriji Procesing 25 posle obavljenih recenzija prihvatio za
izlaganje.

Procesing 25 je odrzan u Negotinu, 29. i 30. maja 2025.

Generalni pokrovitelj Procesinga °25 je Elixir Prahovo - Elixir Group - kompanija koja u 2025. godini
obelezava velike jubileje: 65 godina tradicije Hemijske industrije u Prahovu i 35 godina postojanja
kompanije Elixir Group.

Procesing °25 je fokusiran na ostvarivanje ciljeva odrzivog razvoja, smanjenje negativnog uticaja na Zivotnu
sredinu, uvodenje obnovljivih izvora energije i proizvodnji odrzivih proizvoda u procesnoj industriji.

Zbornik celih radova je u rezimu dijamanstskog slobodnog pristupa objavljen na sajtu www.izdanja.smeits.
rs. Kao integralni dokument bice dostupan na sajtu www.smeits.rs

Medunarodni karakter Procesinga °25 i ove godine ostvaren je inostranim ucesnicima sa radovima, kao i
clanovima naucnog odbora. Zvanicni jezici za izlaganje radova na kongresu su srpski i engleski.

Osnovni ciljevi kongresa su inoviranje i prosirivanje znanja inZenjera u procesnoj industriji, energetici,
rudarstvu, komunalnom sektoru (vodovodima, toplanama) i podrska istrazivacima u predstavljanju
ostvarenih rezultata istrazivackih projekata.

Tematske oblasti Procesinga °25 su:

» Procesne tehnologije;

« Projektovanje, izgradnja, eksploatacija i odrzavanje procesnih postrojenja;
« Osnovne i pomocne operacije, aparati i masine u procesnoj industriji;

« Energija u procesnoj industriji;

o InZenjerstvo Zivotne sredine i odrZivi razvoj u procesnoj industriji;

« Procesi i postrojenja u pripremi i precis¢avanju vode u procesnoj industriji;
« Susenje i susare;

« Gasna tehnika;

o Hidraulicki i pneumatski transport;

o Modelovanje i optimizacija procesnih i termoenergetskih postrojenja;

o Merenja i upravljanje u procesnoj industriji;

« Menadzment kvaliteta i standardizacija u organizacijama.

Osim izlaganja radova, program Procesinga 25 obuhvatio je i Cetri okrugla stola na sledece teme:
1. Znacaj ESG izvestavanja

ESG (Environmental, Social and Governance) postaje nezaobilazan standard u poslovanju koji usmerava
kompanije da posluju u skladu sa konceptima odrzivog razvoja u oblastima Zivotne sredine, drustvene
odgovornosti i korporativnog upravljanja. ESG izvestavanje je kljucni faktor u poslovanju i investicionim
odlukama, a njegov znacaj raste kako regulativa postaje sve stroZija, a zainteresovane strane sve zahtevnije.

Razmatranja obhvataju ulogu ESG izvestavanja u odrZivom razvoju, izazove njegove primene i perspektive
za buducnost.



2. Oprema pod pritiskom
(u organizaciji Komiteta za opremu pod pritiskom u okviru Drustva za procesnu tehniku)

Razmatranjima su obuhvacene sledece teme: Pravilnik o izmenama i dopunama Pravilnika o pregledima
opreme pod pritiskom tokom veka upotrebe (primena od 1. juna 2025.); Sanacija/rekonstrukcija opreme pod
pritiskom i Tehnicka dokumentacija opreme pod pritiskom.

3. ETS (Emission Trading System) postrojenja u Srbiji - presek stanja i planovi

U Srbiji su tokom 2024. godine izdate prve dozvole za emisiju gasova sa efektom staklene baste. Uvodenjem
ovih dozvola uspostavljen je sistem za monitoring, izvestavanje i verifikaciju gasova sa efektom staklene
baste.

Razmatranja obuhvataju trenutni status ETS postrojenja u Srbiji, izazovi u implementaciji sistema i njegov
uticaj na privredu i kako ¢e uvodenje CBAM mehanizma u EU uticati na domace proizvodace i izvoz.

4. Otpad kao izvor energije

Otpad kao znacajan resurs i energent postaje sve relevantnija tema u kontekstu odrZivog razvoja i energetske
efikasnosti. Razmatranja obuhvataju procese termicke obrade otpada, njihovu efikasnost, uticaj na Zivotnu
sredinu i ekonomske aspekte ovih resenja.

Procesing 25 organizovalo je Drustvo za procesnu tehniku pri SMEITS-u, a u Nauc¢nom i Organizacionom
odboru prisutni su predstavnici masinskih, tehnoloskih i drugih fakulteta u okviru kojih je oblast procesne
tehnike zastupljena u nastavi.

Pomoé u organizovanju Procesinga 25 dali su clanovi Katedre za procesnu tehniku Masinskog fakulteta
Univerziteta u Beogradu kao i drugih fakulteta iz Srbije.

U okviru ovogodisnjeg skupa organizovan je obilazak Industrijskog muzeja ,,Prahovo".

U Beogradu
jun 2025.
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Procesna analiza efekata i nacina otkaza (engl. Process Failure Mode and Effect Analysis, PFMEA)
predstavlja izuzetno koristan analiticki alat za upravljanje kvalitetom, koji omogucéava procenu potencijalnih
nacina otkaza i rizika koji mogu nastati u proizvodnom procesu. U automobilskoj industriji, primena PFMEA
je obavezna, a propisana je standardom IATF 16949:2016 i prate¢im procedurama. Kada je re¢ o samom
proizvodnom procesu, PFMEA ima kljucnu ulogu u obezbedivanju pouzdanosti procesa. Medutim, brojne
ogranicavajuce okolnosti, poput finansijskih ogranicenja, raspolozZivosti radne snage, tehnickih uslova, ves-
tina i znanja, mogu znacajno uticati na efikasnost implementacije PFMEA. Iz tog razloga, savremene indus-
trijske prakse teze ka vecem stepenu automatizacije PFMEA, smanjujuci ljudske greske i subjektivnost u pro-
cenama, §to je u skladu sa principima Industrije 4.0. Cilj ovog istrazivanja je evaluacija i rangiranje faktora
koji uticu na unapredenje PFMEA i potencijalno dostizanje nivoa PFMEA 4.0, na osnovu relevantnih kriteri-
Juma, kako bi se utvrdilo koji faktori predstavijaju najvece izazove i najzahtevniji su za resavanje u praksi. U
tu svrhu, koriscen je kombinovani, viseatributivni pristup odlucivanja (engl. Multi-Attribute Decision-Making,
MADM). Istrazivanje je sprovedeno u saradnji sa liderima PFMEA timova iz tri kompanije automobilske
industrije koje posluju u Srbiji.

The Process Failure Mode and Effect Analysis (PFMEA) is a highly useful analytical quality manage-
ment tool for assessing potential failure modes and risks that may arise in the production process. In the
automotive industry, PFMEA is mandatory, and its use is prescribed by the IATF 16949:2016 standard and
related procedures. Regarding the manufacturing process itself, PFMEA plays a crucial role in ensuring pro-
cess reliability. However, numerous limitations, such as financial constraints, workforce availability, technical
conditions, skills, and knowledge, can significantly impact the effectiveness of PFMEA implementation. For
this reason, modern industrial practices strive for a higher degree of PFMEA automation, minimizing human
errors and reducing subjectivity in assessments, which is in line with the principles of Industry 4.0. The objec-
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tive of this study is to evaluate and rank the factors influencing PFMEA improvement and the potential achieve-
ment of PFMEA 4.0, based on relevant criteria, to determine which factors pose the greatest challenges and
are the most difficult to address in practice. For this purpose, a combined Multi-Attribute Decision-Making
(MADM) approach was used. The research was conducted in collaboration with PFMEA team leaders from
three automotive industry companies operating in Serbia.

1. Introduction

The Fourth Industrial Revolution, commonly known as Industry 4.0, has introduced significant
transformations in the operations of industrial enterprises. Concepts such as the Internet of Things
(IoT), artificial intelligence, cloud computing, Big Data, collaborative robotics, and additive manu-
facturing have become integral to modern production processes. The automotive industry, as a key
contributor to the GDP of many countries and a crucial component of contemporary industrial sys-
tems, has also been profoundly impacted by these advancements. Every company strives to automate
its business processes within its capabilities, enhancing their efficiency and effectiveness. The same
applies to manufacturing processes, which are undeniably the most critical aspect of a company's
success in the automotive sector.

One of the essential elements of the manufacturing process in automotive enterprises that ne-
cessitates the application of Industry 4.0 tools and concepts is Process Failure Mode and Effect Anal-
ysis (PFMEA). The implementation of PFMEA in the automotive industry is mandated by the IATF
16949:2016 standard [1]. However, PFMEA has several limitations [2], [3], some of which can be
mitigated or effectively compensated for through the adoption of Industry 4.0 technologies. For in-
stance, challenges such as the subjectivity of decision-makers and the assessment of risk factor values
can be addressed through the application of artificial intelligence and Big Data analytics. Addition-
ally, interdependencies between failure modes can be analyzed using machine learning techniques
and cyber-physical systems (CPS).

In the study by [4], the authors developed a model for assessing the maturity level of PFMEA
implementation, categorizing it into four levels: primitive, basic, proficient, and advanced. The high-
est level, referred to as PFMEA 4.0, represents a state of PFMEA development that integrates Enter-
prise Resource Planning (ERP), Manufacturing Execution Systems (MES), artificial intelligence, and
other Industry 4.0 concepts.

In recent years, various studies have explored the integration of Industry 4.0 tools and concepts
with PFMEA analysis. One such study was conducted by [5], in which the authors developed a math-
ematical model linking potential risks to the Six Sigma framework by assessing risks within the con-
text of Quality 4.0. Similarly, [6] provided a detailed examination of the enhancement of Failure
Mode and Effect Analysis (FMEA) through the application of Industry 4.0 technologies for automat-
ing risk assessment, presenting a case study from the construction industry.

In general, when linking Industry 4.0 with PFMEA or, more broadly, with Failure Mode and
Effect Analysis (FMEA), the most commonly discussed approach in the relevant literature involves
the application of artificial intelligence as a tool for enhancing the analysis and overcoming its fun-
damental limitations. Neural networks, as one of the key artificial intelligence tools, have been uti-
lized in studies such as those by [7], [8]. Machine learning has been applied in the papers of [9—-12].

However, the most extensive body of research on the integration of intelligent systems and FMEA
analysis pertains to the application of fuzzy logic. FMEA has been extended through fuzzy logic and
Multi-Attribute Decision Making (MADM) approaches in studies by [13—17].
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Nevertheless, automotive industry companies, at least those operating in the Republic of Serbia,
remain far from achieving the FMEA 4.0 level. A study by [18], conducted on a sample of 46 auto-
motive companies in Serbia, revealed that the implementation of any Industry 4.0 concept is rare and
that the use of specialized FMEA software remains at a low level.

The objective of this study is to examine the key factors preventing PFMEA analysis in auto-
motive industry enterprises in the Republic of Serbia from reaching the 4.0 level. The factors analyzed
in this study were defined by [4] and include: (1) Digitalization of PFMEA completion, (2) Inclusion
of cost analysis, (3) Level of process automation, (4) Organization of PFMEA documentation, (5)
Risk assessment methodology, (6) Control and data monitoring system, (7) Team readiness for
PFMEA, and (8) Culture of continuous improvement. These factors were evaluated based on five
criteria, which were defined in consultation with FMEA practitioners participating in this study: (1)
Implementation costs, (2) Implementation complexity, (3) Employee resistance to change, (4) Lack
of skills and knowledge, and (5) Lack of operational capacity.

To determine the weights of the considered criteria, the Analytic Hierarchy Process (AHP)
method was applied [19], [20]. Although some other methods are also used for this purpose in the
literature, such as the Best-Worst Method (BWM) [21], Defining Interrelationships Between Ranked
criteria (DIBR) [22], Level Based Weight Assessment (LBWA) [23], the AHP method was chosen
as one of the oldest and most commonly used methods in the relevant literature (see [24], [25]).

For ranking the factors, five Multi-Attribute Decision-Making (MADM) methods were used:
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) [26], Simple Additive
Weighting (SAW) (see [27], [28]), Evaluation based on Distance from Average Solution (EDAS)
[29], Ranking based on the Distances And Range (RADAR) [30], and RADAR 1II [31]. The obtained
results were compared and analyzed.

Following the introductory chapter, which also provides a brief overview of the relationship
between PFMEA analysis and Industry 4.0 concepts, Chapter 2 describes the problem under consid-
eration. Chapter 3 explains the applied methodology, while Chapter 4 presents the problem-solving
process. The final chapter outlines the research conclusions.

2. Problem description

Achieving the highest PFMEA maturity level is a highly challenging and currently difficult
goal for automotive industry enterprises in the Republic of Serbia. However, the primary objective is
not merely to reach the PFMEA 4.0 level but to sufficiently automate and enhance the PFMEA pro-
cess to make its application simpler, more effective, and more reliable. The goal is to minimize sub-
jectivity in the assessments of PFMEA team members, reduce the risk of incorrect evaluations due to
insufficient knowledge, and streamline the method into routine steps.

Additionally, the time required for the method's implementation is a crucial factor, and efforts
are directed toward its reduction. To provide a clearer understanding of the research problem, a graph-
ical representation of the study is presented in Figure 1.

The core of this research involves analyzing factors, i, i = /,...,1, defined in the study by [4].
The criteria, j, j = 1, ...,J, based on which these factors are evaluated, were determined in collaboration
with PFMEA team members from three automotive industry companies operating in the Republic of
Serbia. The weight of each criterion was determined using the AHP method, while the ranking of the
factors was conducted using five MADM methods, as explained in the following chapter.
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Figure 1. Problem description

3. Materials and methods

This research utilized a total of six MADM methods. AHP was applied for determining the
criterion weights, while TOPSIS, SAW, EDAS, RADAR, and RADAR II were used for ranking the
factors influencing the achievement of the PFMEA 4.0 maturity level. Since the focus of the study is
not on improving or extending these methods but rather on assessing the significance of the consid-
ered factors, the basic versions of these methods were employed.

3.1. Determination of criteria weights using the AHP method

The AHP method is based on pairwise comparison of criteria through a pairwise comparison
matrix, which can be formally represented as follows: /W[«

Such that:j, j' = 1,....J,j #J .

In this case, PFMEA team leaders, e, e = I, ..., E, from three different automotive industry com-
panies provided their assessments of the relative importance of the criteria. In this case, three PFMEA
team leaders were selected from three different automotive companies with production facilities lo-
cated in the Republic of Serbia. Each of the chosen decision-makers has over 10 years of work expe-
rience in the automotive industry, as well as more than five years of experience working in PFMEA
teams. Besides leading PFMEA teams, their primary positions within their companies are Mainte-
nance Specialist, Manufacturing Engineer, and Quality Engineer.

For their evaluations, they used the standard Saaty's fundamental measurement scale [19]:

— 1 —two criteria are equally important (prioritized);

— 3 —one criterion has slightly greater importance compared to the other;

— 5 — one criterion has significantly greater importance compared to the other;

— 7 —one criterion has very much greater importance compared to the other;

— 9 — one criterion has absolutely and extremely greater importance compared to the other;

— 2,4, 6, and 8 — intermediate values representing a compromise between the defined values.

The consistency check of the assessments was performed using the Eigenvector method [32],
by calculating the Consistency Index (CI).

By applying the steps of the conventional AHP method, the criterion weights were determined

at the level of each decision-maker, a)]e .

The geometric mean operator was then used to determine the unique criterion weight, @ Iz

E
@; :E/Ha)j (1)
e=1

In this way, the criterion weights obtained based on each decision-maker individually were
aggregated into a single value.
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3.2. Ranking of factors influencing the achievement
of the PFMEA 4.0 maturity level

The problem of determining the most significant factors that obstruct or pose the greatest chal-
lenge for achieving PFMEA 4.0 maturity level in automotive industry companies in Serbia was ad-
dressed in this study using five MADM methods. Specifically, the TOPSIS, SAW, EDAS, and two
variations of the RADAR method (RADAR and RADAR II) were applied. As previously mentioned,
the original versions of these methods were used.

To evaluate the values of alternatives (factors) based on each considered criterion, decision-
makers used the following measurement scale:

— 1 —the improvement of the factor does not depend on the considered criterion;

— 2 —the improvement of the factor slightly depends on the considered criterion;

— 3 —the improvement of the factor moderately depends on the considered criterion;

— 4 —the improvement of the factor largely depends on the considered criterion;

— 5 —the improvement of the factor absolutely depends on the considered criterion.

Each decision-maker, e, e = 1,...,E, provides their assessments independently, which are then
aggregated (summed) to obtain a single value.

3.3. The proposed algorithm
The developed model in this study can also be represented through an algorithm, i.e., imple-
mentation steps (Figure 2).

Step 1. Criteria Importance Evaluation

Step 2. Criteria Weights Determination (AHP)

RZ

Step 3. Weights Aggregation (Geometric Mean)

RZ

Step 4. Factor Dependency Assessment

N

Step 5. Decision Matrix Formation

Rz

Step 6. Factors Ranking (MADM Methods)

7

Step 7. Sensitivity Analysis & Discussion

Figure 2. The proposed algorithm

In Figure 2, the following steps of the proposed algorithm can be observed:
Step 1. Evaluation of the relative importance of criteria at the level of each decision-maker,

Wl -
Step 2. Determination of criteria weights using the conventional AHP method at the level of

each decision-maker, a)je )

Step 3. Aggregation of criteria weights into a single value using the geometric mean operator,

w i
Step 4. Assessment of the dependency values of factors on the considered criterion at the level
e

of each decision-maker, |_M il
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Step 5. Summation of the assessed values into a single score to form the decision matrix,

|-Mij JI xJ -

Step 6. Application of the basic versions of the TOPSIS, SAW, EDAS, RADAR, and RADAR
I methods for ranking factors. Since the basic versions of the considered MADM methods were used
in this study, and the focus of the paper is not on their modification or improvement, the methodo-
logical steps are omitted to keep the paper concise.

Step 7. Sensitivity analysis and discussion of the obtained results.

4. Determining the impact of factors on improving
PFMEA maturity level

As already mentioned in this study, the dimensions of the considered problem include 8 alter-
natives and 5 criteria. The considered alternatives, i.e., the factors being ranked, are: Digitalization of
PFMEA completion (i = 1), Inclusion of cost analysis (i = 2), Level of process automation (i = 3),
Organization of PFMEA documentation (i = 4), Risk assessment methodology (i = 5), Control and
data monitoring system (i = 6), Team readiness for PFMEA (i = 7), and Culture of continuous im-
provement (i = 8). The criteria based on which these alternatives are evaluated are: Implementation
costs (j = 1), Implementation complexity (j = 2), Employee resistance to change (j = 3), Lack of skills
and knowledge (j = 4), and Lack of operational capacity (j = 5).

Based on the first step of the proposed algorithm, the decision-makers provided their assess-
ments of the relative importance of the criteria:

e=1 e=2 e=3
(1 1/3 1/4 1/7 1/9] (1 1 1/2 1/3 1/5] (1 1/2 1/3 1/8 1/6]
1 2 1/3 1/2 1 1 1/2 1/3 1 1/2 1/4 1/3
1 1/3 1/2 1 1/4 1/4 1 1/2 1/2
1 2 1 1 1 2
| 1] i 1 ] | 1
CI = 0.04 CIl = 0.04 Cl = 0.02

In all three cases, the decision makers' evaluations are consistent, meaning that the condition
CI<0.1 is met. By applying the AHP method (Step 2), the following criteria weights were obtained
at the level of each decision maker (Table 1).

Table 1. Criteria weights at the level of each decision maker

e=1 e=2 e=3
o] =0.04 o =0.09 o] =0.05
wy =0.16 wy =0.12 w3 =0.09
w3 =0.13 w3 =0.11 w3 =0.17
wy = 0.40 w; =031 w; =041
w§ =0.27 w5 =0.37 o3 =028
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The aggregated value of the criteria weights (Step 3), determined using the geometric mean
operator, is:

| = 0.06 Wy = 0.12 w3 = 0.13 4 = 0.37 w5 = 0.30

According to step 4, the assessment of the dependency values of factors on the considered cri-
terion was performed at the level of each decision-maker (Table 2). Then, by applying step 5, the
summation/aggregation of the assessed values into a single score was carried out to form the decision
matrix, which is presented in Table 3.

Table 2. Assessment of the dependency values of factors on the considered criterion was performed
at the level of each decision-maker

Factor j=1 j=2 j=3 j=4 j=5
i=1 3,3,2 4,5,4 3,4,3 55,4 4,5,5
i=2 3,4,4 2,1,2 2,2,2 3,3,3 2,2,2
i=3 4,5,5 55,5 4,4, 4 55,5 55,5
i=4 2,2,3 3,3,4 3,3,4 3,3,3 2,2,2
i=5 2,3,4 3,4,5 3,3,3 4,5,3 3,4,4
i=6 4,3,4 55,2 3,2,4 5,4,5 55,5
i=7 1,2,1 2,2,3 55,5 53,5 2,2,2
i=8 1,2,2 2,3,4 4,5,4 3,4,2 3,2,4
Table 3. Decision matrix
Factor j=1 j=2 j=3 j=4 j=3
i=1 8 13 10 14 14
i=2 11 5 6 9 6
i=3 14 15 12 15 15
i=4 7 10 10 9 6
i=5 9 12 9 12 11
i=6 11 12 9 14 15
i=7 4 7 15 13 6
i=8 5 9 13 9 9

By applying step 6, the ranking of the considered factors was performed, as shown in Table 4.
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Table 4. Ranking of the considered factors using MADM methods

Rank
Factor
TOPSIS SAW EDAS RADAR RADAR II
i=1 3 3 3 3 3
i=2 8 8 6 8 7
i=3 1 1 1 1 1
i=4 7 7 8 7 8
i=5 4 4 5 4 5
i=6 2 2 2 2 2
i=17 5 5 4 5 4
i=8 6 6 7 6 6

In step 7 of the proposed algorithm, a sensitivity analysis and discussion of the obtained results
are conducted. To make the analysis clearer and more effective, the ranking of alternatives is graph-
ically presented in Figure 3.

l /\

&\ / \ // N\ =
/

\ // —raoasn
W/

Rank of alternative

g F 3

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8
Alternative

Figure 3. Rank of alternatives (factors)

From Table 4, as well as from Figure 3, it is evident that the application of different MADM
methods results in a very similar ranking of factors influencing the improvement of the PFMEA ma-
turity level. The results obtained using these methods are largely consistent, especially concerning
the top three ranked factors.

In Figure 3, numerous overlaps in the ranking of alternatives can be observed, i.e., the curves
are of very similar shape and frequently coincide. Even where deviations exist, they are very small.
To further examine the reliability of the obtained results, a comparison of the rankings was performed
using Spearman's rank correlation coefficient, as shown in Table 5. Spearman’s rank correlation co-
efficient between the rankings obtained by different MADM methods was calculated using the Data
Analysis function in Microsoft Office Excel.
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Table 5. Comparative analysis of alternative rankings using
Spearman's rank correlation coefficient

TOPSIS SAW EDAS RADAR RADARII
TOPSIS 1.00
SAW 1.00 1.00
EDAS 0.90 0.90 1.00
RADAR 1.00 1.00 0.90 1.00
RADARII 0.95 0.95 0.98 0.95 1.00

Table 5 clearly shows that the TOPSIS, SAW, and RADAR methods produce identical rankings
of the alternatives (correlation coefficient equal to 1). In all other cases, the correlation coefficient is
0.9 or higher, indicating a high degree of correlation, meaning the rankings of the alternatives are
very similar. This confirms the previously stated assumptions that all methods yielded stable results.

In all considered cases, Level of process automation (i = 3) is ranked first, Control and data
monitoring system (i = 6) is ranked second, while Digitalization of PFMEA completion (i = 1) holds
third place in the ranking.

Risk assessment methodology (i = 5) and Team readiness for PFMEA (i = 7) alternate between
fourth and fifth place, depending on the method applied. Thus, minor variations exist, which depend
on the nature of the specific MADM method.

Culture of continuous improvement (i = 8) is ranked sixth in most cases, except in the EDAS
method, where it is ranked seventh. Organization of PFMEA documentation (i = 4) is generally
ranked seventh, except in the EDAS method, where it holds the last position. Inclusion of cost analysis
(i = 2) 1s ranked last in the TOPSIS, SAW, and RADAR methods, sixth in EDAS, and seventh in
RADAR II. However, the significance of this factor is negligible.

It can be concluded that the application of different MADM methods confirms the stability of
the solution. In this sense, the most important factors influencing the potential improvement of the
PFMEA analysis, or in other words, the ones that may hinder its advancement the most, are (i = 3),
(i=6),and (i=1).

5. Conclusion

This study identifies the key factors influencing the enhancement of the PFMEA analysis to the
PFMEA 4.0 level. The case study was conducted in collaboration with three automotive industry
companies and three PFMEA team leaders. The significance of involving practitioners lies in the fact
that they have the best understanding of the conditions within their companies and are familiar with
their capabilities.

To address the research problem, a total of six MADM methods were employed. The AHP
method was used to determine the weights of the criteria, which were previously established in col-
laboration with PFMEA practitioners who participated in the study. Additionally, the same respond-
ents provided their assessments of the relative importance of the considered criteria, as well as the
dependence of the analyzed factors on the defined criteria. For ranking the factors and determining
their impact on the possibility of improving PFMEA implementation, five MADM methods were
applied: TOPSIS, SAW, EDAS, RADAR, and RADAR II.
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Based on the obtained ranking of the analyzed factors, the most important ones were identified
as the Level of process automation (i = 3), Control and data monitoring system (i = 6), and Digitali-
zation of PFMEA completion (i = 1). On the other hand, the least significant factors were the Culture
of continuous improvement (i = 8), Organization of PFMEA documentation (i = 4), and Inclusion of
cost analysis (i = 2).

The Level of process automation (i = 3) is a crucial factor, as it significantly facilitates the
application of PFMEA analysis. Primarily, the automation of manufacturing activities reduces the
likelihood of failure mode occurrence, which greatly impacts the overall PFMEA analysis. Addition-
ally, automation enables better monitoring of process execution and the collection of data necessary
for conducting the analysis.

The Control and data monitoring system (i = 6) is closely related to automation. A system that
monitors and controls the occurrence of failure modes would significantly aid in identifying critical
process points. This would enable faster responses to emerging issues and more effective implemen-
tation of preventive actions.

The Digitalization of PFMEA completion (i = 1) refers to the systematization of data entry and
the generation of PFMEA reports. This process is primarily supported by appropriate PFMEA soft-
ware, which helps standardize the application of PFMEA analysis within the company.

Furthermore, it is evident that the Culture of continuous improvement (i = 8), Organization of
PFMEA documentation (i = 4), and Inclusion of cost analysis (i = 2) are less influential factors. Spe-
cifically, (i = 8) is a factor that can be relatively easily influenced through changes in organizational
structure and leadership style, which can significantly contribute to its improvement. The factor (i =
4) pertains to PFMEA documentation itself, meaning that if data is accurate and the analysis is con-
ducted properly, the organization of documentation can be easily improved. Lastly, the factor (i = 2)
can be integrated into PFMEA analysis by adding an additional risk factor or incorporating a cost
aspect within the severity risk factor.

The main contribution of this research is the application of a combined MADM approach, in-
corporating five different ranking methods, to identify key factors influencing the enhancement of
PFMEA analysis. By employing five MADM methods, an objective ranking of alternatives was per-
formed, confirming the stability of the obtained results. In this way, practitioners are provided with
insights into the factors that require the most attention if a company aims to improve its PFMEA
analysis to the 4.0 level.

The primary limitation of this study is the restricted data sample, as the research involved ex-
perts from only three companies. Since all three companies operate within the automotive industry,
the results may not be fully applicable to other industrial sectors.

Future research could include a larger number of companies and extend beyond the automotive
industry to other industrial and economic sectors. Additionally, from a methodological perspective,
MADM methods could be expanded by applying fuzzy logic, and further sensitivity analysis could
be conducted by varying the criterion weight values. Moreover, different approaches can be used for
comparing the ranking of alternatives, as proposed in [33], [34]. Consideration could be given to
incorporating additional factors for analysis, as well as introducing new evaluation criteria.
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EFQM model ima kljucnu ulogu u pracenju performansi malih i srednjih preduzeca (MSP),
pruzajuci sveobuhvatan okvir za procenu organizacione izvrsnosti. Podjednako vaznu ulogu imaju i
poslovni modeli, koji oblikuju strateski pravac i operativnu efikasnost ovih preduzecéa. Ova studija
ispituje uticaj uskladivanja EFQM modela sa poslovnim modelima na performanse kvaliteta u malim
i srednjim preduzecima (MSP) u Srbiji. Studija slucaja je izvrsena na realnim podacima iz 20 predu-
zec¢a koja su aplicirala za Oskar Kvaliteta, a za analizu sloZzenih meduzavisnosti izmedu poslovne
izvrsnosti, inovacija poslovnih modela i performansi kvaliteta primenjene su vestacke neuronske
mreze (VNM). Rezultati pokazuju da povecanje integracije EFOM modela sa poslovnim modelom od
5% znacajno poboljsava kljucne pokazatelje performansi kvaliteta. Uzimajuci u obzir neizvesnost
poslovanja i ogranicene resurse preduzeca iz sektora MSP poboljsanja stagniraju nakon povecanja
usaglaSenosti od 20%, sto sugerise optimalni prag za stratesku implementaciju. Ovi rezultati nagla-
Savaju vrednost strukturiranih okvira za poslovnu izvrsnost u poboljsanju operativnih performansi,
dok istovremeno pokazuju efikasnost primene masinskog ucenja u optimizaciji procesa donoSenja
odluka. Studija pruza korisne uvide za MSP koji Zele da poboljSaju kvalitet performansi kroz ciljano
uskladivanje EFOM modela i sopstvenog poslovnog modela.

The EFQM model plays a key role in monitoring the performance of small and medium-sized
enterprises (SMEs), providing a comprehensive framework for assessing organizational excellence.
Equally important are business models, which shape the strategic direction and operational efficiency
of these enterprises. This study examines the impact of aligning the EFQM model with business mod-
els on quality performance in small and medium-sized enterprises (SMEs) in Serbia. A case study
was conducted using real data from 20 enterprises that applied for the Quality Oscar, and artificial
neural networks (ANNs) were used to analyze the complex interdependencies between business ex-
cellence, business model innovation, and quality performance. The results show that a 5% increase
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in the integration of the EFQM model with the business model significantly improves key quality
performance indicators. Considering the business uncertainty and limited resources of SMEs, im-
provements plateau after a 20% increase in alignment, suggesting an optimal threshold for strategic
implementation. These findings highlight the value of structured frameworks for business excellence
in improving operational performance, while also demonstrating the effectiveness of machine learn-
ing in optimizing decision-making processes. The study provides valuable insights for SMEs aiming
to improve quality performance through targeted alignment of the EFQM model and their own busi-
ness model.

1. Introduction

In today's dynamic and competitive business environment, organizations continually strive for
excellence to maintain their relevance, competitiveness, and long-term sustainability. Achieving busi-
ness excellence requires a systematic approach that encompasses various facets of organizational per-
formance. One of the prominent frameworks facilitating this pursuit of excellence is the European
Foundation for Quality Management (EFQM) model [1]. The EFQM model, serves as a comprehen-
sive framework designed to guide organizations towards achieving and sustaining excellence in their
operations. Rooted in the principles of continuous improvement and organizational learning, the
EFQM model provides organizations with a structured approach to assess, benchmark, and enhance
their performance across key dimensions [2]. At the heart of the EFQM model lies the concept of
business excellence, which transcends mere operational efficiency to encompass holistic organiza-
tional success. Business excellence entails not only meeting customer expectations but also exceeding
them, fostering innovation, cultivating a culture of continuous improvement, and demonstrating a
commitment to societal well-being and sustainability [3].

Central to the pursuit of business excellence is the effective monitoring and evaluation of or-
ganizational performance. By systematically tracking key performance indicators (KPIs) aligned with
strategic objectives, organizations can gain valuable insights into their strengths, weaknesses, oppor-
tunities, and threats [2]. This performance monitoring enables informed decision-making, facilitates
timely interventions, and supports the implementation of corrective actions to drive continuous im-
provement.

This paper proposes the use of Artificial Neural Networks (ANN) as a prediction tool to achieve
optimal improvement within the EFQM model framework. ANN, a computational model inspired by
the biological neural networks of the human brain, has demonstrated significant capabilities in mod-
eling complex relationships within datasets [4]. By leveraging ANN, organizations can analyze vast
amounts of data related to various EFQM criteria and performance indicators, enabling them to iden-
tify patterns, trends, and potential areas for enhancement more effectively. Integrating ANN into the
EFQM model allows organizations to predict future performance based on historical data, enabling
proactive decision-making and strategic planning. By predicting outcomes, organizations can priori-
tize improvement initiatives, allocate resources more efficiently, and streamline their efforts towards
achieving excellence across different aspects of their operations [5].

Moreover, ANN's adaptability and ability to learn from new data make it a valuable tool for
continuous improvement within the EFQM framework. As organizations evolve and market dynam-
ics change, ANN can dynamically adjust its predictions and recommendations, ensuring that improve-
ment efforts remain aligned with current objectives and realities [5].
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2. Literature review

2.1. Business excellence

The EFQM model represents a comprehensive framework for achieving business excellence
through continuous improvement and empowering organizations. This model emphasizes the im-
portance of having a clear vision and strategy, effective human resource management, and continuous
engagement of employees at all levels. Through the application of excellence criteria, organizations
can systematically assess their performance in various areas, identify key areas for improvement, and
implement appropriate strategies. The benefits of the EFQM model are numerous, including improv-
ing the quality of products or services, increasing customer and employee satisfaction, and enhancing
competitiveness in the market [1]. However, implementing the EFQM model can be challenging,
requiring commitment, resources, and changes in organizational culture [2]. Nevertheless, organiza-
tions that successfully integrate the principles of the EFQM model often achieve long-term success
and sustainable competitive advantage in the market [3]. The EFQM 2020 model has been built on
the foundations of all previous excellence models and the teachings of quality gurus. As per [1], the
primary emphasis of the updated EFQM 2020 model has transitioned from excellence to exceptional
outcomes. This revised iteration incorporates the United Nations Sustainable Development Goals
(SDGs) and extends its applicability to a broader range of contexts. Furthermore, it can be easily
aligned with existing business models [6,7].

2.2. Artificial neural networks

Artificial Neural Networks (ANN) represent computer models inspired by the structure and
functioning of biological neural networks in the human brain. These networks form the basis for the
development of artificial intelligence and machine learning as they possess the ability to recognize
patterns and make decisions based on data [8]. ANN consist of interconnected nodes that simulate
biological neurons. ANN are organized into layers. Each connection is associated with a weight rep-
resenting the strength of the connection between neurons. Each neuron has input and output values.
Input values are weighted data values from the previous layer or input data set. These layers typically
include an input layer, one or more hidden layers, and an output layer. The input layer receives data,
hidden layers process it, and the output layer provides results. Gradient-based optimization methods
are used to find a set of weights that minimize a specific objective function or loss function. Gradients
of loss functions are calculated through the algorithm, and weights are gradually updated to minimize
losses [9].

One of the key characteristics of ANN is the ability to learn. During the training process, the
network is exposed to a training data set, where the weights of connections between neurons are
adjusted. This is achieved by applying various optimization methods that minimize the error between
actual and predicted results. Error is formed based on the difference between the target output and
the system's output. This error information is fed back into the system, and the system systematically
adjusts its parameters (training rule). The process is repeated until the performances are acceptable
[10].

Research results conducted in the last 5 years have shown that smaller training data sets produce
neural networks with better performance [8]. ANN are applied in various fields and for different types
of problems. In shape recognition, they can be used for image classification or speech recognition. In
natural languages, ANN can be applied to tasks such as machine translation or sentiment analysis. In
the financial sector, ANN are used for market prediction and risk analysis. They are also used in
robotics, medicine, automation, manufacturing, and many other fields [11]. In the industry, ANN
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have been used for industrial process control, risk management and innovation management, market
research, sales forecasting, and marketing [12,13].

And while research on quality 4.0 is abundant, the application of Artificial Neural Networks to
the topic of quality models and business excellence is scarce [14]. Literature review offers application
of ANN in: defining maturity level [15], as prediction tool for business excellence model performance
[16] and for predicting QMS performance [17].

3. Methodology

The proposed model is an integral part of the doctoral dissertation [17]. The proposed model
consists of two independent variables: the level of Business Excellence achieved and the percentage
of alignment between the business model and the EFQM model. Additionally, there are three depend-
ent variables, which are the three best-ranked quality performance indicators.

Determining the level of Business Excellence is achieved through: (1) Identification of key
dimensions; (2) Self-Assessment and/or External Assessment; (3) Data Collection of quantitative
data; (3) Scoring and Evaluation.

The percentage of alignment between the EFQM model and the business model varies depend-
ing on the specific context, objectives, and implementation strategies of the organization. Achieving
alignment involves assessing how well the principles, criteria, and practices outlined in the EFQM
model correspond to the goals, processes, and structures of the organization's business model. To
determine the percentage of alignment, organizations typically conduct a comprehensive analysis
comparing criteria of the EFQM model with corresponding components of their business model [5].
This analysis may involve evaluating overlaps, synergies, gaps, and areas for improvement. Qualita-
tive assessments and expert judgments may be used to determine the level of alignment.

The dependent variables are the three highest-ranked quality performance indicators according
to the importance criterion for the group of SMEs from the manufacturing sector operating in the
territory of the Republic of Serbia. These quality performance indicators have been adopted from
[18].

4. Case study and results

This study utilized data from 20 enterprises operating within the territory of the Republic of
Serbia, all of which are categorized as small and medium-sized enterprises (SMEs). All 20 enterprises
had previously applied for the Quality Oscar, awarded by the Foundation for Quality and Excellence
Culture (FQCE). The evaluation and award process entirely adhere to the principles of the European
Foundation for Quality Management (EFQM).

Artificial neural networks were employed to analyze the complex interdependencies between
the level of business excellence, business models innovation and quality performance within this spe-
cific context. The data encompassed various metrics related to business excellence and quality per-
formance, collected through the evaluation processes conducted by the enterprises itself. The prepro-
cessing of data involved normalization and feature scaling to ensure uniformity and accuracy in the
analysis. Machine learning algorithms, including feed forward neural networks, were then trained on
this preprocessed dataset to predict optimal strategies for enhancing business excellence.

The evaluation of the neural network models was conducted through rigorous testing and vali-
dation procedures, assessing the accuracy and reliability of predictions. The results obtained from the
trained models provided valuable insights into the optimal level of alignment of business excellence
for SMEs operating within the Serbian business environment and their business models.
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The weights assigned to the first hidden layer of the network are:

wi= 3.022; wy= -3.2542; wi= 2.8239; w4=4.4508; ws=-2.365; ws=4.7403;w7= 4.1025; wg=1.52; wo= -1.5296;
W10=3.2017; wi= -1.2289; wi2= -2.544; W13:-3.2038; Wi4= —2.7507; W15=0.90505; Wi6— 4.6366; wi7= 2.5023; wWig= 1.1968;
wWi9= 2.7913; woo=2.7729

The bias values at the first hidden layer of the network are:
b1=-4.3995; b= -4.8654; b3=1.9333; bs= -3.0293; bs=-2.9414; be=0.99101; b7=-1.4801; bs=2.5443; by=5.1132;
b10=4.9397

The weights assigned to the output layer of the network are:

wi=1.745; w2= -2.8156; w3=-1.4939; w4=-3.9387; ws=-0.16212; we=-1.0653; w7=0.76764; ws=0.19312; wo= -
0.0047236; w10=0.96804; w11=-0.81576; wi»=-3.5153; wi3=-1.587; wi4=-0.010025; w5=3.1783; wi=-0.30639;
W17=1.0898; W18=O.87774; W19:0.63859; W20=-0.33763; W21=1.9282; W22=—3.2616; W23:-1.3975; W24=-0.092181; Wo5=-
0.87219; wa6=-0.6359; w27=1.2452; wrs=1.1462; w=-0.91336; w30=-0.22506

The bias values at the second output layer of the network are:
b1=-3.0479; b=0.091777; b5=0.27813
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Figure 1. Correlations between actual values and values proposed by the network

In Figure 2, the value of the KPI, customer complaints, for the considered group of companies
is shown, as well as the value of this indicator when improving the alignment of EFQM and business
model.
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Figure 2. The value of the quality performance indicator, customer complaints

Based on Figure 2, it is evident that with a 20% increase in the alignment between EFQM and
the business model, customer complaints will decrease by 54%. Figure 3 shows the value of the cost
of poor quality performance indicator.
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Figure 3. The value of the quality performance indicator, cost of poor quality

According to Figure 3, the values of the cost of poor quality performance indicator will improve
by 31%, or 33% with a 15% or 20% increase in the level of EFQM alignment with the business model,
respectively. The improvement in the cost of poor quality performance indicator is almost equal with
a 15% or 20% enhancement in alignment. Figure 4 shows the value of the performance indicator
timely closure of non-conformities.
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Figure 4. The value of the quality performance indicator, timely closure of non-conformities
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According to Figure 4, the values of the performance indicator for the timely closure of non-
conformities will improve by 31% or 29% with a 20% or 15% increase in the level of alignment,
respectively. Based on the obtained results, it is evident that the greatest improvement in the values
of all three observed performances is achieved with a 5% increase in the level of alignment of EFQM
model with the business model. The difference in the values of these performance indicators with an
improvement of 15% and 20% can be neglected. Any increase in the level of alignment beyond 20%
will not significantly improve the observed performances. Respecting these results, it can be argued
that even with an increase in the level of alignment by 25% or more, the values of the observed
performance indicators would not significantly increased compared to the obtained values with a 20%
increase. Considering the necessary improvement costs, it can be said that a 5% increase has the
greatest impact on the values of the observed quality performances.

Ultimately, the goal is to optimize alignment between the EFQM model and the business model
to ensure that organizational efforts towards excellence are effectively integrated into broader busi-
ness strategies and objectives.

5. Conclusion

This study explores the relationship between business excellence, business model innovation,
and quality performance in Serbian SMEs using artificial neural networks. By analyzing data from
enterprises that applied for the Quality Oscar, we examined the impact of aligning the EFQM model
with business models on key quality performance indicators.

The obtained results indicate that the most significant improvement in the values of the ob-
served quality performance indicators is achieved with a relatively small increase in the alignment of
the EFQM model with the business model — as little as 5%. This suggests that the improvements are
largely the result of so-called "quick wins," referring to easily implementable measures that yield
visible and measurable results with minimal effort. In practice, these may include clearer definition
of responsibilities, the introduction of simple procedures for monitoring results, or improvements in
internal communication.

Conversely, further increases in alignment — for example, by 15%, 20%, or more — do not lead
to significant additional gains, indicating a saturation effect. This suggests that beyond a certain point,
further alignment improvements require deeper, more structural changes in the way the organization
operates. Such changes may involve redesigning business processes, adopting new technologies, or
initiating cultural transformations within the organization. These interventions are typically more
costly, require more time to implement, and pose a higher risk of resistance from employees or un-
foreseen challenges.

Challenges and Risks in Implementing the Findings in SMEs:

— In the context of small and medium-sized enterprises (SMEs), the practical implementation

of these findings may face specific challenges, including:

— Limited Resources: SMEs often lack sufficient financial and human resources for system-
atic monitoring and measurement of performance, which may hinder their ability to track
the effects of alignment improvements.

— Resistance to Change: Employees and managers in SMEs may have well-established habits
and informal working practices, meaning even small changes can encounter resistance.

— Limited Awareness of the Importance of Alignment: SMEs may sometimes underestimate
the value of quality models such as EFQM, viewing them as bureaucratic tools rather than
as a means to improve business operations.
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— Risk of Overly Ambitious Changes: The findings suggest that there is no need for large-
scale transformations without a clear plan and careful cost-benefit analysis. Excessive in-
vestments in alignment efforts that do not yield proportionate benefits could result in finan-
cial strain or employee demotivation.

The findings highlight the critical role of structured business excellence frameworks in driving
quality performance improvements. In particular, reducing customer complaints, lowering the cost of
poor quality, and improving the timely closure of non-conformities were all significantly influenced
by better EFQM-business model alignment. This suggests that SMEs can achieve substantial perfor-
mance gains through targeted, cost-effective improvements rather than broad, resource-intensive
changes.

Future research should expand the dataset to include a broader range of industries and explore
alternative machine learning techniques for more precise predictive modeling. Additionally, longitu-
dinal studies could assess the long-term sustainability of these improvements. Ultimately, this re-
search underscores the importance of strategic alignment between business excellence frameworks
and operational models, offering valuable insights for both practitioners and policymakers seeking to
enhance SME performance in competitive markets.
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Za razliku od Industrije 4.0 koja je Cesto bila kritikovana zato Sto je u potpunosti bila usmerena
na digitalna dostignuca, javlja se potpuno novi koncept poznat kao Industrija 5.0. Industrija 5.0 se
delimicno oslanja na digitalna dostignuca, ali pre svega na odrzivost poslovanja i drustva u celini.
Poznato je da nova paradigma Industrije 5.0 mozZe imati uticaj na organizacione performanse. Sa
druge strane strateSki model Balanced Scorecard (BSC) takode se koristi za poboljSanje organi-
zacionih performansi. Kao veoma znacajna perspektiva modela BSC je perspektiva ucenja i rasta.
Cilj ovog istrazivanja je analiza deskriptivne statistike perspektive ucenja i rasta kao deo modela
BSC u primeni na visokoSkolske ustanove u novoj eri Industrije 5.0. Istrazivanje je sprovedeno nad
zaposlenima u visokoSkolskim ustanovama u Republici Srbiji i njenom regionu. Ukupno je
prikupljeno 374 pravilno popunjenih odgovora. Usmerenost na perspektivu ucenja i rasta je veoma
znacajan, imajuc¢i u vidu da globalno konkurentsko trZiste zahteva stalno prilagodavanje i un-
apredenje performansi visokoskolskih ustanova.

Unlike Industry 4.0, which has been frequently scrutinized for being entirely focused on digital
advancements, a completely new concept has emerged, known as Industry 5.0. Industry 5.0 partially
relies on digital advancements but primarily focuses on the sustainability of businesses and society
as a whole. It is well-known that the new paradigm of Industry 5.0 can have an impact on organiza-
tional performance. On the other hand, the strategic model of the Balanced Scorecard (BSC) model
is also used to improve organizational performance. One of the most important perspectives of the
BSC model is the learning and growth perspective. The aim of this research is to analyze the descrip-
tive statistics of the learning and growth perspective as part of the BSC model in its application to
higher education institutions in the new era of Industry 5.0. The research was conducted among em-
ployees in higher education institutions in the Republic of Serbia and its region. A total of 374 com-
plete and valid responses were collected. The focus on the learning and growth perspective is of great
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importance, considering that the global competitive market demands continuous adaptation and im-
provement of the performance of higher education institutions.

1. Introduction

Quality is a key factor that influences the performance of both manufacturing and service or-
ganizational systems [1]. Over the previous period, the concept of quality has evolved; initially, it
was associated with meeting and exceeding customer requirements but, over time, the concept of
quality expanded to encompass all stakeholders of the organizational system [2]. Organizational sys-
tems, regardless of their type, form, or nature, must make significant efforts to ensure quality and
consistently meet the requirements of all stakeholders [3]. In today’s environment, organizational
systems, whether in manufacturing or services, must be customer-oriented [4]. Service organizations,
such as higher education institutions (HEIs), must also be strategically focused. This is especially
important given the fact that HEIs are drivers of societal development [5]. Higher education is a
specific domain. In order to survive in the global market environment, HEIs must continually invest
in quality [5]. Like all other organizations, HEIs strive for business excellence. Therefore, the quality
of higher education service provision is of great significance [6]. However, as with all other organi-
zations, HEIs face increasing challenges in the global marketplace. For HEIs to survive in the global
environment, measuring organizational performance is essential, as it represents a requirement for
remaining competitive [6]. Nevertheless, performance measurement in HEIs is a complex process
that demands a comprehensive approach [7]. Organizational performance includes criteria related to
financial indicators, operational metrics, customer focus, as well as learning and innovation [8]. A
focus on learning and innovation is a highly influential factor in the field of HEIs [7]. However, when
it comes to customer orientation, this aspect must be broadened and observed in the context of all
organizational stakeholders [7]. Increasing competition, as well as the establishment of a large num-
ber of private faculties, affects the survival of HEIs in the competitive market. Stakeholders have also
raised their expectations from HEIs [5]. A reduction in funding for public universities further con-
tributes to the need for heightened concern about quality, as well as the measurement and analysis of
organizational performance for potential improvement. In such an environment, many HEIs have had
to revise their strategies and plans, adapting to contemporary needs and new challenges [9]. All of
the above clearly indicates that HEIs must be oriented towards strategic management of organiza-
tional performance [5]. A strategic orientation to managing organizational performance entails a sys-
tematized approach to measuring achieved results in relation to the planned ones [10].

In addition to the increased focus on improving the level of quality and the potential for en-
hancing organizational performance, HEIs are also facing global societal changes. The global envi-
ronment has influenced the way knowledge is acquired and transferred [11]. HEIs are expected to be
agile in responding to societal challenges. The development of new technologies across all sectors,
including higher education, has led to a digital revolution [12]. The degree of digitalization in higher
education has varied depending on geographical location, infrastructure development, as well as the
social and economic status of a country [13]. The development of new technologies and emerging
digital trends have brought about fundamental changes in the field of higher education. The global
knowledge society imposes new challenges and requires flexibility from HEIs in the global compet-
itive market [14]. While it is still unclear whether the industrial revolution known as Industry 4.0 has
reached all geographical areas, a new societal change called Industry 5.0 is emerging.
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Therefore, the aim of this paper is to investigate the most influential factors affecting the organ-
izational performance of HEIs, with a focus on the learning and growth perspective, through a descrip-
tive statistical analysis of HEIs. Some authors, such as [8], argue that previous research on the rela-
tionship between quality and organizational performance has primarily focused on the private sector.
However, given the differences between sectors, research should be expanded to other contexts, espe-
cially considering that HEIs are a cornerstone of the development of every society. Furthermore, [15]
highlights the lack of research related to organizational performance in the field of higher education.
Additionally, there is a need for further research on the new industrial revolution [16].

2. Literature Review

2.1. Theoretical background with a Specific Focus
on the Learning and Growth Perspective

Organizational systems striving for business excellence and sustainable quality development
must have well-developed policies and strategies that lead to the achievement of strategic goals [17].
In this sense, organizational systems are increasingly focusing on investments in quality to enhance
their competitive advantage [ 18]. The concept of quality and quality management systems is not only
directed towards manufacturing organizations but is present in all areas, including higher education
[19]. If HEIs do not adopt an approach to measuring organizational performance, their survival may
be seriously threatened, considering the increasing competition [5]. Today's market environment re-
quires continuous improvement of business performance [20]. The field of higher education is a key
factor influencing the development of a country [21]. Establishing performance indicators is crucial
when formulating strategies and maintaining academic integrity [21]. The management structures of
HEIs must implement strategic plans that lead to the achievement of HEIs' strategic goals [21]. How-
ever, strategic plans of HEIs must also include elements related to measuring, analyzing, and moni-
toring HEI performance [5]. All organizations must aim to establish an appropriate performance
measurement system [20]. One of the strategic models for measuring and improving organizational
performance is the Balanced Scorecard (BSC) [5]. The founders of this strategic model are [20]. The
application of the BSC strategic model allows the translation of strategy into objectives [22]. The
goal of applying the BSC model is to improve organizational performance [23]. The BSC strategic
model contains four perspectives: the customer perspective, the internal business process perspective,
the learning and growth perspective, and the financial perspective [20]. The customer perspective or
stakeholder perspective focuses on all stakeholders of the organization [20].

Furthermore, the internal business process perspective answers the question of how the perfor-
mance of existing business processes can be improved and enhanced [5]. The learning and growth
perspective reflects the ability to learn, innovate, and develop. In the field of higher education, it is
seen as the most influential perspective on other related perspectives [7]. The financial perspective
answers the question of how organizations can achieve financial success [20]. The model represents
a set of financial and non-financial measures, allowing organizational systems to conduct a compre-
hensive analysis for measuring performance [5]. Financial indicators and reports are often insuffi-
cient, and performance measurement must also be conducted from the perspective of non-financial
indicators [20]. Over the previous period, non-financial performance measurements have gained in-
creasing importance [24]. Organizational systems that adopt non-financial performance measurement
ensure survival in a competitive market [24].
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However, for survival in a highly competitive market, HEIs also face other global challenges.
Two very significant areas that stand out are sustainability and digitalization, which provide substan-
tial opportunities but simultaneously create significant challenges for all organizational systems [17].
One of the major societal changes is digitalization and sustainability [16]. The development of new
technologies marked Industry 4.0, which was often criticized for relying solely on technological
achievements [25, 26]. However, Industry 5.0 is a new direction focused on sustainability [16]. Cur-
rent literature does not contain sufficient theoretical foundations on how Industry 5.0 can promote
flexibility and productivity in organizational systems [26]. Industry 5.0 is a new research area, and
many unknowns remain concerning this new societal change [16]. Essentially, Industry 5.0 represents
a new direction focused on sustainability and resilience [26]. Technological development is signifi-
cant for the growth and development of a country, but special attention must be given to sustainability
[27]. Management structures of large organizational systems are showing greater interest in the new
paradigm known as Industry 5.0. These global societal changes have not bypassed the field of higher
education. Industry 5.0 must be strongly rooted in the academic community, as with all previous
industrial revolutions [28]. Universities and faculties have the capacity and power to meet the new
challenges posed by these societal changes [29].

2.2. Learning and Growth Perspective

One of the non-financial perspectives of the BSC model is focused on learning, development,
and innovation. The learning and growth perspective is directed towards the professional develop-
ment of the organizational system. This perspective encompasses intangible values such as organiza-
tional knowledge, values, and organizational culture [5]. It is also focused on continuously creating
value for the organization [20]. The learning and growth perspective supports innovation and the
creation of an environment that fosters organizational learning, knowledge sharing, and organiza-
tional changes that contribute to innovation and development [30]. This perspective answers the ques-
tion of whether the organizational system can continue to create value [20]. Employee satisfaction is
highly significant for this perspective [31]. Given the dynamic and changing market, for survival in
a competitive market, in addition to focusing on customers and other stakeholders and long-term
financial stability, it is crucial for organizational systems to be oriented towards the learning and
growth perspective, which directly impacts the outcomes of business processes [20]. Some authors,
such as [31], argue that through measures of outcomes, growth, development, and innovation, organ-
izational productivity can be improved. Continuous improvement of organizational performance is
linked to organizational capability, innovation, and the overall development of the organization [20].
The growth and development of infrastructure, as well as the development of information and com-
munication technologies, influence organizational learning [32]. This non-financial perspective is
important for all organizational systems, including the field of higher education. The learning and
growth perspective in HEIs involves innovations in the teaching process, user and employee satisfac-
tion, professional development of employees, integration of technologies into the teaching process,
and so on [30]. Activities such as improvement, learning, and innovation directly support the achieve-
ment of sustainable business success [10]. For HEIs, the learning and growth perspective is highly
significant, especially for the teaching process as the primary process that directly influences the
empowerment of students.

3. Research Methodology

The research was conducted among employees in HEIs, primarily testing the attitudes and opin-
ions of teaching and non-teaching staff. The technique used for data collection was a questionnaire.
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The questions covered aspects of learning and growth applied to HEIs. The questionnaire was formu-
lated based on relevant literature for selecting variables related to learning and growth performance
in HEIs within the context of Industry 5.0. The research was carried out in the Republic of Serbia and
the countries in its vicinity. A Likert scale ranging from 1 to 5 was used in the questionnaire. The
analysis of the research results was based on a sample of 374 complete and valid responses. The first
part of the questions relates to demographic questions, while the second part is dedicated to profes-
sional questions regarding the learning and growth perspective in the new era of Industry 5.0. In the
overall ownership structure, HEIs owned by the state dominate in comparison to private HEIs.

4, Research Results

Based on the analysis of the demographic structure, 176 male and 198 female participants took
part in the study. Furthermore, regarding age groups, there were 29 participants under 30 years of
age, 94 between 31-40 years, 124 between 41-50 years, 88 between 51-60 years, and 39 participants
over 60 years old. According to the work position structure at HEIs, 63 participants were from ad-
ministration, 63 were assistants, and 248 were professors. According to the analysis of the ownership
structure, state-owned HEIs dominate with a total of 339, while private ones make up only 35. Addi-
tionally, the analysis of work experience structure shows that 7 participants have less than 1 year of
experience, 103 have 1-10 years, 143 have 11-20 years, and 121 have more than 20 years of experi-
ence in the overall sample.

After analyzing the demographic structure, the analysis of descriptive statistics was performed
using the statistical software SPSS v.27.0. Descriptive statistics is a tool in exploratory statistical data
analysis. Descriptive statistics is a technique that describes the characteristics of a given sample [33].
The arithmetic mean, also called the average, is calculated by summing the values and dividing by
the number of elements [34]. The median represents the middle value, while the mode represents a
measure of central tendency [35]. Table 1 contains the descriptive statistics calculation.

Table 1. Descriptive statistics

VARIABLES Code Mean | Std. Deviation | Mediana | Mode Range
Empathy and Additional Commitment of LGP 1 3,40 | 1,132 4.00 4 4
Teaching Staff -

Training Opportunities for Employees LGP 2 3,20 | 1,248 3.00 4 4
The Actions of Your Management in Situa- LGP 3 3,51 | 1,153 4.00 4 4

tions Related to Violations of Academic
Rules by Students

Networking in Research Projects (Grants) LGP 4 3,12 | 1,180 3.0 3 4
Effects of Technology Implementation LGP 5 328 | 1,133 3.0 3 4
Effects of Innovations LGP 6 3,25 | 1,160 3.0 3 4
Collaboration with Industry LGP 7 3,26 | 1,145 3.0 4 4
Opportunities for Enhancing International |LGP 8 3,31 | 1,121 3.0 3 4
Collaboration -

Innovation in Scientific Research LGP 9 3,25 | 1,111 3.0 4 4
Acquisition of Organizational Knowledge LGP _10 322 | 1,136 3.0 3 4

Additionally, the adequacy is assessed using the Kaiser-Meyer-Olkin (KMO) test and Bartlett's
Test of Sphericity [36]. KMO test values range from 0 to 1. In this study, the KMO test value is 0.958,
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while Bartlett's Test of Sphericity is statistically significant [36, 37]. The obtained values in this study
are in accordance with the recommended values.

5. Conclusions

The study covers a part of the BSC model related to the perspective of learning and growth.
The learning and growth perspective is considered the most influential perspective that affects the
other perspectives of the BSC model [7]. All HEIs should strive for business excellence through
learning and growth performance, which directly impacts the teaching and research processes. It is
particularly important for HEIs to conduct such and similar research, considering the fact that HEIs
are drivers of economic and industrial development in a country. Measuring and analyzing indicators
that influence the growth and development of HEIs allows decision-makers to identify the current
state and opportunities for performance improvements [6]. The complexity of the process in HEIs is
significantly influenced by the learning and growth perspective. In addition, HEIs are also facing new
societal changes, such as the new paradigm of Industry 5.0. To assess the suitability of the analysis,
the Kaiser-Meyer-Olkin (KMO) and Bartlett's Test of Sphericity were conducted. The results met the
recommended thresholds, with values above the minimum acceptable limits [36]. One of the highest-
rated variables in this study is the management's approach in situations related to violations of aca-
demic rules by students, with a value of 3.51, while the lowest-rated variable related to networking
in research projects (grants) has a value of 3.12. The practical application of this research lies in the
application of the described methodology. Future research directions may focus on additional anal-
yses and studies in other geographic areas.
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Neprestane promene, dinamicno okruzenje, mnogobrojna konkurencija, a pogotovo poostrava-
nje zelja i zahteva klijenata na razlicitim trzistima i industrijama, podstice i primorava organizacije
da sve vise resursa ulazu u aspekte poslovanja koje ¢e im doneti komparativnu prednost na trzistu.
Jedna od stvari koju korisnici vrlo cene i osete neki vid poverenja u organizaciju jeste ako je ona
drustveno odgovorna. Drustvena odgovornost je tema koja je vrlo aktuelna i sve vise organizacija
primenjuju je u manjem ili vecem obimu, a industrija osiguranja nije izuzetak. PocCetna hipoteza je
da osiguravajuca drustva koja primenjuju drustvenu odgovornost u svom radu i vode se njome kao
jednom od kljucnih aspekata svog poslovanja, imaju bolji imidz i mogu da generisu veci iznos premije
premije od onih koja to ne rade. Inputi za ovaj rad su prikupljani metodom sekundarnog prikupljanja
podataka, odnosno korisceni su podaci i informacije iz javno dostupnih izvora informisanja, kako bi
se kvalitativno opisalo trenutno stanje na trzistu. Primarnom metodom prikupljanja podataka pri-
kupljeni su inputi od strane korisnika usluga osiguranja o vaznosti primene drustvene odgovornosti,
kao i o misljenju zaposlenih u osiguravajucim drustvima o njihovom pogledu. Ovaj rad moze koristiti
fizickim i pravnim licima koje tek ulaze u industriju osiguranja i koje zanima kako ova industrija
funkcionise, kako je regulisana, koje su to kljucne organizacije koje uticu na rad svih osiguravajucih
drustava, ali i koji su to zahtevi koji se pred njih stavijaju i koliko je drustvena odgovornost bitan deo
tih zahteva.

Continiuous changes, dynamic surrounding, competition, and demanding clients on different
markets and industries, encourage and force organisations to invest into things that will give them
competetive advance. One of the things that users value and gain trust in the organisation is if it is
socialy resposible. Social responsibility is a very actual theme and organisations try to implement it
in smaller or larger scale, and insurance industry is not an exception. Starting hypothesis is that
insurance companies which implement social responsibility in their work and are lead by it as one of
the main business factors, make better market share, the heigh of insurance premium compared to
the ones that do not implement social responsibility. Inputs for this paper were collected by the
method of secondary data collection, i.e. data and information from publicly available sources of
information were used, in order to qualitatively describe the current state of the market. The primary
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method of data collection was used for collecting inputs from clients about the importance of applying
social responsibility, as well as the opinion of employees in insurance companies about their view on
this topic. This work can benefit individuals and legal entities who are just entering the insurance
industry and who are interested in how this industry works, how it is regulated, which are the key
organizations that affect the work of all insurance companies, but also what are the requirements
that are put before them and how much social responsibility is an important part of these require-
ments.

1. Uvod

Razvoj drustvene odgovornosti je nastao kao posledica sve veéih zahteva zahteva drustvene
zajednice, da preduzeca koja posluju u odredenom okruzenju i vr$e odreden uticaj na isto, trebaju da
odrede deo svojih primanja kako bi to okruzenje i sacuvali. U proslosti, bilo je dovoljno da kompanije
ponude kvalitetne proizvode po konkurentnoj ceni i potro$aci su time bili zadovoljni. Danas, nove
generacije potrosaca imaju daleko vecu svest 1 o¢ekivanja, u skladu globalnim promenama, ekolo-
Skim izazovima i sve ve¢om svesc¢u o drustvenim pitanjima, postavljaju odredene zahteve pred kom-
panije i njihovo poslovanje, a to je da kompanije posluju eticki, odgovorno i odrzivo. Prema DPuri¢u
1 Filipovi¢u (2007), sadrzaj koncepta drustvene odgovornosti organizacija je moguce sagledati kroz
unutrasnje i spoljasnje aspekte organizacije, koje se nazivaju i dimenzijama CSR-a, tj. unutrasnja i
spoljasnja dimenzija. Unutrasnju dimenziju ¢ine: menadzment zdravljem i bezbednoséu na radu, me-
nadzment ljudskim resursima, menadzment zivotnom sredinom, menadzment rizikom i promenama,
dok spoljasna dimenzija obuhvata odnose sa isporuciocima i korisnicima, odnose sa lokalnom zajed-
nicom, ljudska prava i globalne brige o zastiti zivotne sredine.

2. Drustvena odgovornost u organizacijama koje
pruZaju usluge osiguranja

Drustveno odgovorno poslovanje narocito je vazno u sektoru osiguranja jer osiguravajuce kom-
panije imaju klju¢nu ulogu u zastiti ljudi, imovine i1 poslovanja, te njthova odgovornost prema drustvu
ne samo da jaCa poverenje klijenata, ve¢ 1 doprinosi odrZivom razvoju zajednice. Transparentnost,
eticko poslovanje i podrSka drustveno korisnim inicijativama mogu zna¢ajno unaprediti reputaciju
kompanije, dok istovremeno osiguravaju dugorocnu stabilnost i prosperitet.

Cilj ovog rada je da se dokaze da osiguravajuce kuce koje se percipiraju kao drustveno odgo-
vorne imaju vece izglede da potencijalni kupac izabere bas njihovu uslugu osiguranja ili pakete osi-
guranja. Ali se postavlja pitanje da li osiguravajuce kuce treba da budu drustveno odgovorne samo
da bi privukle potrosace (i time obezbedile sebi vece prihode, odnosno vec¢ profit) ili treba to da rade
zbog svog strateSkog usmerenja 1 ubedenja da je jedna od svrha njihovog poslovanja i to da pomazu
drustvu u celini.

U poredenju sa mnogim drugim industrijama, uticaj finansijskih institucija na razvoj je najvise
indirektan zato $to oni potpomazu rast i razvoj drugih firmi 1 domacinstava (Scholtens, 2011,143).

Sa druge strane posmatrano, finansijska drustva moraju da se ukljuce u operacije vezane za
odrzivost, kao preuzimacii rizika za rizike vezane za imovinu, kao i investitori u nekretnine, mogu da
dodu u situaciju da im prirodne nepogode mnogo vise nastete nego drugim finansijskim institucijama
(Ruiter, 2022, 2). Sto se u poslednje vreme, pogotovo na nasim prostorima, sve ¢esée i desava. Glo-
balne pretnje dovode u pitanje odrzivost buduénosti svetske populacije, a neodrziva buduénost nije
buduénost koja se moze osigurati. i zato sektor osiguranja prolaz kroz mnoge promene suocen sa
novom stvarnos¢u i promenjenim drustvenim oc¢ekivanjima.
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Glavni izazov za osiguravajuca drustva jeste pronaci ravnotezu izmedu pruzanja usluge osigu-
ravajuceg pokrica, finansijske stabilnosti i odrzivosti. Uloga sektora osiguranja u ostvarivanju eko-
nomskog aspekta odrzivog razvoja je visestruka. Osiguranje moze doprineti promovisanju odrzivih
investicija, upravljanju rizicima, podrSci razvoju malih i srednjih preduzeca, kao i zalaganju za drus-
tveno odgovorno poslovanje (Tesi¢, 2023, 321).

Drustveno odgovorno poslovanje osiguravaju¢ih drustava u Srbiji Osiguravaju¢e kompanije u
Srbiji sve vise pridaju znacaj drustvenoj odgovornosti, koja se ne svodi samo na likvidnost i profita-
bilnost, ve¢ 1 na nacin poslovanja i odnos prema zajednici. Analiza pet vodecih osiguravajucih drus-
tava pokazuje da se njihovi projekti uglavnom fokusiraju na podrsku lokalnoj zajednici kroz donacije,
obrazovne programe, sportske i kulturne inicijative.

Vecina osiguravajucih kuca primarno se fokusira na ekonomske aspekte korporativne odgovor-
nosti, dok su filantropske aktivnosti ¢esto vezane za marketinske strategije. U skladu sa Kerolovim
piramidalnim modelom drustvene odgovornosti, ove kompanije zadovoljavaju osnovne nivoe odgo-
vornosti, ali postoji prostor za integraciju drustvene odgovornosti u dugoro¢nu poslovnu strategiju.

Filantropske
odgovornosti
Biti dabar kerporativni
gradanin

ineti zajednici
Poboljsati kvalitet Zivota
Eticke odgovornosti
Biti moralan
Obaveza da se radi ono &to je
ispravno, praviéno i poitena
Izbedi nanoienje itete

Pravne odgovornosti
Postovati zakon
Pravo je druitvena kodifikacija ispravnog i
pogreinog; Igrati po pravilima igre

Ekonomske odgovornosti
Biti profitabilan
Osnova za sve ostale odgovornosti

Slika 1. Kerolov piramidalni model korporativne drustvene odgovornosti
Izvor: Njegomir i Demko Rihter, 2021, str. 90

Izvestavanje o drustveno odgovornom poslovanju sve vise dobija na znacaju, ne samo zbog
poboljsanja reputacije, ve¢ 1 zbog odrzive konkurentnosti na globalnom trzistu. Preduzec¢a koja usva-
jaju holisticki pristup CSR-u mogu posti¢i uravnoteZen rast i razvoj, odgovarajuci na potrebe svih
interesnih grupa, a ne samo vlasnika i akcionara.

3. Istrazivanje stavova korisnika i zaposlenih u osiguranju
na temu drusStvene odgovornosti

Istrazivanje je radeno kroz analizu dostupne literature, zatim anketiranje zaposlenih u osigura-
vaju¢im kompanijama i korisnika osiguravajucih usluga. Upitnici su popunjavani anononimno i odra-
zavaju iskljucivo stavove i miSljenja ispitanika koji su ih popunili, a na osnovu kojih su izvuceni
zakljucci ovog rada.

Prvi deo upitnika za obe grupe ispitanika odnosio se na osnovna pitanja poput starosti, obrazo-
vanja, radnog staza 1 slicno. Drugi 1 tre¢i deo oba upitnika bavio se dublje pitanjima drustvene odgo-
vornosti. Upitnik za korisnike usluga osiguranja zapocet je upoznatoS¢u ipsitanika sa konceptom
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druStvene odgovornosti organizacija. Skoro polovina ispitanika (njih 43%) izjasnilo se da su deli-
micno upoznati sa ovim konceptom. 29,3% je dobro upoznato, a 24% je slabo upoznato. Iz ovih
odgovora mozemo izvuci zakljucak da svest o CSR-u postoji, ali svakako da moze da se popravi. Kod
pitanja o vaznosti pojedinacnih oblasti druStvene odgovornosti (36,2%) smatra da je etika najvaznija
oblast, zatm njih 27,6% se izjasnilo da je to ekonomija. 24,1% smatra ekologiju kao najvaznijom
oblasti, dok filantropija ima najmanje glasova (svega 12,1%). Preko 90% ispitanika smatra da bi,
ukoliko bi vecéina organizacija poslovala drustveno odgovorno, i kvalitet njihovog Zivota bio mnogo
bolji nego Sto trenutno jeste. Time se zakljucuje da ispitanici iako nisu toliko upoznati sa CSR kon-
ceptom, ipak su dovoljno informisani da shvataju koliko to uti¢e na njihov zivot i okolinu. Na pitanje
da li im je bitno da se konkretna osiguravajuc¢a kompanija ¢je usluge koriste, bavi CSR-om, preko
90% njh se izjasno da im je u nekoj meri vazno, a ¢ak Cetvrtina njih je rekla da im je to izuzetno
vazno, ¢ime se dalje potvrduje svest ispitanika o vaznosti drustvene odgovornosti i njenog uticaja na
njih. Jedno od pitanja odnosilo sa na nivo zadovoljstva trenutnim CSR aktivnostima osiguravaju¢ih
drustava u Srbiji. Tek Cetvrtina ispitanika se izjasnila da je zadovoljna trenutnim nivoom, 19% da
nisu zadovoljni, dok se velika vecina (njih 56,9%) izjasnila da nisu sigurni da li su zadovoljni. i ovaj
odgovor moze da se tumaci iz razli¢itih tacaka gledista, ali on zapravo oznacava da te organizacije
imaju odredene drustveno odgovorne aktivnosti, samo ispitanici nisu sigurni da li je taj nivo aktivno-
sti zadovoljavajuci po njihovom misljenju, odnosno njihovim kriterijumima ili ne.

Naredno pitanje, predstavljeno na grafikonu ispod, formulisano je iz teznje da se ispita korela-
cija druStvene odgovornosti odredene organizacije sa odlukom o finalnom donosenju odluke kod koje
¢e organizacije klijent uplatiti potrebnu polisu. Njih 22,4% je reklo da to ipak ne utice ni u kom smislu
na njihovu odluku, dok se ostatak ispitanika izjasnio da uti¢e (delimi¢no/izuzetno), S§to govori da
ispitani ne ocekuju samo drustvenu odgovornost od organizacija, nego u prenesenom znacenju i od
samih sebe jer su spremni da podrze one koji se ovom temom bave.

Koliko drustvena odgovornost odredenog osiguravajuéeg drustva utice na Vasu odluku priizboru

osiguravaca?
58 responses

@ Uopéte ne utide
@ Delimitno utice

Utice
@ Izuzetno utiée

Grafikon 1. Koliko drustvena odgovornost osiguravajuceg drustva utice
na odluku potrosaca pri izboru osiguravaca

Mozda i1 najdirektnije pitanje u odnosu klijent-organizacija ti¢e se cene usluge koju klijenti pla-
¢aju, odnosno organizacije naplaéuju. Cak 69% ispitanika se izjasnilo da bi bilo spremno platiti visu
premiju osiguranja kod drustveno odgovornih kompanija, §to bi trebao biti vrlo ohrabruju¢ i motvi-
Su¢i podatak za sva osiguravajuca drustva. Tek 20,7% se izjasnilo da ne bi platilo vise, dok 10%
ispitanika nema jasan stav na ovu temu.

Vaznost pruzanja ispravnih i potpunih informacija se definitivno pokazao kao najvazniji seg-
ment druStveno odgovornog poslovanja za ovu grupu ispitanika. Skoro 26% ispitanika se izjasnilo da
im je to vazno, a ¢ak 69% da im je izuzetno vazno, dok se niko nije izjasnio da im informacije nisu
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bitne. Uzimajuéi u obzir sve veci broj malverzacija i sajber napada u digitalnom dobu, ovaj raspored
odgovora je donekle 1 ocekivan. Ovaj segment drustvene odgovornosti, prema datim odgovorima,
najviSe od svih zasluzuje dublje bavljenje i istrazivanje.

Da li biste bili skloniji da izaberete osiguravaju¢u kompaniju koja aktivno promovise i sprovodi
drustveno odgovorne inicijative, ¢ak i ako to znaci ve¢u premiju osiguranja?
58 responses

® Da
® Ne

Nisam siguran/na

Grafikon 2. Uticaj drusaj drustvene odgovornosti na placanje vece premije osiguranja

Naredni deo istazivanja odnosi se na odgovore zaposlenih u osiguravaju¢im drustvima. Na pi-
tanje o vaznosti pojedenih oblasti druStvene odgovornosti, svaka oblast je dobila prose¢nu ocenu vecu
od 4, §to se moZe tumaciti da su im sve oblasti prilicno vazne, a etika najvaznija od svih.

Ocenite vaznost svake pojedine oblasti drustveno odgovornog poslovanja za okruzenje u kojem
organizacija posluje: (1 - uopste nije vazno, 5 - izuzetno je vazno)

T .2 3 EN4 EES
30

Ekologija Etika/ljudska prava Ekonomija Filantropija

Grafikon 3. Vaznost svake od pojedinih oblasti drusveno odgovornog poslovanja
drustva u kome su zaposleni

Naredno pitanje odnosilo se na uskladivanje poslovnih aktivnosti sa principima drustvene odgo-
vornosti. Preko 90% ispitanika je odgovorilo da se uskladuju, u potpunosi ili delimi¢no, $to je vrlo
ohrabrajuc¢ istrazivacki podatak. Ispitanici su izrazavali 1 svoj stav vezano za rad u drustveno odgo-
vornim organizacijama, gde se njih 80,4% izjasnilo da bi radije u druStveno odgovornoj organizaciji,
nego u onoj koja to nije. 11,8% ispitanika je reklo da ne bi, dok je njih 7,8% ostalo suzdrzano, odno-
sno nisu sigurni u svoj odgovor. Sa druge strane, ukoliko bi to zaposlenje podrazumevalo i manja
finansijska primanja, tek njih 35,3% bi pristalo na rad u toj drustveno odgovornoj organizaciji. Cak
27,5% ispitanika ne bi radilo, dok njih 37,3% nije sigurno $ta bi uradili u toj situaciji. Razlika u
odgovorima na ova dva pitanja je primetna i donekle i ocekivana s obzirom na ¢injenicu da su zapo-
sleni generalno zadovoljni svojim trenutnim uslovima u organizacijama u kojima rade i1 da druStvena
odgovornost definitivno nije dovoljan “mamac” i razlog za promenu posla.
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Da li biste radije radili u organizacija koja se bavi drustvenom odgovornoséu iako bi to
podrazumevalo nesto manja finansijska primanja?

51 responses

®Da
® Ne

Nisam siguran/na

Grafikon 4 -Rad u drustveno odgovornoj kompaniji i visina primanja

Kada sumiramo odgovore obe grupe na sli¢na pitanja dolazimo do nekoliko zakljuc¢aka. Kada
posmatramo delove drustvene odgovornosti, filantropija je najvaznija oblast drustveno odgovornog
poslovanja za koristnike, dok kod zaposlenih imamo situaciju da su sve oblasti priliéno vazne, a naj-
vecu ocenu ima etika. Ipak jedna oblast drustvene odgovornosti se posebno istakla, a to je pruZanje
istinitih 1 potpunih informacija gde se ¢ak 69% korisnika izjasnilo da im je to od izuzetne vaZnosti
kod odabira osiguravajuceg drustva, dok je 27% reklo da im je vazno (Sto je u totalu znacajnih 96%).
To je ocena koju nije dobila nijedna druga oblast, iako su sve imale jako visoke ocene. Ovo mozemo
da povezemo upravo sa ¢injenicom da se osiguravaju¢im drustvima svakodnevno deli jako veliki broj
osetljvih li¢nih informacija ¢ija zloupotreba moze da ima jako velike posledice po korisnike, ¢ega su
1 oni sami svesni, stoga biraju da svoje poverenje pruzaju samo proverenim partnerima.

Kada su u pitanju finansijski momenti koji se vezuju za druStvenu odgovornost, 69% ispitanika
je spremno da plati ve¢u premiju osiguranja kod osiguravajuceg druStva koje se bavi CSR-om, a ¢ak
80% zaposlenih bi radilo u istom takvom drustvu za manju platu, radije nego u drustvu koje se ne
bavi ovom tematikom. Ovi odgovori su vrlo pozitivni i ohrabrujuéi za kompanije sa oba aspekta, i sa
aspekta zaposlenih i sa aspekta korisnika 1 treba da daju dodatnu motivaciju za rad na drustveno
odgovornim pitanjima. Ipak, ostavlja se prostor za raspravu da li bi u realnosti to bilo zapravo tako
ili ne.

Svest zaposlenih o druStvenoj odgovornosti je na neSto ve¢em nivou od korisnika usluga, 1 ¢ak
70% je zadovoljno trenutnim nivoom drustvene odgovornosti, a sa druge strane svega 24% korisnika
je zadovoljno istim tim pitanjem. Razlog za ovakve odgovore moZe biti ¢injenica da su zaposleni ili
viSe upuceni u temu i prate aktivnosti, s obzirom da je posao tre¢ine njih pod direktnm uticajem CSR-
a, dok jo§ na 47% njih on indirektno utice, ili su viSe subjektivni prema organizacijama u kojima rade.
Dok, kod korisnika moZe postojati situaciju da su previse strogi po pitanju ocekivanja od organizacija,
ili nisu dovoljno upuceni u sva deSavanja (s obzirom da je mali broj njih znao da navede konkretne
aktivnosti kojima se osiguravaju¢a drustva bave).

Ono $to je preporuka da se unapredi jeste 1 interno 1 eksterno izveStavanje i obavestavanje svih
zainteresovanih strana o aktivnostima koje se sprovode. 1 interna i eksterna javnost imaju pravo da
znaju kojim se druStveno odgovornim pitanjima organizacije bave, jer to indirektno utice i na njihov
zivot 1 okolinu. A svakako da samo pozitivno moze da uti¢e i na jednu i drugu grupu da radije koriste
usluge konkretnog osiguravajuc¢eg druStva, odnosno da u istom traze zaposlenje. Konkurencija u
borbi za korisnike/klijente 1 za zaposlene je danas jako oStra i nemilosrdna, i one organizacije koje
odluce da se bave druStvenom odgovornos¢u treba to da isti¢u kao jednu od svojih konkurentskih
prednosti.
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Na kraju, moze se izvu¢i zakljucak da i korisnici usluga osiguranja i zaposleni u osiguranju ne
ocekuju samo drustvenu odgovornost od organizacija, nego i od sebe samih jer su spremni da podrze
one koji se ovom temom bave.

4. Zakljucci i preporuke

Kao 1 svaki drugi poslovni sistem, tako i osiguravajuca drustva su osnovana zarad ostvarenja
razlicitih ciljeva, najceS¢e onih finansijske prirode. Ali danas, kada profit viSe nije jedini i klju¢ni
apsekt poslovanja, druStvena odgovornost postaje jedan od strateskih prioriteta kojima se privlaci
paznja i klijenata i zaposlenih.

Drustvena odgovornost organizacija je tema o kojoj se prica decenijama unazad, ali je posled-
njih par godina od sve veceg znacaja i privlaci paznju javnosti. Interes ljudi za drustveno odgovorni
rad organizacija i uticaj koji organizacije imaju na drustvo u celini, u njegovim razli¢itim oblastima
(zastiti zivotne sredine, etici, uslovima zivota, Sirenju informacija i sl.) sa vremenom sve vise raste.
Mnogo je viSe parametara danas koji uti¢u na finalnu odluku od koga kupiti neki proizvod odnosno
uslugu, nego $to je to bilo do pre nekoliko godina.

Zakljucak je da, ukoliko Zele da napreduju i da budu prisutni u svesti potroSaca, ali i svojih
trenutnih i potencijalnih zaposlenih, osiguravajuca drustva moraju sve izvesnije da se bave drustve-
nom odgovorno$¢u kroz razlicite aspekte, ali pre svega kroz aspekt transparentnosti u smislu infor-
macija koje uzimaju od klijenata i onoga S$to im nude kroz svoje proizvode. Takode, moraju da vode
racuna o zdravlju i bezbednosti svojih zaposlenih i njihovog zadovoljstva na poslu, koje je po rezul-
tatima ovog istrazivanja, na visokom nivou, kojeg sada treba odrzavati i nadogradivati.

Jedan od nacina kako osiguravajuca drustva mogu kreirati nove projekte po pitanju pomoci
lokalnoj zajednici i stanovniStu, moze biti i to da se socijalno najugroZenijem stanovniStvu
poklone/doniraju polise osiguranja (osiguranje imovine, zdravstveno osiguranje, Zivotno osiguranje
itd..), jer su upravo ovi delovi druStva najizloZeniji rizicima koji im prete. Svakako bi bilo poZeljno 1
da se drzava ukljuci u takav projekat kroz odredeno finansiranje ili subvencije, oslobadanje od pore-
skih obaveza 1 sli¢no.

Osiguravajuca drustva imaju lanac snabdevanja koji ukljucuje razliite ucesnike: dobavljaci,
distributeri, outsource kompanije i druge. Bitno je da se prenese primena CSR koncepta na sve uce-
snike u lancu snabdevanja kako bi celokupno poslovanje osiguravajuc¢ih drustava bilo u skladu sa
drustveno odgovornim poslovanjem. Prema standardu ISO 26000 osiguravaju¢a drustva moraju da
imaju uticaj na svoje partnere u lancu snabdevanja, kako bi se izbeglo da do propusta dode kod njih,
a da ti propusti imaju (in)direktan negativni reputacioni, zakonski, finansijski ili neki drugi rizik za
osiguravajuce druStvo. Osim toga, organizacije moze da napravi i program nagradivanja odnosno
stimulacije svojih partnera da oni koji postuju princpe drustvene odgovornosti dobiju odredene po-
godnosti u odnosu na sve druge u lancu (na primer distributerima, posrednicima 1 zastupnicima mo-
guce je dati vece provizije, nagrade ili bonuse).

Osiguravajuca drustva, osim na boljim ponudama za svoje korisnike, moraju da rade i na po-
boljSanju odnosa ka svojim zaposlenima. Osiguranje nije radno intenzivno kao $to su proizvodne
delatnosti, ali 1 dalje mnogo zavisi od njih i adekvatnog ophodenja ka njima kroz: unapredenje vestina,
bolje obrazovanje, pristojne naknade za njihov rad koje ¢e rezultirati njihovim ose¢ajem dostojanstva
1 pripadnosti.
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Vidno je prisutan trend brzog razvoja onlajn poslovanja i e-trgovine na danasnjem trzistu. Or-
ganizacije nastoje da pomoc¢ u resavanju poslovnih izazova na konkurentnim i dinamicnim trzistima
pronadu u standardima i mendzmentu kvaliteta. Na osnovu toga, posebnu paznju poklanjaju osig-
uranju kvaliteta.

Svrha ovog istrazivackog rada je da otvori vrata razumevanju kvaliteta e-trgovine kroz pregled
i tumacenje koncepata koji se odnose na kvalitet i upravijanje kvalitetom. Cilj rada je ispitivanje
problematike nedovoljno istrazenog uticaja upravljanja kvalitetom i standardizacije na obavljanje
delatnosti e-trgovine i davanje odgovora na pitanje da li upravljanje kvalitetom i standardizacija
mogu omoguciti organizacijama da unaprede deo svog poslovanja koji se odnosi na e-trgovinu, a da
pri tom opravdaju poverenje svojih stejkholdera, prevashodno kupaca, pa c¢ak i da nadmase njihova
ocekivanja. Fokus je na mogucnostima unapredenja poslovnih performansi u oblasti e-trgovine, §to
je vrednost koju ovaj rad nosi i koja ce da posluzi kompanijama sa razvijenim sistemom onlajn
prodaje ili onima koji razmisljaju o uvodenju takvog vida prodaje.

Istrazivanje je sprovedeno da bi se utvrdili potencijalni efekti upravijanja kvalitetom i stand-
ardizacije na poboljsanje e-trgovine. U cilju razjasnjenja problema istraZivanja i davanja odgovora
na pitanja koja cine osnovu ovog rada, primenjuje se skup naucnoistrazivackih metoda kao Sto su
deskriptivna metoda, kompilacija, analiza i druge, uz prikupljene podatke i informacije kroz
posmatranje pojava u odnosnoj oblasti i distribuciju upitnika definisanoj ciljnoj grupi.

There is a visible trend of rapid development in online business and e-commerce in today’s
market. Organizations strive to find help in solving business challenges in competitive and dynamic
markets through quality standards and quality management. Based on this, they pay special attention
to quality assurance.

The purpose of this research paper is to open the door to understanding the quality of e-com-
merce through a review and interpretation of concepts related to quality and quality management.
The goal of the study involves examining the issue of the insufficiently researched impact of quality
management and standardization on the performance of e-commerce activities and providing an an-
swer to the question of whether quality management and standardization can enable organizations
to improve the e-commerce part of their business while defending the trust of their stakeholders,
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primarily customers, or even exceeding their expectations. The focus is on the possibilities of improv-
ing business performance in the field of e-commerce, which is the value that this paper carries, and
which will be able to help companies with a developed online sales system or those considering in-
troducing such a method of sales.

Research has been conducted to determine the potential effects of quality management and
standardization on improving e-commerce. To clarify the research problem and answer the questions
that form the basis of this paper, a set of scientific research methods such as descriptive method,
compilation, analysis, and others are applied, along with the collected data and information through
observing phenomena in the respective field and distributing the questionnaire to a defined target

group.

1. Introduction

The issue of the insufficiently researched impact of quality management and standardization on
online sales business activities is certainly present, and the question arises whether quality manage-
ment and standardization can influence the business performance of organizations engaged in e-com-
merce. It is also necessary to consider what benefits e-service providers can achieve through quality
management and certification. Given that the integration of quality management and standardization
with e-commerce is relatively new in the business world and considering the fact that today's business
potentially requires both (which is also one of the motives for choosing the defined topic), the authors
of the paper find the research on the possibilities of improving e-commerce from the perspective of
quality management and standardization significant.

The subject of this paper lies in the possibilities of improving e-commerce provided by quality
management and standardization.

Therefore, the paper includes research in which the authors will try to determine the effects of
quality management and standardization on the improvement of e-commerce. The research was con-
ducted through a questionnaire whose results are analyzed within this research to contribute to the
defined topic.

The previously defined issue, purpose, and objectives of the research are the basis from which
the following hypotheses were created, which the research paper aims to prove. The hypotheses are:

HO: The implementation of quality management and quality management system standards can
influence the identification and improvement of key and other business processes related to e-com-
merce in the organization.

HI1: The implementation of quality management can identify opportunities for improving the
quality of the e-commerce macro-processes.

H2: The implementation of quality management system standard results in the improvement of
business performance of organizations in the field of e-commerce.

2. Overview of quality management and standardization areas

2.1. Concepts of quality, quality management and quality management system

The definition of quality according to the ISO 9000:2015 standard states that quality is ,,the
degree to which a set of inherent characteristics of an entity fulfill requirements® (SRPS ISO
9000:2015a).

According to ISO 9000:2005, quality management is defined as ,,coordinated activities to di-
rect and control an organization with regard to quality* (Zivkovi¢ and Glogovac, 2015). The compre-
hensiveness of quality management is reflected in the processes covered by Juran's Trilogy, namely
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quality planning, quality control, and quality improvement (Zivkovi¢ and Glogovac, 2015). In addi-
tion, the concept of quality assurance is also mentioned (Filipovi¢, Puri¢, and Ruso, 2018a). The
focus of this research is on quality improvement. For such a project to be successful, all actions taken
for this purpose must be carefully planned and controlled (Ngambi and Nkemkiafu, 2015).

The same ISO 9000 standard also defines the quality management system. Specifically, it is
viewed as a management system by which companies manage their direction regarding quality and
leading the organization towards a defined direction (SRPS ISO 9000:2015b). Its function is reflected
in the pursuit of achieving quality objectives. It focuses on activities and results directly related to
achieving these objectives (Filipovi¢, Duri¢, and Ruso, 2018b). Understanding how this system works
and generates results provides the opportunity to optimize the system and its performance (SRPS ISO
9000:2015¢).

An organization that incorporates quality into its business understands the needs of its stake-
holders (,,Managing for Quality*, 2001a). Organizations must attract, acquire and retain the support
of relevant stakeholders on whom their success depends (SRPS ISO 9000:2015d).

2.2. The concept of quality improvement
within quality management

Quality improvement refers to the part of quality management that focuses on increasing the
ability to meet quality requirements (SRPS ISO 9000:2015¢). It can also involve reducing variations
to a level that has not been achieved before, which requires eliminating the root cause of the problem
(Filipovi¢, Puri¢, and Ruso, 2018b).

Commitment to continuously improving the quality of an organizational system should primar-
ily come from the top, from the governing body (Gabor and Grinnell, 1994). The steps in quality
improvement planning rely on the success of generating ideas aimed at continuous improvement
(Swanson, 1995).

Quality improvement activities apply to all stakeholders - internal and external. They can result
in numerous benefits, from better quality for all users, higher market share, and premium pricing, to
cost reduction or productivity increase. Although quality improvement can result in many benefits
for organizations, many do not prioritize these activities (Juran, 1988).

2.3. The concept of standards and 1SO 9001

Standards can be viewed in terms of acceptable and consistent quality; in the context of ac-
knowledgment due to their excellence; and from the perspective of a generally accepted model. It can
be said that standards establish the market, but at the same time, feedback from the market drives the
need for standards (Mijatovi¢, 2015).

Standards refer to the documentation that includes the basic, key technical specifications of a
product, material, process, or system for them to serve their purpose. They are created by technical
committees representing all interested parties - the needs of users, industry, or the state (,,Quality
Management®, 2001b).

The International Organization for Standardization (ISO) is a key player in promoting progress
in industrialization, as well as in shaping production and consumption patterns (Murphy and Yates,
2009). ISO 9001 is proven to be used worldwide and is even the most popular management system,
representing a universal management practice that companies use to satisfy customers, regardless of
size or their main activity (Honore, Frederic, & Marti, 2012a). Some of the benefits of implementing
ISO 9001 standards include:

— Increased customer satisfaction (Rusjan & Ali¢, 2010a)
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— Increased business efficiency (UNIDO, 2006a)

— Improved human resource management (Nanda, 2005)

— Cost reduction (Tari, Molina-Azorin, and Heras, 2013a)

— Customer loyalty (Honore, Frederic, & Marti, 2013a)

— Better image and reputation (Rusjan and Ali¢, 2010b)

— Improved competitiveness (Gui and Ye, 2008)

— Increased revenue (Tari, Molina-Azorin, and Heras, 2013Db).

3. Introduction of the concept of e-commerce

E-commerce refers to the use of electronic instruments and technology to trade (sell, buy, and
exchange goods, services, and/or information) within B2C, B2B, and other interactions. In this con-
text, goods or services can be delivered over the internet or outside of it (Manzoor, 2010). On the
other hand, E-Business (online business) requires designing a business model in a virtual space rather
than a physical one, such as the internet. Their main difference lies in the extent to which an organi-
zation remodels its business activities using the internet (Hackbarth & Kettinger, 2000).

EC (e-commerce) is seen as a surrounding area of the processes directly and indirectly related
to the trade of products, services, and information through networks, including the internet (Gun-
asekaran, et al., 2002a).

3.1. Development of e-commerce

Considering the rapid development of e-commerce from the end of the twentieth century until
now, as well as the fact that revenue from online sales at a global level for B2C transactions has
increased nearly threefold over the past seven years, it is easy to understand why more organizations
are introducing online sales into their operations or basing their entire business model on e-commerce.
In 2020, $4.2 trillion in revenue was generated from online sales. Revenue of up to $6.54 trillion for
B2C transactions at a global level is projected by 2023 as shown in Figure 1 below (Coppola, 2021a).
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Figure 1. Retail in e-commerce sales worldwide from 2014 to 2023
in billion US dollars (Source: Copola, 2021)

It is emphasized that the coronavirus pandemic (COVID-19) has had a significant impact on e-
commerce and the behavior of online consumers around the world. As millions of people stayed in
their homes at the beginning of 2020 to suppress the spread of the virus, digital channels became the
most popular alternative to crowded stores and in-person shopping. June 2020 marked the highest
number of visits to EC sites globally, with a record-breaking 22 billion visits. Demand was especially
high for everyday items such as groceries, clothing, and technology (Coppola, 2021b).

Although large companies may dominate the e-commerce market, it should be noted that small
and medium-sized enterprises are increasingly joining the trend of doing business and trading online.
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Their interest in e-commerce is not surprising when considering the advantages, which include the
fact that their size and location are not crucial in competing with others. Companies like BAC (,,Brick
and click®) have emphasized achieving competitive advantage and profit as primary goals (Kara-
gozoglu and Lindell, 2016).

In Serbia, the Law on Accounting (Article 6) defines the possible determination of the company
size as micro, small, medium, and large legal entities depending on the number of employees. Micro-
enterprises have up to 9 employees, small ones have 10 to 49 employees, medium-sized ones have
50 to 249 employees, and large legal entities have 250 or more employees (Law on Accounting,
Article 6 - ,,Official Gazette of RS 79/2019%).

3.2. Processes and virtual value chain
in terms of e-commerce

B2C and C2C e-commerce include retail sales through the internet and communication tech-
nologies, paid online services, paid content, and platforms for independent sellers. As consumers
become more prone to purchase any product via the internet, the importance of intermediary platforms
increases. Intermediary platforms can be viewed as:
— Platforms that provide only intermediary services online, such as Amazon, eBay, or Alibaba
(otherwise known as ,,pure players®).

— Companies that have physical stores as well (otherwise known as ,,Brick-and-mortar com-
panies). These companies are also known as ,,Click-and-mortar shops,* such as retail giants
like Walmart (,,International Journal of Labor Research,* 2015).

In their research entitled ,,e-commerce processes: a study of criticality,* authors Duffy and Dale
highlight the following as key processes for companies that sell their products online:

— E-commerce store operation 24/7

— Generating orders

— Contact center integration

— Generating revenue

— Product delivery

— Financial control

— IT and website changes

E-integration (Duffy and Dale, 2002a).

As a part of their study, Duffy and Dale draws attention to the fact that in addition to the previ-
ous key processes, the focus should be on consumer behavior and mapping of business processes
(Duffie and Dale, 2002b).

With the continuous development of modern technology based on information, there are
changes in the market environment that require each company to compete simultaneously in both the
traditional market and the information-based virtual market (Liu and Wu, 2010a).

The Virtual Value Chain (VVC) is defined as a system of value chain activities that contribute
to the creation of value and are based on information. By implementing such activities within their
value chain, companies enter the virtual world, expanding the traditional value chain, as shown in
Figure 2 below. Continuous development of modern information-based technology initiates changes
in the market environment that require each company to compete simultaneously in both the tradi-
tional market and the information-based virtual market. In the e-commerce environment, a company
should not only focus on building competitive capabilities with a focus on the traditional value chain
but also on building a VVC (Liu and Wu, 2010b).
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Figure 2. Virtual Value Chain (VVC) in the context of e-commerce
(Source: adapted according to Liu and Wu, 2010)

4. E-commerce from the perspective of quality
management and standardization

1.1 Dimensions of E-quality

Services are intangible, have no physical form, and involve the human factor and interaction
between the service provider and the service user. This interaction influences the perception of quality
to a large degree. It is more difficult to determine quality than in the case of physical products because
the perceptions and expectations of different users can vary. However, what happens when consider-
ing quality from the perspective of e-commerce, considering the third dimension, virtual operations
that do not involve human interaction or a physical product (Madu and Madu, 2002a)? What are the
characteristics that users will consider when determining quality in the case of virtual operations?

In response, the dimensions of e-quality defined by authors Christian N. Madu and Assumpta
A. Madu can be considered. Some of these dimensions are:

— Performance (efficiency)

— Characteristics of the website

— Security and system integrity

— Safety

— Product or service differentiation and customization

— Reputation

— Trust

— Aesthetics (Madu and Madu, 2002b).

Authors Yang, Jun, and Peterson highlight the importance of the following dimensions of e-
quality:

— System availability
— Responsiveness
— Reliability
— Competence
— Product portfolio (Yang, Jun, and Peterson, 2004a).

4.2. E-customer loyalty and the impact of 1SO 9001 standard
on perceived e-service quality

Authors Yang, Jun, and Peterson concluded that the perceived quality of E-services by custom-
ers is one of the crucial factors for success in online businesses (Yang, Jun, and Peterson, 2004b).

It is known that loyal customers buy more, spend more, and speak positively about their chosen
products or service providers. Concerning what's being said, many service providers are aware of the
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link between perceived service quality and customer satisfaction, which is widely accepted as the
main determinant of customer loyalty (Honore, Frederic, and Marti, 2012b).

The correlation between the quality of online service, e-loyalty, e-satisfaction, and ISO 9001 in
e-commerce is examined in a study that analyzes the loyalty of online clients and the perception of
ISO 9001 in internet banking. After conducting the study, the authors Honore, Frederic, & Marti have
come to the following conclusion. Regarding the relationship between the quality of e-services, e-
satisfaction, and e-loyalty, the research results showed that the quality of e-services is the main initi-
ator of both online user satisfaction and e-loyalty (Honore, Frederic, and Marti, 2012c).

4.3. Impact of customer relationship development and
maintenance strategy on e-service quality

Today, one of the main business strategies for many organizations is developing and maintain-
ing relationships with new and existing customers. A good strategy for addressing issues related to
services or products can transform a dissatisfied customer into a loyal one. It can be assumed that
addressing these issues will impact on customer satisfaction and their perceived value of the quality
of the service or product, which can be considered strong indicators of loyalty (Honore, Frederic, and
Marti, 2013Db).

The results of research conducted by Honore, Frederic, and Marti showed that managing dis-
satisfied customers in terms of addressing issues related to services directly and positively correlates
with customer satisfaction and perceived quality, which was found to significantly impact customer
loyalty (Honore, Frederic, and Marti, 2013c).

Efficiently addressing conflicts with customers and service-related challenges can be used as a
strategic driver to capitalize on new opportunities for enhancing customer satisfaction, perceived
value, and loyalty. In turn, this can significantly impact on the productivity, revenues, and perfor-
mance of one organization. Identifying potential weaknesses and issues related to services even be-
fore they arise can help improve the perception of service quality and thus increase customer satis-
faction and loyalty (Honore, Frederic, and Marti, 2013d).

5. Research and final discussion

Concerning the goal of the paper, a defined strategy involved looking into the relevant concepts,
reviewing the authors' views and conclusions, examining the challenges in this field, and exploring
potential solutions to the given challenges.

5.1. Methodology

The research was conducted based on a questionnaire that resulted in the data collected. The
defined questionnaire was distributed via the social network LinkedlIn, targeting the relevant group,
as well as through personal contacts in the respective field. Thanks to the anonymity that represents
an advantage of this type of data collection, respondents had the opportunity to give their honest
opinion about the situation and functioning of the company they work for without hesitation, which
allows for a realistic overview of the situation in practice.

At the beginning of the questionnaire, the exact target group to which the questionnaire refers
is clearly specified. The target group referred to employees in the department of e-commerce, as well
as employees in the department of quality management, involved in the macro-process of internet
commerce.
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Thanks to the LinkedIn social network, with public profiles representing the work biographies
and experiences of the present individuals, a simple search led to the target group. Representatives of
the target group were contacted directly via electronic messages.

The questionnaire consisted of eleven questions divided into two parts. The first part is related
to collecting general data about the organization and the hierarchical level of the employee. The sec-
ond part of the questionnaire shifts the focus to determining the familiarity of the target group with
the given topic, as well as collecting information on the possibilities, but also the effects of quality
management and ISO 9001 standards on improving e-commerce and the business performance of
organizations operating in this field. By analyzing the collected data and based on the questions de-
fined following the literature review given earlier, the confirmation or disproof of the hypotheses set
at the beginning of the work will be achieved.

The research results should show how much e-commerce organizations are familiar with quality
management and its use in the mentioned field, the effects that quality management and ISO 9001
standards can have on business performance in this context, as well as an overview of the possibilities
for improvement.

The questionnaire was sent to 124 addresses, and a minimum of 50 completed questionnaires
was determined as a representative sample. Sixty (60) completed questionnaires were collected, re-
sulting in a response rate of 48.38%.

5.2. Research findings

To answer the questions of where the opportunities for improvement lie, what the effects of
quality management are, and at what level they influence the improvement of the quality of e-com-
merce macro-process and business performance of organizations, data from a survey questionnaire is
analyzed. The results of this research provide an overview of the real state of the e-commerce market
in the Republic of Serbia after the pandemic caused by the coronavirus (COVID-19).

The survey questionnaire was sent to hundred and twenty-four (124) addresses of employees in
organizations involved in e-commerce in the market of the Republic of Serbia. Sixty (60) respondents
completed the questionnaire. The questionnaire was sent exclusively to employees in the department
of e-commerce, as well as employees in the quality management department involved in the macro-
process of internet commerce, to obtain relevant responses that can be taken as representative. The
structure of respondents from the aspect of hierarchical level in the organization shows that almost
half of the respondents - 48.3% are employed at the middle management level employees (Figure 3
below). This data is considered important given their direct involvement in the implementation pro-
cess of the macro-process of internet commerce. The data from the research conducted shows that the
majority - 46.7% of respondents are employed in large companies with 250 or more employees (Fig-
ure 4 below). However, respondents employed in all types of organizations in terms of size partici-
pated in the survey, which provides the possibility of observing the state in practice at all levels con-
cerning the size of organizations.
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More than half of the organizations’ respondents (64.4%) belong to the so-called ,,Brick and
click® group as Figure 5 shows. In addition to the three main groups of organizations already named
in the paper that conduct e-commerce activities (pure e-commerce stores, intermediaries, BAC), it is
possible to add the following groups:

— Organizations that produce and sell offline, but also online through distributors, meaning

they do not have their own online store.

— Organizations that provide intermediary services on the network (like Amazon) but also sell

their own products online.

@ Organizations that provide intermediary services on
the network

@ Brick and click organizations

® QOrganizations that sell only
through online stores

Organizations that provide intermediary services on the
network, but also sell their own products online
Wholesale, retail, e-commerce

Manufacturers

Organizations that produce and sell offline, but also
online through distributors

Figure 5. Classification of organizations based on conducting business in e-commerce
(Source: Authors)

Based on the data obtained and in terms of awareness of the defined advantages that application
of quality management system standards can potentially have on an online store, it can be concluded
that most respondents are not aware of these benefits or are only partially aware. The following ad-
vantages of implementing quality management system standards in an online store are offered:

— Cost reduction

— Improvement of human resource management

— Increased stakeholder satisfaction

— Customer loyalty

— Better image and reputation

— Improved competitiveness

— Increased revenue

— Increased business efficiency



64 38 INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

However, there is a group of respondents who are largely aware of the benefits, such as cus-
tomer loyalty, a better image and reputation, increased revenue, and improved business efficiency,
and some of them even have experience in achieving these advantages as shown in Figure 6.

I There is no impact atall M Partially present impact Presentimpact WM Very presentimpact [l Extremely present impact
40

0

Mapping of business E-commerce store IT and website Contact center E-integration Generating orders Generating revenue Product delivery Monitoring

processes operation 24/7 changes integration and financial control customer behavior
while visiting the
online store

Figure 6. The level of respondents’ familiarity with the advantages of applying the
1SO 9001 standard in online commerce (Source: Authors)

Respondents were also asked to assess the level of influence of defined processes on the overall
quality of the macro-process of an online store. Thanks to the data collected, it is possible to determine
the processes with the potentially highest impact on achieving quality of the macro-process they be-
long to as Figure 7 shows. It is also possible to define the processes with the most potential for im-
provement to achieve a higher level of quality. Therefore, product delivery processes, the 24/7 func-
tioning of an online store, generating orders, e-integration, and the process of monitoring customer
behavior during their visit to the online store's website have the most present impact on achieving
overall quality. Also, the processes of monitoring customer behavior during their visit to the site,
product delivery, 24/7 online store functioning, contact center integration, and mapping of business
processes are those with the most potential for improvement to achieve a higher level of quality as
Figure 8 shows. Some processes overlap when processes with the highest impact on quality and those
with the most potential for improvement are observed in parallel. This is a clear indication that more
attention needs to be paid to these processes in quality planning and management, especially when it
comes to improving and ensuring quality. Managers must strive for the strategic direction of efforts
and organizational resources towards these processes to ensure the higher overall quality of the
macro-process in e-commerce.

I Not familiar at all Il Informatively familiar Partially familiar I Know mainly all M Fully aware, has experience with realized benefits

Cost reduction Improved human Increased satisfaction Customer loyalty Better company Improved Increased revenue Increased business

resource of stakeholders image and reputation competitiveness efficiency
management

Figure 7. Process impact assessment on the realization of overall quality within the
macro-process of e-commerce (Source: Authors)

The authors of this paper also conclude that the integration process with the contact center is
one of the processes that should be pointed out, even though the respondents did not rank it highly
when it comes to potentially higher impacts on achieving quality. The reason for this conclusion is
that the contact center represents a point of direct contact with customers. It supports the entire sys-
tem. In addition, many virtual operations do not involve direct communication with customers, so the
employees' contact with customers should further enable flawless service and as such can have an
impact on the quality of online commerce.
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Figure 8. The possibility of improving processes to realize a higher level of quality
(Source: Authors)

Furthermore, eight dimensions of e-quality that can affect the e-satisfaction of online customers
have been defined. Respondents were allowed to add dimensions which are not already included on
the existing list, but the respondents consider it important for generating e-satisfaction among online
customers. This can be seen in Figure 9. These are the following quality dimensions:

— Ease of access and ease of use of the web store

— System availability (the functioning of the web store without any difficulties)

— Security and integrity of the system (protection and method of keeping confidential cus-

tomer data)

— Reliability (fulfillment of the company's promises regarding transaction execution)

— Differentiation and customization of products or services

— Customer service activities

— Product delivery

— Reputation.

In addition to the defined dimensions of e-quality, four respondents (1.7% each) believed that
e-dimensions such as ,,Post-buy* experience, price, but also speed, and quality of complaint handling
can have a significant impact on e-satisfaction in online shopping. The respondents were given the
option to choose multiple answers. Furthermore, the dimensions of ,,Post-buy* experience, speed,
and quality of complaint handling can be classified as activities carried out within customer service
and fall under the previously defined scope of customer service.

Ease of access/ease of use
System availability
System security and integrity
Reliability
Differentiation and customization
Customer service activities |
Product delivery !

Reputation !
"Post-buv" experience

Quality of complaint handling
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Shipping cost
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14 (23.7%)

35 (59.3%)

12 (20,3%)
28 (47,5%)
50 (84,7%)
17 (28,8%)
1(1,7%)
1(1,7%)
1(1,7%)
1(1,7%)
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Figure 9. The impact of e-quality dimensions on customer e-satisfaction
(Source: Authors)

Nearly majority of respondents, 84,.7% (50), believe that ease of access and ease of use of the
web store, on the one hand, as well as product delivery, on the other, are the two main dimensions of
e-quality that could have the highest impact on the establishment of e-customer satisfaction. Accord-
ing to the respondents, 59.3% (35) believe that the availability of the system in terms of web store
functionality without any difficulties, as well as reliability in terms of fulfilling the given ,,promise*
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regarding transaction execution by the company, are among the more significant dimensions of e-
quality that affect e-satisfaction. 47.5% (28) of survey participants believe that the quality of customer
service affects online customer satisfaction.

When it comes to quality dimensions that can affect the e-loyalty of online customers, in addi-
tion to the already defined dimensions, there have been singled out product portfolio, responsiveness
to customer requirements, fast product de-livery, and efficient resolution of conflict with customers
as shown on Figure 10.

In addition to the defined dimensions, three respondents (1.7% each) believed that ,,Post-buy*
experience, ,, Tailor-made* offers, personalization of services/products; discounts for loyal customers;
PWP (,,Purchase with purchase*), and promo codes are important e-quality dimensions for establish-
ing e-loyalty. Furthermore, the majority of respondents - 74.1% (43) - believe that responsiveness to
customer requirements has the greatest impact on e-consumer loyalty. 65.5% (38) believe that product
delivery and fast service are next in line when it comes to influencing e-user loyalty. 56.9% (33) of
respondents chose efficient conflict resolution with customers, while 51.7% (30) said that ease of
access and ease of use of the web store are important for acquiring a loyal e-customer.
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System security and integrity
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20 (34,5%)
17 (29,3%)

21 (36,2%)
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Figure 10. The impact of e-quality dimensions on customer e-loyalty
(Source: Authors)

It is possible to establish a connection between e-satisfaction and e-loyalty with some of the
aforementioned processes, considered as e-quality dimensions in this context. The results indicate
that most respondents believe that processes such as the functioning of the internet store, product
delivery, and the work of the customer center, are characterized by a high impact on e-satisfaction
and e-loyalty of users.

In addition, the ease of access and ease of use of the web store, as well as reliability in terms of
fulfilling the company's ,,promises* regarding transaction fulfillment, have a significant impact on
achieving e-consumer satisfaction. On the other hand, when it comes to e-loyalty, responsiveness to
customer requirements, and fast service, efficient resolution of conflict with customers has a major
impact. Efficient conflict resolution can be related to the contact center as the front line of communi-
cation between the customer and the organization, which is another reason why it is always important
to pay attention to the work of the customer center and fully integrate with it.

When it comes to the challenges encountered in daily work, the highest number of respondents,
50.8% (30), faced a challenge related to lacking connection and collaboration among departments
within the company they work for. Additionally, 47.5% (28) of them believe there are challenges
connected to logistics and order fulfillment. In addition, integration with partner processes, lack of
experience and expertise in the given area, and inadequately designed processes stand out. It is pos-
sible to conclude that organizations must focus more on creating an adequate value chain, establishing
connectivity and integration between sectors with adequately designed processes. This is because
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today, events in the physical or virtual value chain can equally contribute to the success or destruction
of the company. Their connectivity should be always kept in mind, especially when it comes to ,,Brick
and click® organizations that form over 60% of the respondents in this survey. Regarding logistics,
order fulfillment, and integration with partner processes, it is necessary to strive for maximal optimi-
zation and efficient coordination of relationships between the company's value chains and its partners,
which consequently leads to achieving competitive advantages, maximizing reliability, and reducing
costs. Discussed can be seen in Figure 11.
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Figure 11. Challenges in the business of e-commerce
(Source: Authors)

Based on the last two questions, it is possible to consider the most common internal and external
effects of the quality management systems implementation in e-commerce and to assess the level of
improvement according to the respondents. The respondents were reminded not to answer these ques-
tions if the organization they work for is not certified to the ISO 9001 standard. Therefore, out of a
total of sixty respondents, twenty-five of them answered the tenth question and twenty-four of them
answered the eleventh question.

As said, only 41.67% (25) of respondents provided an answer to the tenth question. The ques-
tion implied marking the level of internal improvements defined by the respondents as shown in Fig-
ure 12. As internal effects of implementing the quality management system standard, the following
were identified:

— Greater involvement and support from top management

— Increased employee awareness of quality in e- commerce

— Improved operation of the customer service center

— Increased ability to protect confidential user information

— Reduced inventory and warehousing costs

— Improved control of process management

— Shorter transaction processing times

— Improved business efficiency

B No improvement present B Partial improvement present Improvement present Il Improvement very I Extremely present
present improvement

Greater ‘f”VUl‘fsmsﬂ‘ and  Increased employee Improved operation  Increased ability to protect  Reduced inventoryand  Improved control of Shorter transaction Improved business
support from top awareness of quality in of the customer confidential user information  warshousing costs process management  processing times efficiency
management ©- commerce service center

Figure 12. Assessment of the internal improvements level as a result of the quality management
system standard implementation in e-commerce (Source: Authors)
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Based on experience, the respondents recognized that for most of the defined elements, im-
provement is achieved, or even significant improvement is present as a result of ISO 9001 implemen-
tation.

Of the total number of respondents who participated in the survey, only 40% (24) answered the
final question in the questionnaire. This question involved rating the level of defined improvements,
but in this case, improvements were external. It’s shown in Figure 13. The level of external improve-
ments was defined qualitatively, using the same ratings as the previous question (no improvement
present - extremely present improvement). The following external effects of implementing a quality
management system were identified:

— Higher quality of the website design

— Increased reliability

— Accelerated purchasing process

— Faster delivery of the appropriate product

— Greater compliance with customer requirements

— Reduced number of customer complaints

— Increased customer satisfaction

— Better image and reputation

— Increased competitiveness

Most respondents agreed that the improvements were present or very present, in some cases
even extremely present. For some of the effects, such as increased customer satisfaction, increased
competitiveness, and better image and reputation, improvements were extremely present.

B No improvement present B Partial improvement present Improvement I Improvement very I Extremely present
present present improvement

TR TS Er

Higher quality of the Increased reliability Accelerated Faster delivery of the Greater compliance with  Fewer customer Increased customer Better image and Increased
website design purchasing process appropriate product customer requirements  complaints satisfaction reputation competitiveness

Figure 13. Assessment of the external improvements level as a result of the quality
management system standard implementation in e-commerce (Source: Authors)

The impact of the mentioned processes on achieving e-quality has been recognized, and poten-
tial opportunities for improving the quality of macro-processes in e-commerce have been defined
based on a process approach. The level of improvements that occur as internal and external effects of
quality management system implementation has been determined. This leads to the conclusion that
business performance in the field of e-commerce organizations is being improved.

These results presented as facts support the hypotheses defined at the beginning of the study.

5.3. Research limitations and implications

What particularly stands out as one of the main limitations is the respondents' familiarity with
the subject of applying quality management system (QMS) standards in the field of e-commerce.
Most of them answered that they are not familiar with the aforementioned benefits of the quality
management system (QMS) standards implementation in the business area of e-commerce. Based on
this question, it can be concluded that most of them work in organizations where improvements in
the macro-process of e-commerce are not viewed from the perspective of quality management and
QMS standard. This also implies that managers in this field are not, or very rarely, involved in the
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macro-process of e-commerce. In this regard, it should also be emphasized that about 40% of re-
spondents answered the last two questions regarding the internal and external effects of the quality
management system standards used in e-commerce, which proves the percentage of organizations in
this field that can be assumed to apply the standard in their business.

The observed limited familiarity with QMS standards based on the research may be a result of
several challenges. One of the possible reasons can be the lack of emphasis on quality-related content
in academic programs and corporate training related to the digital business environments, particularly
in e-comm, where quality systems are not commonly addressed (Pordevi¢ and Milovanovi¢, 2019).
Another contributing factor could be the perception among managers that QMS standards are out-
dated or unnecessary, especially in fast-moving e-commerce operations (Hoyle, 2017). Small and
medium-sized enterprises (SMEs), which make up a large portion of the e-commerce sector, often
face constraints such as limited budgets and insufficient expertise, making the implementation of
formal quality frameworks even more challenging (European Commission, 2020; Petrovi¢ and Stoja-
novi¢, 2021). Furthermore, traditional QMS standards sometimes can be viewed as not fully aligned
with the dynamic nature of digital platforms, further discouraging their adoption (ISO, 2019).

Although it was considered necessary to consider the opinions of all employees in the macro-
process of e-commerce, one of the limitations that can also be mentioned is the percentage of re-
spondents at the operational management level who participated in the survey. It is believed that a
few respondents belong to this hierarchical level in the survey. It is thought that employees at the
middle and operational management levels are best acquainted with the way the entire process works,
given their direct involvement in the process of implementing the macro-process of e-commerce.

Topics for further research can be identified based on the challenges faced by employees in e-
commerce. It is suggested that the topics for further research be defined in the direction of lacking
connection and cooperation between sectors within the company; challenges in terms of logistics and
order fulfillment; integration with partner processes; and lack of necessary knowledge and compe-
tencies (experience and expertise) in the relevant area. Additionally, the results of the questionnaire
show that the highest percentage of employees (46.7%) work in organizations with over 250 employ-
ees. Based on this, topics for further research can be found in the focus on micro, small, and medium-
sized enterprises, given the limited resources they have, and the question of whether they can allocate
them to business experimentation in the given context and potential failures.

Finally, a recommendation is given for further research in the direction of applying TQM (Total
Quality Management) in e-commerce. On the one hand, an ideal e-commerce system can result in
numerous benefits, such as cost reduction, reaching new customers or suppliers, and more. While on
the other hand, e-commerce and TQM have a common focus point - the customer. All quality pro-
cesses should be organized with a focus on the customer, with a long-term commitment, and work
towards continuous improvement of the system. The TQM approach is the one that provides effective
solutions for improving processes in e-commerce while satisfying customer needs.

Given the above-mentioned points and the TQM principles, the following practical recommen-
dations for e-comm managers can be considered:

1. Integrate quality management as an important point of strategic planning

E-commerce managers should view quality not primarily as an operational concern but as a
strategic advantage. QMS, particularly ISO 9001, offers a structured approach to process standardi-
zation and continuous improvement. Focus on long-term competitiveness can be achieved by aligning
business goals with quality objectives.
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2. Involve all relevant employees and promote team interconnection through developing
cross-functional collaboration models

The research indicates a lack of integration and communication between sectors within organ-
izations, but also between business partners. To address this, managers should promote cross-depart-
mental collaboration through shared KPIs and regular joint reviews. This approach creates a systemic
model for solving customer-facing and logistical issues.

3. Promote and invest in employee training and workshops on quality standards

The insufficient awareness of QMS standards among employees, one of the disadvantages as
shown in the research, can be addressed through targeted training programs that emphasize how the
QMS can be applied in a digital environment. When the QMS approach becomes familiar and one of
the first in everyday business, management can take further steps to organize joint workshops. These
workshops will connect employees from different departments and ease the dealing with the chal-
lenges in the e-comm environment. Using brainstorming for cultivating the best solutions in the value
chain is an advantage that shouldn't be taken for granted.

4. Apply TOM principles to digital workflows and incorporate them
into the overall value chain

TQM, with the main principles of customer focus, continuous improvement, inclusiveness of
all employees and teamwork, can be directly applicable to e-commerce. Managers are encouraged to
adopt TQM practices by mapping digital customer journeys and processes, analyzing feedback loops,
and applying data to incrementally optimize user experience.

5. Support SMEs through scalable quality practices

Given that many e-comm businesses are SMEs with limited resources, managers should explore
painless and scalable QMS models that don't overburden operations. Digital tools, especially with the
development of artificial intelligence (Al), can simplify documentation processes, performance track-
ing, and customer feedback integration processes with relatively long-term savings.

6. Conclusions

The research part of this paper builds on a review of professional literature related to the se-
lected topic. These two aspects are interconnected, creating a whole that is based on an understanding
of quality management and quality management system, as well as e-commerce, which enables an
understanding of quality in one of the fastest-growing industries of our time and provides insights
into its potential for improvement. The quality management system and principal concepts within
quality management are brought to focus, as the survival and success of an organization depend di-
rectly on its ability to deliver what stakeholders, especially customers, require. An organization that
integrates quality into its operations understands the needs of its stakeholders.

After the first part of the paper mentioned above, the second part follows, which presents the
concept of e-commerce and its development, along with its business models and value chains, pro-
cesses, and relationships within subsystems and systems, all intending to gain an understanding of
improvement possibilities from the perspective of quality management and standardization. It can be
said that in recent years, the COVID-19 pandemic has had a significant impact on e-commerce and
the behavior of online consumers around the world. June 2020 marked the highest number of visits
to e-commerce websites globally until that point. Surviving in the market and potentially gaining a
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competitive advantage was possible for organizations if they align their operations with the now ,,im-
posed trend. For some, this new form of business involves experimenting with new, perhaps un-
tested, practices and business models where there is little room for failure. In an e-commerce envi-
ronment, a company should not only focus on building competitive capabilities with a focus on the
traditional value chain.

Senior management must evaluate the operations of their company across the value chains of
both the physical and virtual worlds. Today, events in either one can contribute to success or tear
down a company.

The core of this research is the interpretation of quality management system standard require-
ments from the perspective of e-commerce, combined with conducted research, which brings this
research to a close. The research included a presentation of the real situation in the market of the
Republic of Serbia after the pandemic caused by the COVID-19, based on collected data and obser-
vations made during the collection process. Considering the internal and external effects observed as
a result of the implementation of quality management system standards in the field of e-commerce,
organizations that do not possess an ISO 9001 certificate should carefully consider the option of cer-
tification.

In conclusion, the hypotheses defined at the beginning of the paper are confirmed and, as such,
are the result of the subject and research objectives on the topic ,,Opportunities to improve e-com-
merce from the perspective of quality management and standardization.* Based on the previous state-
ment, it is possible to conclude that:

— Thanks to the implementation of quality management and standardization, it is possible to
define main and other business processes related to e-commerce in the organization, as well
as to influence their improvement.

— The implementation of quality management reveals opportunities for improving the quality
of the macro-processes of e-commerce.

— The implementation of a quality management system results in the improvement of business
performance of organizations in the field of e-commerce, based on internal and external
effects that can be achieved.

7. Nomenclature

The following abbreviations are used in this paper:
— ISO - The International Organization for Standardization

— E-Business - Online Business

— EC - E-Commerce

— COVID-19 - Coronavirus pandemic

— BAC - ,,Brick and click* companies

— TQM - Total Quality Management

—  QMS - quality management system

— SME:s - Small and medium-sized enterprises
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Kontrolisano oslobadanje lekova ima mnoge prednosti u odnosu na konvencionalne oblike
lekova kod raznih terapija, zato sto omogucava da se nivo koncentracije leka tokom vremena odrzava
konstantnim. Na ovaj nacin se smanjuje ucestalost doziranja leka i minimizuju nezeljeni efekti. pH-
osetljivi hidrogelovi, posebno oni na bazi poli(metakrilne kiseline) (PMAA), imaju veliku primenu
kao sistemi za dostavu lekova. Metoda sinteze sistema za dostavu lekova predstavlja vazan faktor koji
utice na efikasnu inkapsulaciju leka i ocuvanje njegove bioaktivnosti. U ovom istrazivanju je ispitana
mogucnost inkapsulacije slabo rastvornog model leka — kofeina, u PMAA hidrogelove tokom njihove
sinteze, a zatim i mogucnost kontrolisanog oslobadanja kofeina iz tako pripremljenih PMAAk hidro-
gelova. Priprema PMAAk hidrogelova izvedena je primenom inovativne, ekoloski prihvatljive metode
slobodno-radikalskom polimerizacijom u vodenom rastvoru u ambijentalnim uslovima. Ovakav nacin
sinteze je postignut primenom inicijatorskog sistema na bazi vodonik-peroksida i vitamina C. Pri-
premljeno je cetiri PMAAk hidrogela sa razlicitim koncentracijama umrezZivaca. Bubrenje PMAAk
hidrogelova i kinetika oslobadanja kofeina ispitani su u dve sredine razlicite pH vrednosti — pH 1 i
pH 6,8, koje su simulirale pH sredine u ljudskom Zelucu i crevima, redom. PMAAk hidrogelovi su
imali osam puta vece vrednosti ravnoteznog stepena bubrenja u sredini sa pH 6,8. Kao posledica
takvog nacina bubrenja, tri puta veca kolicina kofeina je oslobodena u sredini sa pH 6,8 u odnosu na
sredinu sa pH 1. Takode, povecanje koncentracije umreZivaca dovodi do smanjenja stepena bubrenja
hidrogelova i nizeg stepena oslobadanja model leka. Dobijeni rezultati pokazuju da PMAAk hidro-
gelovi, dobijeni ekoloski prihvatljivom metodom, imaju veliki potencijal za efikasno kontrolisano
oslobadanje slabo rastvorljivih lekova.

The controlled release of drugs provides a significant advantage in therapeutic applications by
ensuring a stable drug concentration over time. This approach reduces dosage frequency and helps
minimize side effects. pH-sensitive hydrogels, particularly those based on poly(methacrylic acid)
(PMAA), are widely utilized in drug delivery systems. The synthesis method plays a crucial role in
drug encapsulation and preserving its bioactivity. This study explores the incorporation of a poorly
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water-soluble model drug - caffeine, into PMAAk hydrogels during synthesis and evaluates its con-
trolled release. A novel, environmentally friendly approach is employed for hydrogel preparation,
using a free radical polymerization process in an aqueous solution under ambient conditions. The
initiation system, based on hydrogen peroxide and vitamin C, enables the formation of PMAAk hy-
drogels. Four PMAAk hydrogels with different crosslinker concentrations are prepared. The swelling
behavior and caffeine release profiles are analyzed at two pH values, pH 1 and pH 6.8, which simu-
late the human stomach and intestines, respectively. The PMAAk hydrogels exhibit an eightfold in-
crease in equilibrium swelling degree at the pH 6.8, which lead to a threefold higher caffeine release
compared to the environment with pH 1. Additionally, increasing the crosslinker concentration re-
sults in reduced swelling degree and lower level of drug release. These findings highlight the potential
of PMAAk hydrogels as an effective system for the controlled delivery of poorly water-soluble drugs.

1. Introduction

Hydrogels are polymer materials with tremendous properties due to which they are widely used
as systems for controlled release of active substances and have application in cardiology, oncology,
immunology, for wound healing and pain treatment [1-4]. These materials have three-dimensional
highly hydrophilic polymer network due to which they can absorb and retain a huge quantity of water
and/or biological fluids. Due to the presence of such large quantity of fluid in the hydrogel network
(usually 70-99% compared to the mass of xerogel), the hydrogel structure is very similar to the human
tissues and that is where the biocompatibility of hydrogels comes from.

Amongst other group of hydrogels, hydrogels sensitive to external stimuli attract special atten-
tion. These hydrogels can swell/shrink as a response to change of certain stimulus in the external
environment due to which they are extensively employed for controlled release of drugs. By employ-
ing these materials as systems for drug delivery, efficient therapy can be achieved by applying lower
number of drug dosages, whereas side effects can be brought to the minimum. Hydrogels based on
poly(methacrylic acid) (PMAA) are one group of pH sensitive hydrogels which are used for targeted
drug delivery. These materials are biocompatible, non-toxic and swell in the environments with pH
value higher than pKa of methacrylic acid (4.6) [5]. This property of PMAA hydrogels is used for
drug delivery to the human intestines (pH~6.8) where absorption of drug is the highest. At the same
time, this hydrogel can protect drug from degradation in the human stomach.

The hydrogels synthesis is one of the most important factors that has effect on design of system
for controlled release of drug, because it affects the encapsulation of drug and/or its activity. This is
the reason why the synthesis of hydrogels is desired to be conducted in the absence of organic solvents
and under mild conditions [6,7]. In order to achieve these goals, a ’green” method for synthesis of
PMAA hydrogels has been developed, which does not involve the use of toxic organic solvents and
can be conducted at room temperature by using novel initiator based on hydrogen peroxide and ascor-
bic acid (vitamin C) [8]. In the present study, we investigate if the encapsulation of poorly water-
soluble active substance during the synthesis of PMAA hydrogels and its controlled release from the
prepared PMAAKk hydrogels can be achieved. Caffeine was chosen as poorly water-soluble model
drug, because according to the United States Pharmacopeia (USP) this substance can be considered
as poorly soluble [9]. Hydrogels based on PMAA with encapsulated caffeine were synthetized via
free radical polymerization. Then, their swelling behavior and caffeine release from the PMA Ak were
investigated in two media which simulated pH environment in human stomach (pH~1) and human
intestines (pH~6.8). The impact of the change in the crosslinker amount on the swelling behavior of
the PMAAKk hydrogels and caffeine release profiles were further analyzed.
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2. Materials and methods

2.1. Materials

Methacrylic acid (99.5%) (MAA) and caffeine were obtained from Merck (Germany). The
crosslinker N,N’-methylenebisacrylamide (p.a.) (MBA) was purchased from Aldrich Chemical Co.
(USA). Vitamin C was supplied from Alkaloid (N. Macedonia). Hydrogen peroxide (30% v/v) was
obtained from Sigma Aldrich (USA). Monobasic sodium phosphate (anhydrous) and dibasic sodium
phosphate (anhydrous) were supplied from Merck (Germany). Hydrochloric acid (37%) was obtained
from Sigma Aldrich (USA). All chemicals were used as received.

2.2. Preparation and characterization of PMAAk hydrogels

Synthesis of the PMAAk hydrogels was carried out by free radical polymerization in an aque-
ous solution. The reaction was initiated by the hydrogen peroxide/vitamin C (H202/VC) system. The
synthesis was carried out under ambient conditions as follows.

The total volume of reaction mixture for each sample was 20 mL. 4 mL of methacrylic acid
was added to the distilled water (amount for each sample is shown in Table 1). At the same time, 0.2
g of caffeine was dissolved in 5 mL of distilled water (this volume of water is part of the total amount
of water used for synthesis of each sample, which is given in Table 1). Then, a certain amount of
crosslinker - MBA was added to the reaction mixture with constant stirring (Table 1). For initiation
of the reaction of polymerization, 100 pL of hydrogen peroxide and 10 mg of vitamin C were used.
After their addition to the reaction mixture of each sample, mixing was continued for another 15 min.
Then, prepared aqueous solution of caffeine was added to the reaction mixture, after which the reac-
tion mixture was poured into moulds and left in ambient conditions for 24 hours. After completed
polymerization and crosslinking, the hydrogels were removed from the moulds and cut into discs
shape samples with a diameter of 7 mm and thickness of 2 mm. Then, the prepared disks were left to
dry at room temperature, after which they were used for further analysis.

The samples with encapsulated caffeine in which the amount of crosslinker was varied were
designated as PMAAk-yMBA, where yMBA was the amount of MBA in mol% calculated in respect
to MAA. The sample in which caffeine was not encapsulated and which had 0.4 mol% MBA was
designated as PMAA.

Table 1. Feed composition

Samplo Distilled water MBA
(mL)* (mol % calculated with respect to MAA)

PMAA 13.02 0.4

PMAAKk-0.2 MBA 14.26 0.2

PMAAKk-0.4 MBA 12.82 0.4

PMAAKk-1.6 MBA 9.95 1.6

PMAAKk-3.2 MBA 15.58 3.2

*The total volume of reaction mixture for each sample was 20 mL

The Fourier Transform Infrared (FTIR) spectra of xerogel disks were recorded in transmittance
mode for the wavelength range of 600 to 4000 cm™! with a resolution of 4 cm ™!, using Nicolet iS10
FTIR Spectrometer.
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The compression tests were conducted as follow. The samples were submerged in 0.1M HCI
and 0.2 M phosphate buffer (pH=6.8) - PB 6.8 and allowed to swell until they reached equilibrium.
Afterward, they were taken out, and any excess medium was carefully blotted using a paper towel.
The prepared samples were then subjected to compression testing at room temperature using a Shi-
madzu Autograph AGS-X (1kN) apparatus, with a deformation rate of 2 mm/min. The compression
strength was measured up to the material’s elastic limit.

2.3. Monitoring of PMAAk hydrogels swelling

The swelling of the PMA Ak hydrogels was monitored in 0.1 M HCI (pH=1) and PB 6.8. These
media simulated the pH environments in human stomach and intestines, respectively [10,11]. Prior
the swelling experiments the mass of each hydrogel was first measured (mo, g), and then each sample
was immersed into the selected media. At certain time intervals, the sample was taken out, excess
water was removed with a paper towel, its mass was measured (mt, g) and it was immediately returned
to the medium where the swelling was monitored. The swelling of the hydrogels was monitored until
the equilibrium state, i.e. the constant mass of the samples, was reached. The obtained values of hy-
drogel mass were introduced into the Equation (1), the values of the swelling degree (SD) were de-
termined (Eq. (1)) and then the curves of the hydrogels swelling in each medium were constructed.
The equilibrium swelling degree (SDeq) of each sample were calculated according to the Eq. (1) by
replacing the mt value with meq value which represented the mass of hydrogel in equilibrium state.

SD= (mt — mo)/mo ()
2.4. Controlled release of caffeine from PMAAk hydrogels

The amount of caffeine which was encapsulated into the hydrogels was determined according
to so-called extracting method [12].

In order to investigate the process of caffeine release, PMA Ak hydrogels were immersed in two
media: 100 mL 0.1 M HCI and 100 mL 0.2M PB 6.8 at 37 °C as simulation of pH environments in
human stomach and human intestines, respectively [10,11]. 3 mL of each medium was collected at
predetermined time intervals, the absorbance was determined by using UV-Vis spectrophotometer
(Shimadzu) and analysed sample was returned back. The wavelength at which the absorbance value
was determined was 273 nm. The data obtained from these measurements were used to construct
cumulative drug release curves. The drug release was monitored until equilibrium state was reached.

3. Results and discussion

3.1. FTIR analysis and compression testing of PMAAk hydrogels

The FTIR spectra of caffeine, the PMAA sample (hydrogel without caffeine) and the PMAAk
hydrogels are presented in Fig. 1.

The analysis of the FTIR spectra of the PMA Ak hydrogels showed the presence of characteris-
tic peaks of poly(methacrylic acid) at: 2995 cm™! and 2933 cm™! (vibration of C-H methylene group),
1691 cm™! (stretching vibration of C=0 bond in carboxylic group) and 1396 cm™! (stretching and
bending vibration of bonds in -CH3 group) [13].

The presence of caffeine in the PMAAk hydrogels was confirmed by the presence of the char-
acteristic peaks of caffeine at: 1023 cm™ (stretching vibration of C-OH bond) and 1629 cm™! (stretch-
ing vibration C=0 bond) [14, 15]. Most of the characteristic peaks of caffeine were not visible due to
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overlapping with the characteristic peaks of poly(methacrylic acid) [16]. The position of characteris-
tic peaks of poly(methacrylic acid) was not changed after encapsulation of caffeine, therefore it can
be concluded that caffeine was physically entrapped into the hydrogels’ network during the synthesis.

Caffeine
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Figure 1. FTIR spectra of the PMAAk hydrogels

Based on the results obtained from the compression testing of the PMAAk hydrogels, it was
concluded that the values of compressive stress and the percentage of deformation of the PMAAk
hydrogels previously swollen in PB 6.8 were lower than those of the same samples swollen in 0.1M
HCI (Table 2). This result was explained by the fact that PMAAk hydrogels swelled more in PB 6.8,
leading to a weaker network structure compared to the same samples swollen in 0.1M HCL. In the
polymer network of PMA Ak hydrogels swollen in PB 6.8, a greater amount of external medium was
present, which weakened the interactions between the hydrogel components. As a result, the mechan-
ical properties of PMAAk hydrogels deteriorated, and deformations became irreversible almost im-
mediately after the application of compressive force. Similarly, the better mechanical properties and
elastic response of PMAAKk hydrogels in 0.1M HCIl were explained by the fact that the samples
swelled less in 0.1M HCI, resulting in stronger interactions between the sample components com-
pared to those in the same sample swollen in PB 6.8.

Table 2. Compressive stress and maximal stoke strain of the PMAAk hydrogels
swollen to equilibrium in 0.1M HCI and PB 6.8

0.1M HCI PB 6.8
Sample Maximal compres- Maximal stoke Maximal compres- Maximal stoke
sive stress, N/mm’ strain, % sive stress, N/mm? strain, %

PMAA-0.4MBA 421.0 65.27 47.1 55.27
PMAAk-0.2MBA - - - -
PMAAKk-0.4MBA 438.7 66.10 73.99 60.96
PMAAk-1.6MBA 779.9 76.82 97.92 68.81
PMAAKk-3.2MBA 833.98 77.91 109.4 82.54

The compression testing of the PMAAk hydrogels revealed that as the amount of crosslinker
increases, both the values of ¢ and the percentage of deformation during compression rise. This result
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was expected since the stiffness of the PMAAk hydrogel network increases with a higher degree of
crosslinking. It was not possible to assess the mechanical properties of PMAAk-0.2MBA sample
swollen to equilibrium in PB 6.8, as its network structure was at the threshold of crosslinking. Due to
its high degree of swelling, this sample lacked a defined shape.

3.2. Swelling behavior of PMAAk hydrogels

Swelling curves of the PMAAk hydrogels in 0.1 M HCl and PB 6.8 are shown in the Fig. 2. a)
and b), respectively. The swelling curves of the PMAA were published by M. Markovic et al. [8] and
the SDeq values of this sample is presented in Table 3. for comparison with the SDeq values of the
PMAAKk hydrogels which are also presented in the same table.

The SDeq values of the samples were around eight times higher in PB 6.8 than the correspond-
ing values of the samples swollen to equilibrium in 0.1 M HCI. This result confirms that the PMAA
hydrogels swelling depends on the change in the pH value of surrounding medium. The swelling of
the PMAA hydrogels is the consequence of the change of pH value of external medium. Namely,
when the surrounding medium has pH value higher than the pKa of methacrylic acid (4.6), the ioni-
zation of the carboxylic groups occurs and negative charges are generated along the polymer’s chains
[17, 18]. Polymer chains with identical charges experience electrostatic repulsion, which causes an
expansion of the hydrogel network and consequently increases hydrogel swelling capacity. PB 6.8
has pH value which is higher than pKa of MAA, so the PMAAk hydrogels swell in this medium.
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Figure 2. Swelling curves of the PMAAk hydrogels in:
a) 0.1 M HCl and b) PB 6.8

By comparing the SDeq value of PMAA with the SDeq values of the PMA Ak hydrogels it was
concluded that encapsulation of active substance in the hydrogel network led to the decrease of the
SDeq values. This result could be consequence of the presence of caffeine molecules in the pores of
hydrogels network which hindered diffusion of the external medium into the hydrogels network [19,
20].

It was also concluded that an increase in the crosslinker amount led to the decrease in the SDeq
values (Fig. 2.). Hydrogels with a higher crosslinker content contain a greater number of crosslinking
points, resulting in reduced polymer chain mobility and a more rigid network structure. Consequently,
the expansion of the hydrogel network is restricted, limiting the diffusion of the external medium into
the hydrogel [21].
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3.3. Controlled release of caffeine from PMAAk hydrogels
The encapsulated amounts of caffeine in the PMAAk-0.2 MBA, PMAAKk-0.4 MBA, PMAAKk-
1.6 MBA, PMAAKk-3.2 MBA hydrogels were 90.18%, 89.12%, 86.41% and 83.39%, respectively.
Based on the data obtained by monitoring the caffeine release from the PMAAk hydrogels at
37 °C, the curves of cumulative drug release in 0.1 M HCI and PB 6.8 are constructed and shown in
Fig. 3. a) and b), respectively. The values of cumulative drug release in equilibrium state are presented

in Table 3.
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Figure 3. The profiles of caffeine release from the PMAAk hydrogels in:
a) 0.1 M HCI and b) PB 6.8

Amount of caffeine that was released from the PMAAk hydrogels into the PB 6.8 was three
times higher than in 0.1 M HCI. This was consequence of the pH dependent swelling of the PMAA

hydrogels (Section 3.2).

Table 3. The SDeq values of the PMAAk hydrogels and cumulative caffeine release in two media

0.1M HCI PB 6.8
Sample SDeg Cumujz;i:ee’ il/zug re- SDeq CumujZZ'Svee, cj/i;ug re-
PMAA 12.04 - 76.78 -
PMAAK-0.2 MBA 16.13 36.83 80.51 94.99
PMAAK-0.4 MBA 11.08 35.54 72.28 87.59
PMAAKk-1.6 MBA 7.05 29.21 55.06 78.44
PMAAKk-3.2 MBA 5.16 27.49 33.79 74.14

Based on the cumulative drug release curves, it was concluded that the amount of released
caffeine decreased with an increase in crosslinker content. This result was consistent with the fact
that PMAA hydrogels with a higher crosslinker content swelled less and had smaller pore diameters,
thereby hindering the diffusion of caffeine from the hydrogels into the external medium [21].
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4, Conclusions

Obtained results show that novel method for preparation of the PMAAk hydrogels enables en-
capsulation of poorly water-soluble substance — caffeine into the hydrogels during the process of syn-
thesis. Also, controlled release of caffeine from the PMAAk hydrogels into the medium which simu-
lated pH environment in human intestines is achieved. In addition, the kinetic of caffeine release can
be easily adjusted only by changing the amount of crosslinker. Therefore, the PMAAk hydrogels are
good candidate for encapsulation and controlled release of poorly water-soluble substance.
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Programabilni logicki kontroleri (PLC) kao okosnica industrijske automatizacije prilagoda-
vaju se svakom sledecem talasu tehnologije. Ovo vazi i danas, skoro Sest decenija nakon prvog pro-
gramabilnog kontrolera Modicon 084 razvijenog za potrebe kompanije General Motors. Inovacije
kao Sto su vestacka inteligencija, oblacna platforma i racunarstvo na ivici, lloT, mrezZe pete genera-
cije, prosirena i virtuelna stvarnost prodiru u sve moguce oblasti industrije, pri cemu PLC kontroleri
nisu izuzetak. Opremljeni savremenimm funkcionalnim arsenalom, ovi kompaktni industrijski racu-
narski sistemi postaju osnovni gradivni blok inteligentne automatizacije, digitalizacije i Industrije
4.0, omogucavajuci dinamicku regulaciju i upravijanje industrijskim procesima na osnovu podataka
preko povratne sprege u realnom vremenu. Globalno trziste PLC sistema se procenjuje na 12.2 mili-
jarde americkih 8§ 2024 godine. Ocekuje se da ce premasiti 15 milijardi 8 do 2029. PLC kontroleri,
koji tradicionalno sluze kao osnova procesne i diskretne industrijske automatizacije, danas su sve
rasprostranjeniji usvajajuci principe Industrije 4.0 u razlicitim sektorima. Uticaj na porast potrebe
za njima je pove¢ana primena industrijskih robota u automobilskoj, elektrotehnickoj i drugim indus-
trijama. Sektor industrijske robotike je medu vodecim korisnicima PLC sistema i postaje kljucni
pokretac daljeg razvoja trZista programabilnih kontrolera, a prognoze su da ce se ovaj trend nastaviti
s razvojem sve rasprostranjenije robotizacije u fabrikama Sirom sveta. Prema podacima IFR (Inter-
national Federation of Robotics) iz 2024. g. ve¢ je u funkciji skoro 4.3 miliona robota.

Programmable logic controllers (PLC) as the backbone of industrial automation adapt to each
subsequent wave of technology. This is still true today, almost six decades after the first Modicon 084
programmable controller developed for General Motors. Innovations such as artificial intelligence,
cloud and edge computing, lloT, 5G networks, augmented and virtual reality are penetrating all pos-
sible areas of industry, and PLC controllers are no exception. Equipped with a modern functional
arsenal, these compact industrial computer systems become the basic building block of intelligent
automation, digitalization and Industry 4.0, enabling dynamic regulation and management of indus-
trial processes based on data via real-time feedback. The global market for PLC systems is estimated
at US$ 12.2 billion in 2024. It is expected to exceed 15 billion dollars by 2029. PLC controllers,
which traditionally serve as the basis of process and discrete industrial automation, are becoming
more widespread today adopting the principles of Industry 4.0 in various sectors. The impact on the
increase in the need for them is the increased application of industrial robots in the automotive,
electrical engineering and other industries. The industrial robotics sector is among the leading con-
tributors to development of PLC systems and is becoming a key driver of the further development of
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the programmable controller market, and forecasts are that this trend will continue with the deve-
lopment of increasingly widespread robotization in factories around the world. According to the data
of the IFR (International Federation of Robotics) from 2024. almost 4.3 million robots are already
in operation.

1. Uvod

Programabilni logicki kontroleri su industrijski racunarski sistemi koji primaju podatke preko
ulaznih analognih 1 digitalnih modula u realnom vremenu i na osnovu interne logike Salju komande
preko izlaznih modula izvr$nim organima za obavljanje odgovarajuch operacija. PLC kontroleri se
lako programiraju, postavljaju i integriSu u industrijsko okruzenje, zbog ¢ega je njihova upotreba u
proizvodnji Siroko rasprostranjena. Zahvaljujuéi njima, svaki proizvodni proces ili funkcionalnost
masine mogu biti optimizovani i znacajno poboljSani. PLC-i su sastavni deo sistema industrijske au-
tomatizacije od pocCetka moderne proizvodnje. Od tada do danas programabilno upravljanje je dozi-
velo znacajan tehnoloski razvoj, a modeli najnovije generacije u katalozima vodecih proizvodaca su
sve pouzdaniji i izdrZljiviji 1 imaju sve bogatiji repertoar inteligentnih funkcija. Koriste¢i napredne
funkecije kao Sto su samodijagnostika, auto-nadzor i prediktivno odrzavanje najnovija generacija pro-
gramabilnih kontrolera unapred identifikuje razli¢ite probleme vezane za uredaje i opremu, minimi-
zira zastoje i povecava operativnu efikasnost. Sve vaznija tema u kontekstu njihovog razvoja je sajber
bezbednost, koja je obavezan element digitalne transformacije industrijskih sistema u cilju obezbedi-
vanja pouzdane zastite osetljivih podataka, kriticnih procesa i infrastrukture od sajber napada [1, 2].
Posmatrajuci istorijat razvoja PLC-a moZze se uociti relativno dug period u kome je spektar primene
ovih sistema bio znatno uzi, a njihova upotreba mnogo ogranicenija. Kontroleri se tada oslanjaju na
sopstveno programiranje za upravljanje prvenstveno uredajima u polju (pumpe, elektromagnetni i
elektromotorni ventili, razni elektromotorni pogoni itd.) [3]. Sada se sve viSe primenjuju tzv. progra-
mabilni automatizacioni kontroleri (programmable automation controller-PAC) gde je fokus na
znatno standardizovanijim 1 modularnijim programskim jezicima, pri ¢emu sve viSe postaju popu-
larno reSenje za upravljanje kompletnim proizvodnim linijama [4]. Granice izmedu PLC 1 PAC kon-
trolera su prilicno zamagljene, buduc¢i da se PLC-i koriste za upravljanje raznolikim (po vrsti 1
razmeri) sistemima, procesima i opremom. Broj programskih jezika, koji su se u proslosti gotovo
1zjednacili s brojem proizvodaca sada je sve manji, a jezici su univerzalniji. Standardizacija u ovom
pravcu je pozeljna iz viSe razloga, pocevsi od moguénosti da PLC inZenjeri i tehnicari lakSe rade s
ve¢im izborom proizvoda razli¢itih proizvodaca, a da obuceni i iskusni kadrovi relativno brzo pro-
nadu posao u razli¢itim kompanijama, umesto da su ,,usidreni” u datoj kompaniji vezani samo za
jednu odredenu tehnologiju. Sa stanovisSta aplikacija standardizovano programiranje u velikoj meri
proSiruje oblast primene PLC-a [5]. Minijaturizacija i eksponencijalno poboljSanje performansi su
trendovi koji u punoj snazi vaze i za programabilne kontrolere, gde se sa svakom slede¢om generaci-
jom sve viSe racunarske snage ,,pakuje* u sve manja kucista. Standardizacija u ovom smislu omo-
gucava proizvodac¢ima da se usredsrede na neke vaznije aspekte tehnologije poput programskog je-
zika ili pak npr. modularne I/O moguénosti proSirenja, brzine i kapaciteta obrade podataka. Dakle,
PLC-i dobijaju znatno Sire moguénosti za poboljSanje ergonomije u savremenoj industriji automati-
zacijom ponavljajucih, teskih i zamornih aktivnosti [6]. Ovi uredaji takode igraju klju¢nu ulogu u
stalno rastu¢em IloT (industrial internet of things) ekosistemu kao njegovi sastavni elementi koji
obezbeduju besprekornu povezanost i komunikaciju izmedu pametnih uredaja i sistema u proizvodnji.
Kroz daljinski nadzor 1 integraciju podataka PLC-1 omogucavaju efikasniji i sinhronizovani rad ele-
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menata industrijske mreze. Konvergencija izmedu programabilnog upravljanja i IIoT sustinski trans-
formise industrijska okruzenja, omogucavaju¢i sve masovnije automatizovano donosenje odluka
zasnovano na podacima, $to je zauzvrat povezano s vecom produktivnoséu i pouzdanoscu i znatno
manjim gubitkom resursa [7, 8]. Pristup podacima o tehnoloskim procesima u realnom vremenu i
funkcije za dinamicko prilagodavanje parametara sistema automatizacije i prate¢e opreme ,,u hodu*
stvaraju uslove za izgradnju inteligentnijih, transparentnijih i efikasnijih proizvodnih aplikacija. Sa
sve vecom integracijom programabilnih kontrolera u IloT platforme radi poboljSanja povezivanja,
deljenja podataka, daljinskog nadzora i upravljanja, proizvodni pogoni mogu sve vise da izvuku do-
datnu poslovnu vrednost na osnovu analize podataka i prediktivnog odrzavanja. Uporedo s tim savre-
meni programabilni kontroler postaje sve fleksibilniji i skalabilniji. Zahvaljuju¢i tome, sistemi auto-
matizacije se mogu detaljnije i temeljnije prilagoditi zahtevima konkretnih preduzec¢a u raznim indus-
trijskim granama [8, 9]. Modeli nove generacije PLC-a su projektovani za vecu izdrzljivost u odnosu
na standardne uz otpornost na agresivna industrijska okruzenja i ekstremne uslove rada, ukljucujuci
vrlo visoke temperature, udare i vibracije, vlagu, kontakt s hemikalijama, prasinom, prljavstinom itd.
Pored toga, u upravljacko-nadzornim konfiguracijama sve vise upliva ima opto elektronika ¢ime se
obezbeduje pouzdanost ¢ak i u ambijentima koji su izlozeni snaznim elektromagnetnim smetnjama.
PLC-i se takode mogu bezbedno koristiti za upravljanje osetljivim ili kriti¢nim procesima, na udalje-
nim lokacijama, za koje je potrebno precizno upravljanje i nadzor [10, 11]. U kontekstu sve veceg
prodora zelenih tehnologija u industriju, energetska efikasnost i odrzivost su takode medu vodeéim
trendovima u savremenom razvoju ovog klju¢nog elementa industrijske automatizacije. Na nivou
kontrolera, to se postize implementacijom algoritama za optimizaciju potroSnje energije 1 minimizi-
ranje gubitaka resursa. Jo$ jedan zeleni pristup projektovanju i proizvodnji PLC kontrolera je upo-
treba materijala koji se mogu reciklirati, kao i modularna arhitektura, ¢cime se omogucava zamenu
pojedina¢nih komponenti umesto celog uredaja kako bi se produzio vek trajanja i smanjio otpad za
vreme zivotnog ciklusa proizvoda [12].

2. PLC u doba podataka i ra¢unarstva

Akvizicija, prenos 1 obrada podataka u eri Cetvrte industrijske revolucije 1 inteligentne automa-
tizacije proizvodnje su veoma znacajan faktor. Kao rezultat tehnoloSkog napretka u ovoj oblasti
poslednjih godina PLC-1 najnovije generacije mogu da izvuku iz ekosistema sve vise korisnih 1 upo-
trebljivih informacija. Ogromni nizovi podataka koje savremeni kontroleri treba da prikupe u realnom
vremenu, obrade, rezimiraju i poSalju u mreZu povezani su sa intenzivnim kori§¢enjem resursa i potre-
bom da se poboljsa brzina i raCunarski kapacitet ovih uredaja. Ako je u fazi nastajanja IoT-a glavni
fokus bio na kvantitetu skupova podataka, s tehnoloskim sazrevanjem koncepta i njegovim prelama-
njem kroz prizmu programabilnih kontrolera naglasak se pomera ka kvalitetu informacija 1 njihovom
potencijalu da se transformisu u dodatu vrednost. Prava revolucija u industrijskoj automatizaciji se
desava s pojavom racunarstva u oblaku 1 raunarstva na ivici. Periferne platforme 1 specijalizovani
PLC moduli pruzaju pogodnu bazu za hostovanje npr. algoritama za masinsko ucenje, koji se sve vise
koriste kod obrade slika u automatizovanoj vizuelnoj inspekciji, za obuku, otkrivanje greSaka, kva-
rova itd. [13, 14]. Drugi klju¢ni trend u daljem razvoju PLC-a je tzv. inteligencija na ivici (edge
intelligence), koja se odnosi na inteligenciju perifernih uredaja (uredaja u polju) ¢ime se stvaraju
uslovi za napredno decentralizovano upravljanje industrijskim mrezama ili distribuciju/pozicionira-
nje procesa donosenja odluka bliZze senzorima 1 izvrSnim organima unutar upravljacke arhitekture.
Ovo znacajno smanjuje vremenska kaSnjenja, poboljSava odziv sistema skra¢ivanjem vremena odziva
1 sveukupno povecavajuci pouzdanost u slozenim industrijskim scenarijima. Programabilno logic¢ko
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upravljanje postepeno se spaja s drugom klju¢nom ra¢unarskom tehnologijom—oblakom, a to postav-
lja nove standarde u pristupu podacima i skalabilnosti sistema automatizacije koriS¢enjem alata za
centralizovanu analizu podataka, kolaborativnu obradu i sinhronizovane operacije. Dakle, platforme
zasnovane na oblaku otvaraju nove oblasti primene PLC-a u industriji i proizvodnji, eliminiSu¢i faktor
prostora za tehnicke, inzenjerske i razvojne timove. Prosirivanje funkcionalnosti programabilnih kon-
trolera s raCunarstvom u oblaku i racunarstvom na ivici omogucava efikasniju obradu i skladiStenje
podataka, kao i olakSavanje njihove razmene izmedu PLC-a i platformi za daljinsko pracenje, analizu
i donosenje odluka, zasnovanih na oblaku [15].

3. Programabilno upravljanje i robotizacija

U novije vreme pokreta¢ razvoja PLC-a je masvna primena robota u svim granama ljudske
delatnosti, a pogotovo u industrijskoj automatizaciji. Na slici 1 prikazan je grafikon instaliranih indus-
trijskih robota u svetu, u periodu 2013-2023 godine. GodiSnje instalacije premasile su 500.000 jedi-
nica trecu godinu zaredom. Slika 2 ilustuje primenu robota na svetskom nivou u raznim granama, u
vremenu od 2021 do 2023 godine [16].

+10%

U hiljadama jedinica

1,838
ﬁ - i
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Slika 1. Operativni fond industrijskih robota u svetu, u 1.000 jedinica [16]
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Slika 2. Instalacija robota u svetu na godisnjem nivou u raznim granama industrije
(u hiljadama jedinica [16]

Na slici 3 su prikazane najznacajnije tendencije u razvoju robota koji se upravljaju pomocu
PLC-a.
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Slika 3. Pet najznacajnijih trendova u robotici tokom 2024.

Ne mogu se sagledaju trendovi i inovacije u PLC kontrolerima bez razmatranja njihove veze s
tzv. disruptivnim tehnologijama-—atributa Industrije 4.0, s digitalizacijom i najnovijom proizvodnom
1 industrijskom paradigmom—vestackom inteligencijom, inovacijom koja ¢e napraviti istinsku preza-
si¢enost tehnoloskog sveta, nadmecuci se da preuzme i transformise svaki oblik komunikacije izmedu
ljudi 1 masina. Algoritmi veStacke inteligencije 1 masinsko u¢enje donose potpuno novi nivo inteli-
gentne funkcionalnosti ovim sistemima, omogucavaju¢i im da jo$ efikasnije optimizuju procese,
predvide probleme i prilagodavaju i primenjuju strategije upravljanja na osnovu identifikovanih mo-
dela i zavisnosti od priukupljenih podataka [17, 18].

Platforme za automatizaciju sve viSe postaju pametnije, nezavisne i autonomne, a istovremeno
dobijaju sve vecu kontrolu nad masinama, robotima, linijama i celim proizvodnim ekosistemima u
savremenim fabrikama i preduzec¢ima, koji sve vise mogu da funkcioniSu nezavisno i bez potrebe za
nadzorom operatera. Postavlja se logicno pitanje, Sta bi se desilo kada bi se ova duboka kontrola
koristila u zlonamerne svrhe? Proizvodac¢i PLC sistema se bave ovim rizikom kroz proSireni skup
mera za permanentno povecanje sajber bezbednosti kako bi adekvatno zastitili kriticne industrijske
infrastrukture. To su protokoli za Sifrovanje, alati za kontrolu pristupa, mehanizmi potvrde, verifika-
cije i autorizacije, tehnologije za otkrivanje upada itd. [ 19]. Jos jedna fundamentalna tehnologija koja
sustinski transformise PLC aplikacije u modernoj industriji je 5G mreza. MreZe najnovije generacije
omogucavaju brzu i pouzdaniju komunikaciju, razmenu 1 obradu podataka u realnom vremenu, kao 1
poboljsanu mobilnost. Zahvaljujuci svojoj sposobnosti da brzo reaguju na dolazne tokove podataka i
podrzavajuci bezi¢nu konekciju, 5G programabilni logi¢ki kontroleri pruzaju vecu fleksibilnost i
odziv sistema industrijske automatizacije [20]. Integracija PLC tehnologije u komunikacione mreze
pete generacije omogucava razvoj Sirokog spektra inovativnih reSenja u ovoj oblasti s primenama u
proizvodnji, industriji, telekomunikacijama, sektorima energetike, petrohemije, rudarstva, vodosnab-
devanja itd.

Medu inovacijama koje se savrSeno kombinuju s programabilnim logi¢kim upravljanjem su
virtuelna 1 proSirena stvarnost (virtual reality-VR/augmented reality-AR). Kroz ove tehnologije 1
specijalne uredaje za rad, kao $to su VR/AR naocare 1 §lemovi, simulacije, obuka PLC-a, reSavanje
problema 1 odrzavanje mogu se sprovesti lako, prakti¢no i intuitivno. Obogacujuéi fizicki prostor
digitalnim informacijama, timovi za odrzavanje mogu daljinski da pruze vizuelne smernice operate-
rima na terenu o tome kako da komuniciraju s novim ili nepoznatim uredajima [21].

4. Programabilni kontroleri u svetlu koncepcije pametne fabrike

Vizija pametne fabrike buduénosti ukljucuje inteligentne povezane senzore koji Salju informa-
cije istovremeno i PLC-u i oblaku. Zahvaljujuéi platformama u oblaku, postaje moguce akvizicija,
skladiStenje 1 obrada tzv. velikih podataka (big data) — gigantske koli¢ine podataka koje kontinualno
generiSe inteligentna proizvodna oprema. Na osnovu analize zasnovane na oblaku, preventivna dijag-
nostika 1 prediktivno odrzavanje povezane opreme mogu se pokrenuti na nivou jednog uredaja ili cak
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komponente. Kako tehnologija napreduje u ovoj oblasti, PLC-i mogu da Salju sve robusnije informa-
cije koje ukljucuju podatke o performansama senzora i druge detalje o proizvodnim procesima. Na
ovaj nacin, podaci sa PLC-a u kombinaciji sa senzorom i podaci sa drugih uredaja u polju mogu se
integrisati zajedno kako bi se prikazala potpuna slika proizvodnog sistema. Razvijeni su pecijalizo-
vani alati za analizu kako bi pomogli operaterima industrijskih objekata da optimizuju procese uprav-
ljanja resursima, delegiranja zadataka, logistike, snabdevanja i drugih uslova u cilju obezbedivanja
maksimalne efikasnosti proizvodnih procesa [14, 22].

Koncept Industrije 4.0 fokusira se na brzu i dinamic¢nu proizvodnju zasnovanu na odgovarajucoj
mreznoj arhitekturi za direktnu komunikaciju izmedu uredaja u polju i usluga. PLC-i su sastavni deo
ovog koncepta, tehnoloskih platformi kao §to je IloT, kao i vizije pametne fabrike. Senzori, merni
uredaji, radio-frekventni (RFID) ¢ipovi, programabilni kontroleri, interfejsi ljudi-masina (HMI),
MES platforme za upravljanje proizvodnjom (Manufacturing Execution System) i planiranje resursa
ERP (Enterprise Resource Planning) su nepresusni izvori podataka od klju¢nog znacaja za preduzece,
kako na tehnoloskom nivou tako i na nivou poslovnih procesa. U konvencionalnim upravljackim
arhitekturama u industrijskoj automatizaciji, zahtevi za podacima obi¢no prate date dogadaje ili se
pokrecu cikli¢no i uvek odgovaraju na zahteve ,,0dozgo*, tj. sa nivoa klijenta. Nizi nivo tradicionalno
funkcionise kao server, gde se mogu zahtevati podaci od PLC-a, npr. o statusu masine, ili se novi
proizvodni programi mogu preneti na kontroler [22].

Prvi korak ka integraciji programabilne kontrole u platforme za realizaciju proizvodnje je pre-
tvaranje elektri¢nih signala sa senzora u digitalne informacije. Nakon toga sledi slanje podataka na
IT sloj MES platforme putem posebnih komunikacionih servisa. To je napredni softver kojim se
mogu meriti i poboljsati dostupnosti, performanse i kvalitet procesa proizvodnje. Sa uvodenjem kon-
cepta industrije 4.0 u praksu, striktno razlikovanje pojedinac¢nih nivoa i protok informacija od vrha
do dna postepeno nestaje. U pametnoj mrezi, svaki uredaj ili usluga moze autonomno da pokrene
komunikaciju s drugim uslugama. Moguca su tri glavna modela komunikacije-B2B, B2M 1 M2M
komunikacija. U prvom scenariju business-to-business (B2B) postoje dva poslovna procesa koji me-
dusobno komuniciraju, npr. ERP kao poslovni informacioni sistem i MES platforma. Razmena poda-
taka izmedu HMI 1 MES platforme, npr. izmedu senzora i oblaka ili izmedu dva odvojena modula
MES sistema, moze trajati od nekoliko milisekundi do nekoliko minuta. U B2M (business-to-
machine) komunikaciji, poslovni proces u realnom vremenu komunicira s proizvodnim procesom u
realnom vremenu. Primer za to je poslovna aplikacija koja razmenjuje informacije s maSinom. Vreme
potrebno za uspostavljanje komunikacije npr. izmedu HMI 1 PLC-a ili izmedu MES-a 1 PLC-a opet
moze da varira od nekoliko milisekundi do nekoliko minuta [18]. Koncept M2M (machine-to-
machine) komunikacije pokriva dva proizvodna procesa u kontekstu automatizacije koji medusobno
razmenjuju podatke u realnom vremenu. Takav primer je kontroler robotskog sistema koji Salje
upravljacke signale u horizontalnom pravcu ru¢nom robotskom kontroleru. Razmena se odvija u de-
terministickom ciklusu u realnom vremenu u rasponu od nekoliko mikrosekundi do nekoliko milise-
kundi. Drugi primer su dva kontrolera koji medusobno razmenjuju informacije horizontalno—brzo (u
realnom vremenu), cikli¢no 1 nezavisno od Fieldbus mreza. Ovde determinizam igra ulogu kvaliteta
usluge, a prisutni su 1 odgovarajuci zahtevi za proces komunikacije. Definisani su garantovanim tra-
janjem procesa, npr. vremenom odziva od 100 ms. Termin M2M je ve¢ prilicno popularan u oblasti
mobilnih radio komunikacija gde M2M znaci implementaciju interfejsne veze izmedu uredaja putem
mobilne komunikacije s datim IT procesima [18]. Za industrijsku automatizaciju razvijen je OPC UA
(Open Platform Communications Unfaed Architecture) kao univerzalni jezik masina u proizvodnom
okruZzenju. Svrha mu je da poveze softverske sisteme viSeg sloja s niZim slojevima. Sistemi visih
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slojeva ukljucuju HMI ekrane, SCADA ili MES i ERP sisteme, dok su sistemi nizeg sloja PLC-1 1
distribuirani upravljacki sistemi DCS (Distributed Control Systems). Zasnovan je na familiju proto-
kola TPC/IC. Osnovne karakteristike ovog protokola su::

— Bezbednost — OPC UA je platforma prilagodena zastitnom zidu (firewall) koja nudi razli-
¢ite nivoe Sifrirovanja, autentifikaciju, reviziju i korisni¢ku kontrolu.

— Nezavisnost od platforme — OPC UA nije vezan ni za jedan specifi¢ni operativni sistem ili
programski jezik. Nije zasnovan na Microsoft-ovim OLE (Object Linking and Embedding)
1 DCOM (Distributed Common Object Model). To znaci da moze da se koristi na razli¢itim
hardverskim platformama (PC hardver, serveri zasnovani na oblaku (cloud-based), itd.) i
operativnim sistemima (Windows, Apple OSX, Linux (JAVA), Android i drugi).

— Prosirivost — Iako je OPC UA ve¢ sada veoma koristan, on je sistem koji je veoma orijenti-
san ka buduc¢nosti, postavljen tako da se razvija uz tehnologije sutra$njice. Drugim recCima,
dizajniran je da prihvati tehnologije koje ¢e se razvijati u perspektivi, dok nastavlja da bude
kompatibilan s postojecim proizvodima ¢ak i dok su u fazi razvoja.

— Funkcionalna ekvivalentnost — OPC UA je prosirenje originalne OPC tehnologije, koja se i
dalje moze lako integrisati u novi i poboljSani sistem.

S primenom IoT i Industry 4.0 standarda, komunikacija se viSe ne fokusira samo na Ciste po-
datke 1 univerzalnu interoperabilnost komunikacionih sistema. Usredsreduje se na proces razmene
informacionih modela. Kljué¢ni faktori za ovaj proces su integritet prenosa i sigurnost pristupa poje-
dina¢nim informacijama ili uslugama. Svi ovi principi su ujedinjeni u jedinstvenoj OPC arhitekturi-
OPC UA. Zahvaljuju¢i standardizovanoj konsolidaciji podataka, njihovoj strukturi i funkeiji (meta-
podaci), OPC UA je posebno pogodan standard za distribuirane inteligentne aplikacije izmedu poje-
dina¢nih masina bez potrebe za centralizovanim upravljanjem ili viSim nivoom inteligencije. OPC
UA komponente su skalabilne i sada dostupne na nivou senzora [8, 18, 22].

Industrija 4.0 1 IoT su koncepti koji zahtevaju visok stepen mrezne povezanosti 1 komunikacije
izmedu uredaja i usluga. Odlikuje ih potreba da se velike koli¢ine podataka Salju sa nivoa senzora na
nivo IT sistema. Odgovaraju¢i protokoli 1 standardi za kontrolu zasnovanu na racunaru ¢ine industriju
4.0 1 IoT idealnim reSenjima za razmenu informacija na sli¢nom nivou. Drugi fundamentalni faktor
koji doprinosi primenljivosti novih komunikacionih platformi je tzv. servisno orijentisana arhitektura
(service-oriented architecture-SOA) 1 uloga PLC-a u njoj. Pristup PLC-u preko web servisa zapravo
nije nova tehnologija. Postavlja se pitanje Sta je sustina inovacija u PLC proizvodima zasnovanim na
SOA-1 1 koju dodatnu vrednost oni pruzaju. Trenutno se razmena podataka izmedu sistema na nivou
MES-a i PLC-a obi¢no odvija u okviru prili¢no dugotrajnog procesa. MES platforma Salje odredeni
skup podataka kontroleru koji najavljuje spremnost da ih primi. Nakon $to su podaci primljeni, kon-
troler sam potvrduje prenos. U PLC sistemima baziranim na SOA, slanje podataka kontroleru moze
se obaviti u jednom komunikacijskom aktu-vrednosti informacija se viSe ne prenose u okviru vise
transakcija, ve¢ se prihvataju kao jedna usluga sa ulaznim i izlaznim parametrima. Drugim re¢ima,
OPC UA arhitektura daje pristup udaljenom RPC (remote procedure call) protokolu u programiranom
funkcionalnom bloku samog kontrolera. Ovo znacajno skra¢uje komunikacione sesije izmedu PLC-
a 1 MES sistema 1 omogucava vecu produktivnost zbog intenzivnije razmene podataka. Pored toga,
ova konfiguracija dramati¢no smanjuje troSkove inzenjeringa komunikacione veze izmedu procesa
proizvodnje 1 upravljanja mreZom.

SOA-PLC koncept se razlikuje ne samo po podrsci web servisa koji garantuje bezbednost preko
VPN mreze. Uklju¢uje moguénosti za objektno orijentisanu komunikaciju podataka, dostupne za
informacije u realnom vremenu i hronoloske informacije, kao 1 za razlicite alarme i usluge zasnovane
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na medunarodnom IEC standardu. Ovo ukljucuje odgovaraju¢e metapodatke u vezi s potrebnim ni-
voom bezbednosti za odgovarajuci nivo podataka i usluga. Danas, funkcija integracije izmedu servera
1 klijenta u OPC UA arhitekturi ugradena u programabilne kontrolere omogucava izgradnju inteli-
gentnih mreZa i istovremeno garantuje visok stepen bezbednosti s pravima pristupa mreznim sloje-
vima usluga. Takva arhitektura daje predvidljive rezultate s malim rizikom od pojave greske, ali se
ispostavlja da je prili¢no glomazna u uslovima rada s naprednijim sredstvima industrijske automati-
zacije, koja zahtevaju mnogo vecu fleksibilnost. IloT platforme npr. zahtevaju upotrebu upravljackih
sistema koji mogu mnogo dublje da saraduju. Pojedina¢nim PLC kontrolerima su potrebne mo-
guénosti ne samo da funkcionisu u bliskoj saradnji jedni s drugima, ve¢ i s drugim sistemima u fabrici,
kao i da mogu da komuniciraju eksterno npr. s platformom u oblaku. Jo§ jedna karakteristika pamet-
nih fabrika je sve raSirenija primena distribuiranih upravljackih reSenja na nivou masina. Umesto
koris¢enja jednog PLC-a za upravljanje datom masinom sa viSe aktuatora i robotskih manipulatora,
upravljacke funkcije u realnom vremenu se distribuiraju arhitekturom na pojedina¢ne podsisteme.
Sposobnost svakog kontrolera u mrezi da komunicira sa ostalima i odrazava eksterno generisane do-
gadaje, kao Sto su promene u nalozima klijenata, pobolj$ava vreme odgovora i ukupnu operativnu
efikasnost. Zastoji se mogu znacajno smanjiti ,,hot-plug® zamenom I/O modula $to omogucava PLC
kontroleru da ogranic¢i zadatke u radnom rezimu, dok zadrzava upravljacke funkcije preostalih pod-
sistema tokom zamene. Interfejsi velike brzine kao §to je USB omogucavaju brzu konfiguraciju i lako
periferno proSirenje PLC sistema. Medutim, nisu svi komercijalni konektori pogodni za industrijsku
primenu. Zato se za ovu svrhu koriste specijalizovani modeli sa odgovaraju¢om zastitom za indus-
trijska okruzenja, npr. sa stepenom zastite [P67. Vazan element zaStite savremenih PLC-a u platfor-
mama Industrije 4.0 je napajanje. Kako se PLC sistemi smanjuju u veli¢ini, oni se prvenstveno osla-
njaju na hladenje konvekcijom, a ne na glomazne ventilatore. Efikasnost od 90% moze se postiéi
koriS¢enjem visoko integrisanih DC/DC pretvaraca. Visefazni rezim rada omogucava visoku efika-
snost u Sirokom opsegu uslova optere¢enja. Ovo zauzvrat omogucava PLC-u da isporucuje visoke
izlazne struje kada je to potrebno za rad maSine, kao i da se lako prebaci na tihi rezim koji Stedi
energiju [18, 22].

5. Programabilni kontroleri i vestacka inteligencija u Simatc okruZenju

Vestacka inteligencija (artificial intelligence — Al) bi¢e vazna karakteristika projektovanja au-
tomatizacije u buduc¢nosti. Al bi trebalo da igra klju¢nu ulogu u smanjenju napora programiranja i
inZenjeringa potrebnih za kreiranje reSenja za automatizaciju. Takode ¢ini upravljacku logiku agilni-
jom, a proizvodne procese fleksibilnijim i preciznijim — posebno u industriji. Npr. algoritmi za ma-
Sinsko ucenje pomaZu sistemima koji vrSe vizuelne provere kvaliteta u proizvodnim pogonima ili
robotskim sistemima vodenim slikama da reaguju mnogo fleksibilnije na neo¢ekivane situacije i na
nedostatke kvaliteta jer mogu automatski da reaguju u toku rada. Kao rezultat toga, oni rade mnogo
efikasnije, jer se stru¢no znanje npr. u vezi s bojom, konzistencijom ili kvalitetom proizvoda ili pro-
cesa — moze automatizovati.

Kompanija Simens kao svetski lider industrijske automatizacije uveliko uvodi Al u sektor
upravljacko-nadzornih sistema. U kontekstu Totalli Integrated Automation (TIA), skalabilna reSenja
od nivoa uredaja i opreme u polju do nivoa kontrolera i nivoa raunarstva na ivici pa sve do oblaka
bi¢e moguca sa otvorenim loT operativnim sistemom MindSphere. To znaci da se Al reSenje moze
prilagoditi svom okruzenju i ciljanoj primeni po potrebi, bilo na maSini ili za reSenja na svim masi-
nama ili ¢ak celog postrojenja. Prvi vazan korak za integraciju Al u okruzenje automatizacije je novi
S7-1500 TM NPU (Technology Module Neural Processing Unit) modul, ¢ija je blok Sema prikazana
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na slici 4. Posebno je prikladan za primenu na uredaje u polju i gde god je potrebno donosenje pouz-
danih i brzih odluka [23].

Korisni¢ki program

A
Aplikacije (MicroPyton skript) Neuronska mreza

Apstraletmi slog (MicroPyvton interpreter) | Al akcelerator API

Funkcije za viSekratnu upotrebu (aplikacije APT)
(CPU, Video ...)

Firmware I Real time operativni sistem

. Adaptacija Cip mati¢ne
Myrlad X ll‘lathfle <4 » plOéE
ploce

Funkcije kamere
Biblioteke, Alati

I Hardverski apstraktni sloj

USB Ethernet SIMATIC memorijska kartica

[ i

Slika 4. Blok sema modula S71500 TM NPU

S novim S7-1500 TM NPU modulom za SIMATIC S7-1500 kontroler 1 ET 200MP I/O sistem,
Al pronalazi svoj put u automatizaciji sa TIA platformom Simensa. Modul se moze integrisati u
SIMATIC sistem automatizacije, omogucéavajuéi jednostavnu i profitabilnu kombinaciju Al algori-
tama 1 PLC logike. Tako se jeftine aplikacije koje koriste SIMATIC mogu implementirati na masini
zasnovanoj na vestackoj inteligenciji. Pomenuti modul je opremljen ¢ipom procesorske jedinice Mi-
riad™KSs Vision kompanije Intel Movidius™ koji izmedu ostalog, omogucava efikasnu obradu neu-
ronskih mreza. TM NPU se moZe koristiti u sprezi s kontrolerom S7-1500 i ET 200MP distribuiranim
I/O sistemom. Ovo omogucava skalabilna reSenja od nivoa u polju, edge nivoa, pa sve do nivoa
upravljanja i oblaka. Modul omoguéava procenu ulaznih podataka, kao §to su video i procesni podaci,
pomoc¢u neurona mreze. Obraduju se podaci povezanih kamera i podaci iz korisnickog programa
CPU-a s velikom propusno$¢u podataka 1 velikom brzinom prenosa kroz neuronske mreze u TM
NPU. Modul prenosi rezultat operacije obrade u CPU preko magistrale. CPU tada dozvoljava da se
dalja evaluacija odvija u korisnickom programu. Tipi¢na oblast primene je vizuelna provera kvaliteta
u proizvodnim pogonima.

Prednosti upotrebe modula su:

— Manje opterecenje programiranja i inZenjeringa

— Implementacija u fleksibilnim i preciznim proizvodnim procesima

— Pojednostavljena saradnja izmedu informacione tehnologije IT 1 OT (operational technilogy

- automatizacija)

— Isplativo reSenje jer sve isporucuje SIEMENS

— Dostupnost prilagodenih alata za Al

— Efikasna reSenja zahvaljujuci niskim tro§kovima

— ResSenja zasnovana na iskustvu koja bi bilo teSko implementirati s konvencionalnim algori-

tmima.

Slika 5 prikazuje upravljacko nadzorni sistem sa Simatic arhitekturom. TM NPU se moze insta-
lirati centralno iza S7-1500 CPU-a 1 periferno iza ET 200MP interfejs modula. ReSenje se takode
moze prosiriti prema potrebi u pogledu strukture koli¢ine 1 broja primenjivih aplikacija instaliranjem
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viSe modula uzastopno. S7-1500 TM NPU modul radi pomoc¢u obucenog neuronskog sistema na SD
(Secure Digital) kartici. Korisnici mogu da povezu Gigabit Ethernet i USB 3.1 kompatibilne senzore
kao Sto su kamere 1 mikrofoni na integrisane interfejse modula. Podaci CPU-a koji se prenose preko
glavne magistrale mogu se takode koristiti kao ulazni podaci. Rezultati obrade se zatim procenjuju
pomocu programa u CPU.

NIVO MENADZMENTA Racunar
TIA
L=
UPRAVLJANJE
HMI S7-1 5(.).0 kontroler &
- = “\%
B L Kamera
52, =
UREDAIJI U POLJU ET 200MP
o T =
Kamera

pogon

Artikulisani
robot

I Distribuirani 1O [

Slika 5. Upravljacko-nadzorni sistem s primenom vestacke inteligencije

Upotrebom modula SIMATIC S7-1500 TM NPU omogucava se:

— Veca fleksibilnost

Zahvaljujuci vestackoj inteligenciji i algoritmima masinskog uc¢enja, modul ¢ini ¢ak i rukovanje
nepoznatim objektima lakim—bez programiranja koje zahteva mnogo resursa.

— Visi kvalitet

Stru¢no znanje za brze 1 pouzdane provere kvaliteta se prenosi direktno na modul zahvaljujuéi
obuci viSeg nivoa neuronske mreze.

— Veca efikasnost

S modulom, masine mogu fleksibilno i automatski da reaguju na situacije koje su zahtevale
ruénu intervenciju, $to smanjuje vreme zastoja i povecava dostupnost [24].

Dvosmerni transfer podataka u sistemu PLC S7 1500 — modul TM NPU dat je na slici 6. Po-
¢etni koraci za pokretanje S7-1500™ NPU modula su:

— Podesavanje hardvera

— Povezivanje s PLC-om

— PodeSavanje 1 konfiguracija kamere

— PodeSavanje aplikacije u TIA portalu

— Konfiguracija hardvera

— PLC program

— Podesavanje aplikacije TM NPU
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— Adaptacija Micropython skripta
— Adaptacija konfiguracije modula (npr. mrezna podeSavanja).

S7 1500 TM NPU Micropython skript omoguéava
INTERFEJSI potpunu adaptaciju aplikacije

7 ==

$7-1500 Korisnicki program

|

I .
'Projektovanje & obuka u open source u
okruzenju masinskog ucenja

+ FTPClient

+ Webserver = @ K

Ethernet

Slika 6. Dvosmerni prenos podataka na relaciji PLC S7 1500 — modul TN NPU

Pocetak rada s TM NPU je strukturiran u 3 koraka:
— 1. PodeSavanje TM NPU-a sa SIMATIC sistemom automatizacije (koriste¢i primer TM
NPU aplikacije)

— 2. Kreiranje sopstvenog modela masinskog ucenja (za klasifikaciju ili detekciju objekata)

— 3. Konverzija i implementacija (obu¢enog) Al modela za zaklju¢ivanje na TM NPU.

Korak 1 vodi kroz postupak podesavanja TM NPU-a s pripremljenim primerom aplikacije, koji
ukljucuje sve potrebne komponente i opise zasnovane na prethodno obucenoj neuronskoj mrezi. Na
ovaj nacin stice se prvi utisak o tome kako se TM NPU modulom rukuje i radi pre nego S$to se predu-
zme sledeci korak u prilagodavanju aplikacije 1 koriS¢enju samokreirane i obucene neuronske mreze.

Korak 2 je tutorijal za kreiranje i obuku sopstvenog Al modela za klasifikaciju ili detekciju
objekata. Za ovaj korak sluzi Jupiter uputstvo koje vodi kroz neophodne postupke i pruza kod za
obuku modela klasifikacije slika (Mobilenet) ili modela detekcije objekata (Mobilenet SSD). Mogu
se koristiti sopstveni podaci za ovaj primer ili koristiti obezbedeni skup podataka. U zavisnosti od
aplikacije koja se Zeli realizovati, prati se veza do primera klasifikacije ili detekcije objekata ispod.

Korak 3 opisuje kako se vrsi konverzija i transfer obuc¢ene neuronske mreza na TM NPU. Ovde
se moze brati da li ¢e se koristiti Al Model Deployer kao alat zasnovan na grafickom korisnickom
interfejsu za konverziju i konfiguraciju ili ¢e se koristiti Intel OpenVINO, koji pruza veci stepen
fleksibilnosti u pogledu slu¢ajeva upotrebe koji se mogu realizovati po cenu vece sloZzenosti.

Da bi se izvr$ila ova tri koraka, na Siemens Online Support stranici (SIOS) je dat primer apli-
kacije s dokumentacijom 1 listom potrebnih softverskih i hardverskih komponenti. Opisani koraci su
dovoljni da se TM NPU pokrene sa osnovnim slu¢ajem upotrebe klasifikacije, omogucavajuci pro-
cenu dolaznih slika sa povezane kamere i slanje rezultata PLC-u. Zbog fleksibilnosti koju pruza Mic-
roptyhon skript, TM NPU se moze koristiti ne samo za direktnu procenu slika, ve¢ pruza i moguénost
povezivanja sa FTP (File transfer protocol) serverom, npr. za ¢uvanje ili arhiviranje snimljenih slika
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(ili opstih podataka) ili za azuriranje pokrenute neuronske mreze tokom izvrSavanja. Prilikom prila-
godavanja Micropython skripta aplikaciji moguce je koristiti 1 integrisani web server, koji pruza de-
taljnije informacije 1 dijagnostiku, u svrhu otklanjanja greSaka. Primer aplikacije takode ukljucuje
opise za sledece teme:

* Otklanjanje greSaka i dijagnostika sistema

— TM NPU web server

— Detaljna dijagnostika sistema

* FTP komunikacija

— Podesavanje FTP server

— Aktiviranje FTP klijenta u TM NPU

* Napredna funkcionalnost modula

— Cuvanje slika na SD karticu ili FTP server

— Metod azuriranja za neuronsku mrezu [25].

6. Zakljucak

PLC kontroleri su nezaobilazni elementi sistema industrijske automatizacije od pocetka mo-
derne proizvodnje. Od tada je programabilno upravljanje doZivelo znacajan tehnoloski razvoj. Svaka
naredna generacija programabilnih kontrolera je pouzdanija, izdrzljivija, fleksibilnija skalabilnija i
jednostavnija za koriS¢enje u odnosu na svoje prethodnike. PLC deluje kao centralna procesorska
jedinica za donosenje odluka u realnom vremenu o proizvodnim operacijama. Senzori putem mreze
Salju podatke direktno u kontroler, koji automatski izdaje odgovaraju¢e komande izvr$nim organima
u zavisnosti od trenutnih potreba. Ovi kontroleri takode sluZe kao interfejs na relaciji operater-masina,
povecavajudi sigurnost interakcije izmedu njih 1 stepen automatizacije sistema. Oni imaju lokalno
uskladiStene programe i logiku, §to tradicionalno omogucéava rad u odsustvu mrezne komunikacije.
Na taj nacin maSina nastavlja da izvrSava komande kontrolera, pri ¢emu je nezavisna od kvarova u
komunikaciji. Na kraju, ali ne i najmanje vazno, nacini rada PLC-a su zasnovani na ulaznim podacima
koje mu Salju senzori povezani s kontrolerom. Izlazne komande se zasnivaju isklju¢ivo na ulaznim
podacima, tako da situacije van masine gotovo da nemaju uticaja na rad kontrolera. Savremeni PLC-
1 su u stanju da ¢itaju viSestruke dolazne tokove podataka iz razlic¢itih izvora 1 da budu programirani
slozenom logikom koja omogucava precizno izvrSavanje sloZenih sekvenci. Oni mogu da obraduju
hiljade ulaznih 1 izlaznih signala gotovo istovremeno, ¢ak i1 u teS8kim radnim uslovima tipi¢nim za
industrijsku proizvodnju, npr. pri ekstremnim temperaturama. Kontroleru su zasti¢eni odgovaraju¢im
kuéiStem sa industrijskim sigurnosnim stepenom zastite ¢ime se omogucava koriS¢enje u agresivnim
sredinama s visokim nivoom pra$ine i zagadenja. Da bi se smanjile ili eliminisale elektri¢ne smetnje,
obezbedena je posebna izolacija uredaja $to je posebno vazno u prisustvu osetljivih senzora 1 procesa
koji zahtevaju precizno pracenje i adekvatno upravljanje. Integracija vestacke inteligencije s PLC-
ima je od izuzetnog znacaja za razvoj automatizacije, omogucavajuci sistemima da dinamicki prila-
godavaju operacije na osnovu povratnih informacija u realnom vremenu. Vestacka inteligencija je
nova realnost u proizvodnom sektoru. Uz pomo¢ vestacke inteligencije preduzeca koriste enormne
koli¢ine podataka sa pametnih senzora postizuc¢i izuzetan napredak u pogledu upravljanja, produktiv-
nosti i energetske efikasnosti. PLC-i u sprezi s veStackom inteligencijom olakSavaju prediktivno odr-
zavanje, preventivno identifikujuéi probleme vezane za opremu kako bi se smanjilo vreme zastoja i
poboljsala ukupna operativna efikasnost. Uklju€ivanje mera sajber bezbednosti postaje sve vaznije
za zaStitu kriticnih industrijskih procesa od potencijalnih pretnji. Obezbedivanje robusnih PLC pro-
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tokola za sajber bezbednost je sustinski znacajno za odrzavanje integriteta i bezbednosti automatizo-
vanih sistema suocenih s rastu¢im rizicima od sajber pretnji i napada. Poslednjih godina industrija je
preplavljena enormnom koli¢inom podataka, glavnom valutom digitalizovanog sveta. Tempo kojim
se razvijaju senzori 1 [loT platforme, digitalni blizanci, metaverzum, 5G 1 blockchain tehnologije,
racunarstvo na ivici, racunarstvo u oblaku 1 itd. bili su nezamislivi do pre jedne decenije. Danas,
zahvaljujuéi ovim inovacijama, pametne fabrike prakti¢no ,,0zivljavaju® sa svojim jedinstvenim ¢u-
lima, inteligencijom i autonomnim funkcijama.
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Poslednjih nekoliko godina, posebnu paznju priviace organske sinteze potpomognute
mikrotalasnim zracenjem. U ovom radu, poseban akcenat stavljen je na primenu mikrotalsnog
zracenja u postupku dobijanja N-heterociklicnih organskih jedinjenja. 1,4-Dihidropiridini poznati
kao blokatori kalcijumskih kanala, uveliko se primenjuju u tretmanu razlicitih kardiovaskularnih ob-
oljenja. Takode, njihovi analozi, od kojih su najpoznatiji derivati akridina, imaju Siroku farmakolosku
primenu. Inspirisano ovim c¢injenicama, polazeci od dimedona, odgovarajucih (hetero)aromaticnih
aldehida i amonijum-acetata, uz primenu mikrotalasnog zracenja, sintetisana je serija novih mono-
supstituisanih derivata akridina. Uticaj hemijske strukture na farmakoloski potencijal ovih
jedinjenja, procenjen je primenom razlicitih empirijskih pravila i in silico metoda. Rezultati ostvareni
u ovom radu, pruzice znacajan uvid u sintetske protokole potpomognute mikrotalasnim zracenjem
koji ¢e dati nova potencijano farmakoloski aktivna organska jedinjenja.

In recent years, the utilization of microwave energy resulted in the introduction of innovative
applications across various fields of chemistry. In this work, we highlight the use of microwave en-
ergy as an effective method for designing a diverse range of N-containing bioactive compounds with
high yield and selectivity. 1,4-Dihydropyridines represent a well-known class of calcium antagonists
which are commercially employed for the treatment of cardiovascular disease. In addition, its ana-
logues, among which the most famous are acridine derivatives, have a wide range of pharmacological
applications. Motivated by these facts, starting from dimedone, the corresponding (hetero)aromatic
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aldehyde and ammonium-acetate, using microwave energy, we synthesized a series of monosubsti-
tuted derivatives of acridine. The influence of the chemical structure on the pharmacological poten-
tial of this compounds was evaluated using appropriate empirical methods and different in silico
methods. The results within this article will provide valuable insights into the microwave synthetic
protocols of heterocyclic compounds, which will be extensively studied for their potential application
in drug discovery.

1. Introduction

An important field of synthetic organic chemistry represent efficient preparation of heterocy-
cles, since most exhibit pharmacological activities and are therefore of great interest for the develop-
ment of new drugs and agrochemicals [1]. From an environmental and economic perspective, the
traditional synthetic methods for these compounds are unsustainable (toxic chemicals, long reaction
time) and need to be improved. For all these reasons, the various possibilities offered by multi-com-
ponent reactions such as microwave technology are particularly attractive [2]. Originally described
as non-classical heating method, which is intensely used in industry, high-speed microwave synthesis
has attracted a considerable amount of attention in recent years [3]. The use of microwave energy
observed a rapid increasing in the past decades with new and innovative applications in organic and
drug synthesis, polymer chemistry, material sciences, nanotechnology, and biochemical processes. In
most cases, the use of microwave energy has been shown to dramatically reduce processing time,
increase reaction yield, and enhance product purity or material properties compared to conventional
methods. Microwave-assisted organic synthesis is based on the efficient heat transfer achieved by
dielectric heating, which, in turn, is mainly dependent on the ability of the solvent or reagents to
absorb microwave energy [4]. N-containing heteroaromatics, well-known as “privileged” structures
are found in numerous natural or synthetic alkaloids, vitamins, hormones, antibiotics, glycosides. The
diversity of the structures encountered, as well as their pharmaceutical relevance, have motivated
researchers to develop new, economical, efficient, and selective synthetic strategies to access these
compounds. Microwave-assisted organic synthesis has been successfully used in the preparation of
aromatic six-membered heterocyclic systems with excellent results in terms of yields and purities of
the products prepared [5]. 1,4-Dihydropyridines well-known as analogues of nicotinamide adenine
dinucleotide coenzymes exhibit a wide range of biological activities and are widely used in pharma-
cology [6]. Tricyclic 1,4-dihydropyridine-based analogues bearing a variety of heterocyclic rings
fused to the 1,4-dihydropyridine nucleus, have also attracted considerable attention by their potential
pharmacological activities, such as, antiinfammatory, anticancer, antimicrobial, antitubercular, an-
tiparasitic, antimalarial, antiviral and fungicidal [7]. The aim of this work is to report an efficient and
rapid microwave-assisted organic synthesis of four monosubstituted acridine derivatives and to in-
vestigate how various (hetero)aromatic rings attached to acridine backbone affect their pharmacolog-
ical potential.

2. Experimental

2.1. General procedure for the synthesis of compounds 1-4
The synthetic route was carried out according the Scheme 1. One-pot three component mixture
of dimedone (2 mmol), ammonium-acetate (5 mmol) and(hetero)aromatic aldehyde (1 mmol) were
filled into 10 ml-microwave pressure vial and heated under microwave irradiation (power 50 W,
maximum temperature 120 C) for 10 min in methanol (5 ml). After the reaction was completed, the
reaction mixture was poured into ice-water, the obtained precipitate was filtered and recrystallized
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from ethanol [8]. Their chemical structure was confirmed by melting point, elemental analysis, FT-
IR and NMR methods.

+ CH,COONH, + ArcHO MW (50 W, 120 °C)
MeOH
° N
H
Ar = Cats (1), @o @, §S @), H@ @

Figure 1. Microwave-assisted synthesis of the compounds 1-4

The melting points were measured on an Electrothermal melting point apparatus without cor-
rection. FT-IR spectra of all synthesized compounds were recorded in the range from 400 to 4000
cm-1 using a Thermo Scientific Nicolet iS10 spectrometer, within the spectral resolution range 400
to 4000 cm-1. Elemental analysis of the investigated compounds was carried out using microanalyzer
Elemental Vario EL III. "H NMR spectra were recorded on a Bruker Ascend 400 spectrophotometer
at 400 MHz, while 3C NMR spectra were recorded at 100 MHz at to the same device. All spectra
were recorded at room temperature in deuterated dimethyl sulfoxide (DMSO-ds). The chemical shifts
are expressed in ppm in relation to the reference TMS (du = ppm) in the 'H NMR spectra, that is, the
residual signal of the solvent DMSO (Jc = 39.5 ppm) in the 1*C NMR spectra.

3,3,6,6-Tetramethyl-9-phenyl-3,4,6,7,9, 10-hexahydroacridine-1,8-dione (1): Yellow crystal-
line solid. m.p: 175-178 °C, yield: 82%; FTIR (ATR, v/em™): 3022, 2962, 2929, 2872, 2633, 1740,
1577, 1491, 1469, 1446, 1366, 1296, 1268, 1248, 1165, 1130, 1118, 1067, 1044, 980, 947, 891, 868,
833, 776, 720, 694, 621, 578, 532, 515, 494, 459, 440. '"H NMR (400 MHz, DMSO-ds/ppm): 7.18—
7.11 (m, 3H, -C¢Hs), 6.97 (d, J= 8 Hz, 2H, -C¢Hs), 5.96 (s, 1H, -CsHNH), 2.25 (s, 8H, 4x-CHz), 1.02
(s, 12H, 4x-CH3); 1*C NMR (100 MHz, DMSO-ds/ppm): 188.04, 165.69, 142.58, 128.08, 127.05,
125.06, 115.01, 47.68, 31.73, 28.44; Anal. Calcd. for C23H27NO»: Calculated: C 79.05, H 7.79, N
4.01, Found: C 79.07, H 7.77, N 4.01.

9-(Furan-2-yl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8-dione ~ (2): Yellow
crystalline solid. m.p: > 300 °C, yield: 85%, FTIR (ATR, v/cm™): 3379, 3182, 3071, 2957, 2929,
2872, 1659, 1585, 1492, 1468, 1421, 1366, 1333, 1310, 1249, 1223, 1166, 1152, 1064, 1044, 940,
888, 823,793,777, 694, 660, 611, 576, 560, 532, 490, 456, 440. "H NMR (400 MHz, DMSO-ds/ppm):
9.35 (s, 1H, -NH), 7.30 (s, 1H, -CsH30), 6.20 (s, 1H, -CsH30), 5.80 (s, 1H, -CsHNH), 4.98 (s, 1H, -
CsH30),2.44-1.98 (m, 8H, 4x-CHz), 1.01 (s, 6H, 2x-CH3), 0.91(s, 6H, 2x-CH3). 3C NMR (100 MHz,
DMSO-ds/ppm): 194.72, 158.53, 152.52, 150.52, 140.90, 110.62, 108.88, 104.46, 50.69, 40.64,
39.34, 32.56, 29.58, 26.71. Anal. Calcd. for C21H2sNOs: Calculated: C 74.31, H 7.42, N 4.13, Found:
C 74.29,H 7.44, N 4.13.

3,3,6,6-Tetramethyl-9-(tiofen-2-il)-3,4,6,7,9, 10-hexahydroacrioine-1,8-dione  (3):  Yellow
crystalline solid. m.p: 125-128 °C, vyield: 81%, FTIR (ATR v/em™): 3022, 2961, 2929, 2872, 1577,
1491, 1446, 1417, 1367, 1297, 1267, 1248, 1165, 1130, 1119, 1067, 1044, 980, 947, 891, 868, 840,
814, 776, 720, 694, 661, 578, 531, 515, 493, 456, 440. '"H NMR (400 MHz, DMSO-ds/ppm): 7.19 (d,
J=4.8 Hz, 1H, -CsHsS), 6.81 (t, J = 3.6 Hz, -CsH3S), 6.47 (s, 1H, -CsH3S), 6.09 (s, 1H, -CsHNH),
2.30 (s, 8H, 4x-CHz), 1.03 (s, 12H, 4x-CH3). '*C NMR (100 MHz, DMSO-ds/ppm): 187.64, 147.34,
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126.66, 123.58, 115.32, 46.95, 40.59, 39.34, 31.71, 28.18. Anal. Calcd. for C21H25sNO:S: Calculated:
C 70.95,H 7.09, N 3.94, Found: C 70.93, H 7.11, N 3.94.

9-(Indol-3-yl)-3,3,6,6-tetramethyl-3,4,6,7,9, 1 0-hexahydroacridine- 1,8-dione (4): Yellow crys-
talline solid. m.p: 195-198 °C, FTIR (ATR, v/cm™): 3854, 3651, 3189, 2954, 2928, 2866, 1671,
1585, 1518, 1469, 1457, 1367, 1332, 1310, 1253, 1236, 1148, 1130, 1045, 1009, 927, 888, 851, 822,
775, 694, 654, 571, 556, 490, 456, 440. "H NMR (400 MHz, DMSO-ds/ppm): 12.6 (s, 1H, -NH), 9.46
(s, 1H, -NH), 8.48 (s, 1H, -CsHs), 7.84 (t, 1H, J=3.6 Hz, -CsHs), 7.57 (t, 1H, J= 2.8 Hz -C¢Hs), 2.57
(s, 4H, 2x-CH,), 2.54 (s, 4H, 2x-CH>), 1.02 (s, 12H, 4x-CH3). 3*C NMR (100 MHz, DMSO-ds/ppm):
197.87, 197.19, 140.32, 138.90, 137.04, 130.03, 124.38, 124.02, 122.90, 118.20, 113.57, 112.31,
53.12,51.54,29.92, 28.13. Anal. Calcd. for C25sH2sN20»: Calculated: C 77.29, H 7.26, N 7.21, Found:
C77.27,H7.28 N 7.21

2.2. In silico prediction
Determination of the relevant molecular descriptors for all synthesized compounds was as-

sessed employing the following software packages: SwissADME (Swiss Institute of Bioin-formatics,
Switzerland) [9] and PreADMET (East China University of Science and Technology, China) [10].

3. Results

Microwave radiation is widely used in organic chemistry as an energy source due to the ability
of solid and liquid compounds to convert electromagnetic energy into heat. This synthetic protocol
possesses several advantages over traditional heating protocols, including homogeneous and rapid
heating (intense internal heating), spectacular reaction accelerations as a result of the heating rate
(which are often impossible to replicate with conventional heating), and selective heating. As a result,
applied microwave-assisted protocol of monosubstituted acridine derivatives (1-4) provided higher
yields and easier product purification. In comparation with classical synthesis, the microwave-as-
sisted protocol is environmental-friendly and, therefore, aligned with the principles of green chemis-
try. In the future, this protocol could be used to accomplish new reactions and conditions that are not
possible with conventional techniques.

3.1. Multiparametric optimization of molecular descriptors
for the investigated compounds 1-4

Heterocyclic compounds have gained a lot of attention during the last few decades, because of
their numerous significant medical and biological uses. Research interest in heterocyclic compounds
is rapidly increasing due to their extensive synthetic study and functional utility. They are found in a
large number of novel drugs, and bridge the gap between biology and chemistry, where much scien-
tific discovery and application occur. Heterocycles also play a role in different fields, such as agro-
chemicals and veterinary medicine [11]. Many heterocyclic scaffolds can be considered privileged
structures. According to the literature, more than 85% of all pharmacologically active compounds
contain a heterocycle as their main structural motif. This highlights the central role of heterocycles in
modern drug design. The application of heterocycles provides a useful tool for modifying the solu-
bility, lipophilicity, polarity, and hydrogen-bonding capacity of pharmacologically active com-
pounds, which results in the optimization of the ADME/Tox properties of drugs or drug candidates.
Most frequently, nitrogen-containing heterocycles or various positional combinations of nitrogen at-
oms, in five- or six-membered rings can be found [12].

Generally speaking, oral bioavailability can be defined as the result of a balance between dif-
ferent molecular descriptors that significantly affect the values of pharmacokinetic/pharmacodynamic
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parameters of potentially pharmacologically active compounds associated with their ADMET (Ab-
sorption-Distribution-Metabolism- Elimination-Toxicity) properties. Bimolecular characteristics,
such as cell membrane permeability and bioavailability, are closely related to basic molecular de-
scriptors such as the partition coefficient, molecular weight, topological polar surface of molecules
and the number of hydrogen donor/acceptor atoms [13]. Traditional methods for evaluating oral bio-
availability are based on classical empirical rules, among which the most famous is the "rule of num-
ber five", i.e. the rule of Lipinski [14]. In accordance with this "pioneering rule", good oral absorption
can be expected for compounds whose set of physicochemical parameters is in the following ranges:
partition coefficient logP <5, number of hydrogen donor atoms <5, number of hydrogen acceptor
atoms <10, and relative molecular weight <500. Compounds presumed to have characteristics similar
to those of commercial drugs should not exibit more than one deviation from Lipinski's rules. Ac-
cording to Veber's criterion, adequate oral bioavailability is achieved with compounds that have less
than ten rotatable bonds and a topological polar surface area (TPSA) less than 140 A? [15], which
significantly limits their flexibility. According to the modified versions of these two concepts, for
compounds whose physico-chemical parameters meet the following ranges: 160 < molecular weight
(MW) <480; —0.4 < WlogP < 5.6; 40 < molar refractivity (MR) < 130; 20 < number of atoms (NA)
< 70 (Ghose’s criterion) and WlogP < 5.88; TPSA < 131.6 A2 (Egan’s criterion) there is a high
probability of therapeutic effects.

Table 1. Physico-chemical properties of the investigated compounds [9,10].

No. MW [g/mol] NA nrb HBD HBA MR TPSA [4]
1 349.47 26 1 1 2 107.63 46.17
2 33943 25 1 1 3 99.89 59.31
3 355.49 25 1 1 2 105.50 74.41
4 388.50 29 1 2 2 119.48 61.96

The molecular descriptors included in the above mentioned empirical rules, illustrated in Tables
1 and 2, show that the investigated monosubstituted acridine derivatives (1-4), fulfill the mentioned
criteria. All investigated compounds meet the theoretical conditions for adequate bioavailability in
the body and, therefore, possess appropriate pharmacological potential. The data illustrated in Table
1 show that the introduction of heteroaromatic substituents in some cases reduces the molecular
weight of the studied compound (compound 2), while in other cases it increases the molecular weight
(compounds 3 and 4), compared to compound 1. This is especially noticeable in compound 4, which
contains an indolyl group at position 9 of the acridine nucleus. Based on the calculated polar surface
area value of the investigated compounds (Table 1), it is expected that under in vivo conditions, all
acridine derivatives will show better intestinal absorption and passage through the blood-brain bar-
rier. A moderate number of rotatable bonds, also contributes to the optimal passage of the studied
compounds through the blood-brain barrier. According to literature data, drugs that act on the central
nervous system should have less than eight rotatable bonds.

The data illustrated in Table 2 show that different values of the partition coefficient were ob-
tained for the same compound, which is a consequence of a different mathematical algorithm for
calculating this parameter within the software packages used. The highest partition coefficient values
were obtained for compound 4, enabling it to pass more successfully through the blood-brain barrier
via passive diffusion, as well as to bind more effectively to active sites on relevant receptors. This is
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particularly important for achieving optimal concentration of drugs that act on the central nervous
system. High values of human intestinal absorption which for the studied compounds are in the range
0f 94.56-96.27 (Table 3), indicate good pharmacological potential of the investigated compounds.

Table 2. Values of the partition coefficient of the investigated compounds [9,10].

No. logPos (XLOGP3) logPos (WLOGP) logPor (MLOGP)
1 3.98 4.28 3.16
2 3.08 3.87 1.92
3 3.70 4.34 2.77
4 4.11 4.76 2.85

Table 3. OSAR pharmacokinetic profiles of the investigated compounds
related to the absorption properties [9,10].

No. Human intestinal absorption Human intestinal absorption, %
1 High 95.93
2 High 95.65
3 High 96.27
4 High 94.56

4, Conclusion

In this work, four new potentially pharmacologically active acridine derivatives were synthe-
sized using microwave-assisted protocol and completely structurally characterized using spectro-
scopic techniques. Prediction of potential pharmacological activity was preformed using different in
silico methods and empirical rules. The influence of chemical structure on pharmacological potential
of acridine derivatives was evaluated using the pioneering “rule of five” and its modified versions,
primarily Veber’s and Egan’s empirical methods. Based on the results obtained, it can be concluded
that the new compounds achieve high gastrointestinal absorption (94.56-96.27) and good blood-brain
barrier penetration, primarily due to optimal lipophilicity. The proposed approach allows analysis of
pharmacokinetic properties of acridine derivatives that have yet to be pharmacologically tested and
are difficult to determine experimentally.
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Primena mikrotalasne tehnike u sintezi organskih molekula predstavlja efikasnu i odrzivu alter-
nativu klasicnim metodama, jer omogucava krace vreme reakcije, veci prinos i bolju selektivnost.
Usaglasenost sa principima zelene hemije cini ovu tehniku posebno pogodnom za brzu i efikasnu
sintezu razlicitih organskih jedinjenja. N-fenilsukcinimid i njegovi derivati priviace posebnu paznju
zbog Sirokog spektra bioloskih aktivnosti, ukljucujuci antikonvulzivno, antiinflamatorno i antimikro-
bno dejstvo. Strukturna raznovrsnost ovih jedinjenja cini ih perspektivnim u medicinskoj hemiji, na-
rocito za razvoj agenasa koji imaju uticaj na centralni nervni sistem. Dalja funkcionalizacija moze
doprineti sintezi jedinjenja sa poboljsanim farmakoloskim svojstvima. Polazeéi od sukcinske kiseline
i odgovarajucih o- i/ili p-nitro supstituisanih anilina, sintetisani su derivati N-fenilsukcinimida pri-
menom mikrotalasnog zracenja kao brze i efikasne metode. Struktura sintetisanih jedinjenja potvr-
dena je primenom razlicitih spektroskopskih metoda. Njihov farmakoloski potencijal procenjen je
koriséenjem razlicitih empirijskih pravila i savremenih in silico metoda. Dobijeni podaci doprinose
razvoju sintetskih strategija zasnovanih na mikrotalasnoj tehnologiji, usmerenih ka pronalazenju no-
vih organskih molekula sa potencijalnom bioloskom aktivnoscu.

Microwave-assisted synthesis has emerged as a powerful and sustainable alternative to con-
ventional methods, offering reduced reaction times, improved yields, and enhanced selectivity. Its
alignment with green chemistry principles makes it particularly attractive for the rapid and efficient
preparation of various organic compounds. N-Phenylsuccinimide and its derivatives have attracted
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considerable attention due to their diverse biological activities, including anticonvulsant, anti-in-
flammatory, and antimicrobial effects. Their structural versatility makes them promising scaffolds in
medicinal chemistry, particularly for the development of central nervous system active agents. Con-
tinued research into their functionalization may yield compounds with enhanced pharmacological
profiles. Using succinic acid and corresponding o- and/or p-nitro substituted anilines as starting
materials, N-phenylsuccinimide derivatives were efficiently synthesized under microwave irradiation.
The obtained compounds were characterized by different spectroscopic methods. The pharmacolog-
ical potential of these compounds was assessed using a combination of empirical rules and in silico
methods. The obtained data contribute to the development of microwave-assisted synthetic strategies
aimed at discovering new organic molecules with potential biological activity.

1. Introduction

Microwave-assisted synthesis has emerged as a valuable tool in modern chemistry, offering
significantly reduced reaction time and improved efficiency compared to conventional methods. Its
growing adoption across various chemical transformations highlights its potential for broader indus-
trial application. In particular, the pharmaceutical industry increasingly relies on rapid and efficient
synthetic methodologies to meet the demand for novel compounds, highlighting the importance of
time-efficient and high-capacity experimentation [1].

Beyond pharmaceutical synthesis, microwave technology has found widespread use in other
fields as well. In the food industry, it is employed for processing and preservation, while in environ-
mental science, it is applied to the pyrolysis of waste materials. Moreover, this technique is utilized
in analytical chemistry for sample preparation, as well as in natural product research for the extraction
of bioactive compounds. It also plays an important role in the hydrolysis of proteins and peptides,
offering greater control over reaction conditions and reducing the need for excessive solvent use [1].
Given its versatility, efficiency, and alignment with green chemistry principles, microwave-assisted
synthesis represents a powerful approach for the development of sustainable and scalable chemical
processes. By enabling rapid and uniform energy transfer through electromagnetic waves, microwave
irradiation significantly reduces the energy requirements compared to conventional heating methods
[2,3]. Moreover, this technique not only shortens reaction times but also often results in higher yields
and improved product purity [4].

N-Phenylsuccinimide derivatives represent an important class of compounds in both organic
and medicinal chemistry, known for their structural stability and diverse biological activities. Due to
the presence of an imide moiety connected to an aromatic ring, these molecules often exhibit phar-
macologically relevant properties such as antimicrobial, anticancer, and anti-inflammatory effects. In
addition, they serve as key intermediates in the synthesis of more complex heterocyclic systems and
are frequently explored as scaffolds in drug development. The synthesis and structural modification
of these derivatives-especially through efficient techniques such as microwave-assisted synthesis-
remain an active area of research aimed at developing more selective and environmentally friendly
synthetic strategies [5]. As part of the ongoing development of environmentally acceptable synthetic
approaches, in this work, we synthesized four nitro N-phenylsuccinimide derivatives under micro-
wave irradiation. All compounds are synthesized in good yields and fully characterized by various
spectroscopic techniques. Prediction of potential pharmacological activity of investigated compounds
is tested using in silico ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity)
profiling.
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2. Experimental part

2.1. General procedure for the synthesis of compounds 1-4

All of investigated N-phenylsuccinimide derivatives examined in this study were prepared by
reacting succinic acid with substituted anilines under solvent-free conditions using microwave irra-
diation (MW) according to Scheme 1 [6]. All reactions were performed in a MW reactor Anton Paar
Monowave 300. A mixture containing succinic acid (1 mmol, 295 mg) and a nitro substituted aniline
(1.1 mmol) was stirred in a 25 mL microwave reactor at 180 °C under microwave irradiation for 15
minutes, without the use of a solvent. After the reaction was complete, the reaction mixture was
cooled to room temperature. The resulting crude product was dissolved in ethyl acetate and sequen-
tially washed with 10 mL of 5% aqueous HCI, 10 mL of saturated aqueous NaHCOs3, and twice with
10 mL portions of distilled water. The organic layer was dried over magnesium sulfate, and the sol-
vent was evaporated under reduced pressure. The crude product was purified by recrystallization from
ethanol. Their chemical structure was confirmed by melting points, elemental analysis, FT-IR and
NMR spectroscopic methods.

COOH X5 I X, P X
oo . MW 15 min, 180 °C E‘IENAQ,)Q
X, 0 X3
X1=X2=X3=NO0O, (1-4)
Compound X Xo Xz
1 NO, NO, H
2 NO, H NO,
3 H NO, H
4 NO; H H

Scheme 1 Synthetic pathway of the investigated compounds

The melting point of the synthesized compounds was determined by using the melting point
system Stuart SMP30. 'H and *C NMR spectra of the compounds were recorded using a Varian
Gemini 2000 (400 Hz and 100 Hz respectively) in DMSO-ds. The FTIR spectra of the synthesized
compounds were determined using a Nicolet™ iS™ 10 FT-IR Spectrometer (Thermo Fisher
SCIENTIFIC) with Smart iTR™ Attenuated Total Reflectance (ATR) Sampling accessories in the
range of 500-4000 cm ™!, with 32 scans per spectrum. Elemental analysis was performed on a Vario
EL IIT elemental analyzer.

1-(2,4-dinitrophenyl)pyrrolidine-2,5-dione (1) Yellow crystalline, yield: 84%, m.p. 220.6—
221.3 °C; FT-IR (v/em™): 3098, 2978, 2976, 1717, 1537, 1520, 1330, 1172, 848; 'H NMR (400 MHz,
DMSO-ds, d/ppm): 8.86 (d, J=4 Hz, 1H), 8.76 (d, J=2.4 Hz, 1H), 8,74 (d, /= 2.4 Hz, 1H), 2.95 (s,
4H); 3C NMR (100 MHz, DMSO-ds, &/ppm): 176.0, 150.3, 147.4, 145.4, 135.6, 129.1, 123.9, 29.2;
Anal. Calcd. For C10H7N3Oe: C, 45.29, H, 2.66, N, 15.85. Found: C, 45.46, H, 2.77, N, 15.34.

1-(2,6-dinitrophenyl)pyrrolidine-2,5-dione (2) Yellow crystalline, yield: 71%, m.p. 155.4—
156.8 °C; FT-IR (v/em™): 3095, 2971, 2968, 1722, 1521, 1517, 1351, 1168, 836; 'H NMR (400 MHz,
DMSO-ds, 8/ppm): 8.56 (d, J = 8.4 Hz, 2H), 8.06 (t, J = 8.4 Hz, 1H), 3.04 (s, 4H); 1*C NMR (100
MHz, DMSO-ds, d/ppm):175.8, 146.6, 141.3, 135.4, 134.5, 130.1, 119.6, 29.2; Anal. Calcd. For
C10H7N30s: C, 45.29, H, 2.66, N, 15.85. Found: C, 45.72, H, 2.41, N, 15.70.
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1-(4-nitrophenyl)pyrrolidine-2,5-dione (3) Orange crystalline, yield: 89%, m.p. 215.3-216.8
°C; FT-IR (v/iem™): 3082, 2954, 2944, 1704, 1520, 1504, 1346, 1162, 851; 'H NMR (400 MHz,
DMSO-ds, 8/ppm): 8.34 (d, J = 8.8 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 2.81 (s, 4H); *C NMR (100
MHz, DMSO-ds, 8/ppm): 176.9, 146.9, 138.8, 128.3, 124.6, 29.1; Anal. Calcd. For C10HsN204: C,
54.55, H, 3.66, N, 12.72. Found: C, 54.79, H, 3.48, N, 12.53.

1-(2-nitrophenyl)pyrrolidine-2,5-dione (4) Offwhite crystalline, yield: 76%, m.p. 159.3-160.5
°C; FT-IR (v/iem™): 3093, 2992, 2942, 1711, 1522, 1483, 1354, 1172, 851; 'H NMR (400 MHz,
DMSO-ds, 8/ppm): 8.17 (d, J= 8 Hz, 1H), 7.91 (t,J = 8 Hz, 1H), 7.731 (t,J = 8.4 Hz, 1H), 7.56 (d,
J =8 Hz, 1H), 2.88 (s, 4H); 3C NMR (100 MHz, DMSO-ds, 8/ppm): 176.5, 145.7, 135.1, 131.0,
130.7,126.1, 125.8, 29.1; Anal. Calcd. For C10HsN204: C, 54.55, H, 3.66, N, 12.72. Found: C, 54.79,
H, 3.48, N, 12.53.

2.2. In-silico assessment of physicochemical and ADMET properties
The relevant parameters of the studied compounds were determined using the SwissADME
software (Swiss Institute of Bioinformatics, Switzerland) [7]. The physicochemical properties as-
sessed include molecular weight (MW), number of hydrogen bond acceptors (HBA), hydrogen bond
donors (HBD), number of rotatable bonds (nrb), topological polar surface area (TPSA), octanol-wa-
ter partition coefficient (logP), and molar refractivity (MR).

3. Results and discussion

Among the synthesized compounds, three have been previously reported in the literature, while
compound 2 is novel. The conventional synthesis involves the reaction of succinic acid with the cor-
responding aryl amines in the presence of 86% polyphosphoric acid. For compounds 1 and 3, the
reaction was carried out at 80 °C for 12 hours [8], whereas for compound 4, a reaction time of 3 hours
at 90 °C was reported [9]. In this work, the microwave-assisted method significantly reduced the
reaction time to just 15 minutes, offering an energy-efficient alternative to conventional heating while
maintaining high yields of up to 70% and eliminating the need for corrosive agents. Figure 1 illus-
trates the power and temperature profiles recorded during the microwave-assisted synthesis of nitro-
substituted N-phenylsuccinimides.
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Figure 1. Energy input and temperature profile for the synthesis under MW irradiation

Druglikeness is a crucial factor in the early stages of drug discovery, serving as an important
criterion for compound selection [10]. It reflects the physicochemical and structural similarity of a
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compound to known drugs, with properties like molecular weight, polarity, and lipophilicity influ-
encing solubility, permeability, metabolic stability and transport. In order to evaluate pharmacologi-
cal potential of the synthesized compounds, their physicochemical properties and druglikeness were
assessed in relation Lipinski’s Rule of 5 (ROS5) [11]. According to Lipinski’s Rule, an orally active
compound must meet the following empirical criteria: 1) the number of hydrogen bond donors is not
greater than 5 (donors being N—H and O—H groups); ii) the number of hydrogen bond acceptors is
maximum 10 (acceptors being N or O atoms); iii) a molecular weight is less than 500 and iv) lipo-
philicity (octanol/water partition coefficient — logP) is lower than 5. A compound that violates two or
more of the specified rules is likely to have low absorption or bioavailability. The physicochemical
parameters of the synthesized molecules are presented in Tables 1 and 2. According to bioavailability
score (0.55 for all compounds) these compounds exhibit good bioavailability.

Table 1. Physico-chemical properties of the investigated compounds.

Compound MW [g/mol] NA nrb HBD HBA MR TPSA [4%]
1 285.2 19 3 0 6 69.1 129.0
2 285.2 19 3 0 6 69.1 129.0
3 220.2 16 2 0 4 60.3 83.2
4 220.2 16 2 0 4 60.3 83.2

Table 2. Values of the partition coefficient of the investigated compounds.
Compound logPo/w (XLOGP3) logPo/w (WLOGP) logPo/w (MLOGP)
1 0.19 0.78 0.09
2 0.13 0.78 0.09
3 0.46 0.87 0.99
4 0.36 0.87 0.99

Furthermore, according to Veber's criterion, adequate oral bioavailability is achieved with mol-
ecules that have less than 10 rotatable bonds and a topological polar surface of less than 140 A2,
According to the modified versions of these two concepts, for compounds whose physicochemical
properties satisfy the following ranges: 160 < relative molecular mass < 480; —0.4 < WlogP < 5.6; 40
< molar refractivity < 130; 20 < number of atoms < 70 (Goose’s criterion) and logP < 5.88, TPSA
(topological polar surface area) < 131.6 A% (Egan’s criterion), there is a high probability of manifest-
ing therapeutic effects.

Based on the values of molecular descriptors covered by the mentioned empirical rules (Tables 1
and 2), it can be concluded that all the examined compounds fulfill the all specified empirical criteria,
indicating they meet the theoretical requirements for sufficient bioavailability and possess the appro-
priate pharmacological potential

Because logP is related to both the solubility and permeability of a molecule, it serves as a key
physicochemical parameter for assessing the molecule's ability to transfer through the cell mem-
branes. As shown in Table 2, the partition coefficient values varied for the same compound, reflecting
differences in the mathematical algorithms used to calculate this parameter. Results indicate moderate
lipophilicity of investigated compounds. The higher partition coefficients of compounds 3 and 4



112 38 INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

(mono-nitro substituted) indicate a greater hydrophobic character, and thus an enhanced ability to
permeate phospholipid cellular membranes compared to compounds 1 and 2. Additionally, TPSA is
recognized as a key descriptor of drug transport properties where TPSA below 140 A? is generally
favorable. The investigated compounds exhibit PSA values within this range, suggesting good poten-
tial for efficient transport across biological membranes.

4, Conclusion

Four nitro substituted N-phenylsuccinimides were successfully synthesized using MW irradia-
tion. This method significantly reduced the reaction time compared to conventional procedures and
was performed under solvent-free conditions, contributing to energy savings. The chemical structures
of the synthesized compounds were confirmed by determination of melting point, FT-IR, 'H and '*C
NMR spectroscopy, and elemental analysis. In silico study revealed that all compounds comply with
empirical rules indicating their good bioavailability. These findings provide a promising starting point
for potential applications in the pharmaceutical industry.
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Unapredeni procesi oksidacije imaju vrlo Siroku primenu u tretmanu industrijskih otpadnih
voda. Ovi procesi uspesno se primenjuju i u tekstilnoj industriji za degradaciju boja zaostalih u
otpadnoj vodi. U ovom radu su prikazani rezultati primene Fentonovog reagensa u alternativnom
kontinualnom sistemu mikroreaktora. Mikroreaktorski sistem pokazuje brojne prednosti u odnosu na
tradicionalni Sarzni sistem. Zahvaljujuci konstrukcionim karakteristikama unapredeno je mesanje i
intenzifikacija procesa. Efikasnost degradacije ispitivana je koris¢enjem boje Acid Violet 109 u
Sarznom i mikroreaktorskom sistemu, pri razlicitim molskim odnosima Fe’'/H>0:.

Advanced oxidation processes are widely used in the treatment of industrial wastewater. These
processes are successfully used in the textile industry for the degradation of dyes remaining in
wastewater. This paper presents the results of the application of the Fenton reagent in a continuous
microreactor system. The microreactor system has numerous advantages over the traditional batch
system. Thanks to the design features, mixing and intensification of the process has been improved.
The efficiency of the degradation was investigated with the dye Acid Violet 109 in a batch and a
microreactor system at different molar ratios of Fe’*/H>0:.

1. Uvod

Odigravanje hemijskih reakcija u mikrosistemima nudi brojne prednosti u odnosu na reakcije u
makrosistemima. Unutrasnje strukture mikroreaktora pokazuju veci povrsinski odnos koji povecava
difuziona rastojanja medu reaktantima pa je omogucen bolji presnos mase i toplote kao i bolja kon-
trola reakcionih uslova [1]. Ove prednosti je moguce iskoristiti i za poboljSanje unapredenog procesa
oksidacije (eng. advanced oxidation processes, AOP) koji je primenjen u ovom istrazivanju.

L1. Fentonova reakcija
Fentonov proces je pogodan za kors¢enje zbog svoje jednostavnosti, isplativosti i dostupnosti
gvozda i vodonik peroksida koji se koriste u ovom procesu. Ogranicenje procesa je potencijalno for-
miranje mulja koji zahteva dodatni tretman 1 povecava troskove procesa.

38. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 113
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Brojna istrazivanja bavila su se primenom Fentonovog procesa u razgradnje sintetickih boja.
Zakljucak istrazivanja Papi¢ i saradnika [2] bio je da se kombinacijom homogenih Fentonovih pro-
cesa 1 UV zraCenja moze posti¢i visoka efikasnost razgradnje boje. Ovi eksperimenti ukljucivali su
ispitivanje obezbojavanje rastvora tri sintetske boje: C.I. Reactive Yellow 3, C.I. Reactive Blue 2,
and C.I. Reactive Violet 2. Drugi autori dosli su do zakljucka da bi Fentonov proces mogao biti po-
boljsan korisS¢enjem dugih katalizatora. Verma i saradnici [3] su uspesno koristili sistem kobalt
(IT)/askorbinska kiselina/vodonik peroksid za degradaciju tri boje: dve diazo, Reactive Black 5 (RBY)
i Congo Red (CR) i jedne antrahinonske Disperse Blue 3 (DB3).

1.2. Mikroreaktorski sistemi

Mikroreaktorski sistemi su relativno nove tehnologije koje, u nekim slucajevima, daju bolje
rezultate nego konvencionalne tehnologije. Ove sisteme karakteriSe kontinualan rad, pre¢nik kanala
reaktora u rasponu od nekoliko do nekoliko stotina pm. Mikroreaktori mogu biti izvedeni kao Cipovi,
kapilarni mikroreaktori, mrezZasti, katalizatorske zamke ili padaju¢i filmovi. Pored precizne kontrole
temperature prednost ovih sistema ogleda se i u bezbednosti procesa, minimalnoj potro$nji reaktanata,
kratkom vremenu reakcije, minimalni uticaj procesa na zivotnu sredinu. Mikroreaktorski sistemi su
pogodni za visoko egzotermne ili endotermne reakcije kao i reakcije koje zahtevaju upotrebu opasnih
hemikalija. Znacajna prednost je i §to je lako uvecanje procesa jednostavnim povezivanjem jedinica.

2. Eksperimetalni deo

Ispitivanje mogucnosti obezbojavanja rastvora boje izvedeno je Fentonovim reagensom u
mikroreaktorskim uslovima na sobnoj temperaturi. Rastvori boje napravljeni su koris¢enjem destilo-
vane vode i boje Acid Violet 109, DCC colorants (Ningbo, Kina). Sumporna kiselina (H2SO4, Zorka,
Sabac) je koris¢ena za podesavanje pH vrenosti kori$éenjem fotometra (Wastewater Treatment Pho-
tometer HI83314, Hanna, USA). Kori$¢en je vodonik peroksid (H2O», 3 %) proizvodaca Galena Lab
(Srbija) 1 gvozde sulfat (FeSO4-7H,0), analiticke Cistoce proizvodaca Centrohem (Srbija).

Rastvor boje, sa koncentracijom od 100 mg/dm?, napravljen je rastvaranjem boje Acid violet
109 u destilovanoj vodi. Rastvori boje ove koncentracije smatraju se veoma zaprljanom otpadnom
vodom. Nakon toga, rastvorima boje podeSavana je pH vrednost 3 jer se prema literaturnim podacima
1 rezultatima prethodnih istraZivanja [4] ova vrednost pokazala kao najpovoljnija. Podesavanje pH
vrednosti izvedeno je razblazenim rastvorom H»SO4 (Zorka Pharma-Hemija d.o.0. 95-97 %). pH
vrednosti simulirane otpadne vode merene su pomocu Hanna Wastewater treatment photometer
HI83314-02. U istraZivanjje ispitan uspeh obezbojavanja u Sarznim 1 mikroreaktorskim uslovima.

Reakcija u Sarznim uslovima izvedena je koriS¢enjem magnetne mesalice (Ika C-MAG HS 7).
Mesanje reakcione smese izvedeno je brzinom od 250 obr/min.

Reakcija u mikroreaktorskim sistemima izvedena je u reakcionom sklopu koji se sastojao od
dve klipne puimpe (LC-20AD XR, Shimadzu), T miksera i politetrafruoroetilen reaktorima razli¢itih
precnika i duzina. Na slici 1 data je skica aparature u kojoj izveden eksperiment. Pomoc¢u prve pumpe
(tok 1) reakcioni sistem se snabdeva rastvorom boje u kojoj je rastvorena so gvozda dok se drugom
pumpom reakcioni sistem snabdeva rastvorom vodonik-peroksida. Ova dva toka spajaju se pomocu
T miksera nakon ¢ega reakcija pocinje u mikroreaktoru. Kori§¢eni su mikroreaktori izradeni od poli-
tetrafruoroetilena visokih performansi. Na kraju reakcije uzorci su prihvatani 1 analizirani spektrofo-
tometrijski.
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Ilustracija 1. Sema mikroreaktorskog sistema [4]

Tokom procesa izvedenih u mikroreaktorskom sistemu verirani su brzina protoka reakcione
smese, molarni odnos reaktanata Fe?*/H,0», duzina i pre¢nik mikroreaktora. Podaci o primenjenim
reakcionim uslovima prikazani su u tabeli 1.

Tabela 1.Reakcioni uslovi

Vrednost Jedinica
Pritisak 101,3 kPa
Temperatura 25 °oC
pH 3
Pocetna koncentracija boje 100 mgdm?3
0,3
Pre¢nik mikroreaktora 0,5 mm
0,8
1
Duzina mikroreaktora 5 m
15
5
10
Molski odnos Fe?”H,0, 20
40
100

U cilju odredivanja reZzima toka reakcione smeSe kroz mikroreaktor odredena je viskoznost
smese (koris¢enjem viskozimetra LEO089, EU Instruments) i izratunat Rejnoldsov broj. Dobijene
vrednosti Rejnoldsovog broja za sve smese bile su izmedu 8 i 20 Sto ukazuje da je tok bio laminarni
bez obzira kojom brzinom se reakciona smesa krece kroz reaktor. Za potrebe ovog istrazivanja ekspe-
rimenti su izvedeni u reaktorima precnika 0,3; 0,5 1 0,8 mm. DuZine reaktora bile su 1; 51 15 m.
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Vreme zadrzavanja reakcione smeSe u reaktoru odnosno vreme trajanja reakcije zavisi od brzine ko-
jom se smesa krece 1 od dimenzija reaktora, tabela 2. Proizvodi reakcije analizirani su spektrofoto-
metrijski (Shimadzu UV-Vis 1700) na talasnoj duzini 590 nm.

Tabela 2. Vreme zadrzavanja reakcione smese u sistemu u zavisnosti od dimenzija reaktora

Precnik mikroreaktora, mm
;lx)lr ?I:(i)rll("l Duzina mikroreaktora, m 0,3 0,5 0,8
Vreme zadrzavanja, s

1 4 12 30

1 5 21 59 151

15 64 177 452

1 0,8 2,3 6,0

5 5 4 12 30

15 13 35 90

3. Rezultati i diskusija
Slika 1 prikazuje rezultate ispitivanja uklanjanja boje AV109 iz vodenih rastvora u Sarznom i
mikroreaktorskom sistemu. Molski odnosi reaktanata u reakciji €iji su rezultati prikazani na slici 1
bio je 0,5.

Efikasnost, %

. 10 .
Vreme, min

®mikroreaktorski Sarzno

Slika 1. Uspeh obezbojavanja rastvora boje AV109 u mikroreaktorskom i Sarznom sistemu
u zavisnosti od vremena pri molskom odnosu reaktanata c(Fe).:c(H20:) 0,5

Slika 1 prikazuje da je reakcija uklanjanja boje iz vodenog rastvora daleko uspesnija u mikro-
reaktorskom sistemu kada je molski odnos reaktanata 0,5. U reakciji u mikroreaktoru prec¢nika 0,8
mm dugackom 1 m, na kraju procesa koji je trajao samo 30 s u speh uklanjanja je 97% rastvorene
boje. U Sarznom sistemu malo bolji uspeh, uklanjanje boje 98%, postiZe se nakon 20 minuta trajanja
reakcije. Kada se komentariSe uspeh reakcije obezbojavanja vodenih rastvora boje trebalo bi imati na
umu i druge karakteristike procesa a ne samo uspeh obezbojavanja. Efikasnost procesa u Sarznom
sistemu je veca samo za 1% u odnosu na reakciju u mikroreaktorskom sistemu S$to je zanemarljivo
mala razlika, pogotovo ako na umu imamo duzinu trajnja procesa i energiju koja se potrosi na odi-
gravanje reakcije u Sarznom sistemu.
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Slika 2 prikazuje uspeh obezbojavanja u slucaju kada je molski odnos reaktanata c(Fe):c(H20,)
0,025.

Efikasnost, %

70
0 5 10 15 20
Vreme, min
®mikro farzno

Slika 2. Uspeh obezbojavanja rastvora boje AV109 u mikroreaktorskom i Sarznom sistemu
u zavisnosti od vremena pri molskom odnosu reaktanata c(Fe).:c(H>0;) 0,25

Kada posmatramo rezultate namece se zakljucak da se reakcija uspesno odigrava i u Sarznom i
u mikroreaktorskom sistemu. U ovom sluc¢aju uspeh koji je u Sarznom sistemu postignut za 20 minuta,
86%, u mikroreaktorskom sistemu se postigne za manje od jednog minuta i to u sluc¢aju kada se re-
akcija izvodi u mikroreaktoru prec¢nika 0,5 mm i duzine 5 m, odnosno kada je vreme trajanja reakci-
jerazgradnje boje Acid violet 59 s.

4. Zakljucak

Cilj ovog istrazivanja bio je ispitivanje mogucnosti razgradnje boje Acid violet Fentonovim
reagensom u prisustvu dvovalentnog gvozda kao katalizatora. Reakcije su izvedene u Sarznim i
mikroreaktorskim uslovima primenom reakcionih smeSa sa dva razli¢ita molska odnosa
c(Fe*"):c(H202) 0,51 0,025.

Dobijeni rezultati su pokazali da se u ovakvim reakcionim uslovima reakcija odigrava sa vise
uspeha u mikroreaktorskim uslovima. Daleko uspesniji proces izveden je u mikroreaktorskim siste-
mima primenom bilo koje duZine 1 pre¢nika mikroreaktora koriS¢enjem bilo kog od dva ispitivana
molska odnosa reaktanata. Reaktor srednje duzine, manja koncentracija vodonik peroksida i krace
trajanje reakcije bili su dovoljni za uspeSno izvodenje reakcije obezbojavanja. Izvodenje reakcije u
mikroreaktorskim sistemima je povoljnije i sa aspekta potroSnje hemikalija i energije i imaju i manji
uticaj na zivotnu sredinu.

5. Zahvalnica

Istrazivanja u ovom radu izvrSena su u okviru aktivnosti koje finansira Ministarstvo prosvete,
nauke i tehnoloskog razvoja Republike Srbije pod ugovorima evidencioni brojevi 451-03-136/2025-
03/200287.

6. References
[1] Dong, G., Chen, B., Liu, B., Hounjet L.J. , Cao, Y., Stoyanov, S. R., Yang, M., Zhang, B.,
Advanced oxidation processes in microreactors for water and wastewater treatment: Deve-
lopment, challenges, and opportunities, Water Research, Volume 211 (2022) 118047, ISSN
0043-1354, https://doi.org/10.1016/j.watres.2022.118047.


https://doi.org/10.1016/j.watres.2022.118047

118 38 INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

[2] Papié, S.; Vujevic, D.; Koprivanac, N.; Sinko, D., Reactive dye degradation by AOPs; Deve-
lopment of a kinetic model for UV/H20O> Process, J] Hazard Mater, 164 (2009), 2-3:1137-45.,
https://doi.org/10.1016/j.jhazmat.2008.09.008.

[3] Verma A.; Bhunia P.; Dash R. R., Decolorization and COD reduction efficiency of magnesium
over iron based salt for the treatment of textile wastewater containing di azo and anthraquinone
dyes, International Journal of Environmental, Chemical, Ecological, Geological and Geophysical
Engineering, 6 (2014) 365-372.

[4] Daji¢, A., Mihajlovié, M. Novel treatment for dye decolorization using a microreactor system
and Fenton’s reagent. Macedonian Journal of Chemistry and Chemical Engineering, 43 (2024)
2, 271-280. https://doi.org/10.20450/mjcce.2024.2903.


https://doi.org/10.1016/j.jhazmat.2008.09.008
https://doi.org/10.20450/mjcce.2024.2903

Strucni rad

Kijuéne reci: YESTACKA INTELIGENCIJA U PROCESNIM

veStacka inteligencija

procesne tehnologije:: TEHNOLOGIJAMA KROZ MODELOVANJE,
optimizacija; - (ypTIMIZACIJU I ODRZIVI RAZVOJ

energetska efikasnost;
odrzivi razvoj

Key words: ARTIFICIAL INTELLIGENCE IN PROCESS TECHNOLOGIES

artificial intelligence

process technologies:' THROUGH MODELING, OPTIMIZATION,
optimization; - ANT) SUSTAINABLE DEVELOPMENT

energy efficiency
sustainable development

Obrad ANICIC*  Akademija strukovnih studija Politehnika, Beograd
* oanicic@politehnika.edu.rs ~ ORCID: 0009-0000-1958-6388

Vestacka inteligencija (V1) postaje kljucni faktor u transformaciji industrijskih sektora, pruza-
Jjuci brojne prednosti u oblasti modelovanja, optimizacije i odrzivog razvoja. Ovaj rad istraZuje pri-
menu VI u procesnim tehnologijama u razlicitim industrijama, ukljucujuci hemijsku, energetsku, au-
tomobilsku, poljoprivrednu i prehrambenu industriju. Kroz analizu tehnika VI kao Sto su prediktivno
modelovanje, optimizacija energetske efikasnosti i smanjenje otpada, rad pokazuje kako VI moze po-
boljsati efikasnost, smanyjiti troskove i povecati konkurentnost. Poseban fokus je na doprinosu VI
odrzivom razvoju, smanjenju emisije CO,, optimizaciji resursa i smanjenju negativnog uticaja na
zZivotnu sredinu [1]. Takode, istraZuju se izazovi i prepreke u implementaciji VI, kao i preporuke za
efikasno usvajanje tehnologija [2]. Rezultati istraZivanja ukazuju na to da je VI kljucna za postizanje
odrzivog razvoja i unapredenje industrijskih praksi, cineci ih ekoloski odgovornijima i ekonomicni-
Jjima [6].

Artificial Intelligence (Al) is becoming a key factor in transforming industrial sectors, offering
numerous advantages in modeling, optimization, and sustainable development. This paper explores
the application of Al in process technologies across various industries, including chemical, energy,
automotive, agricultural, and food industries. Through an analysis of Al techniques such as predictive
modeling, energy efficiency optimization, and waste reduction, the paper demonstrates how Al can
enhance efficiency, reduce costs, and increase competitiveness. Special emphasis is placed on Al's
contribution to sustainable development, reducing CO, emissions, optimizing resources, and minimi-
zing negative environmental impacts [1]. Additionally, the challenges and obstacles in Al implemen-
tation are examined, along with recommendations for effective adoption of these technologies [2].
The research findings indicate that Al is crucial for achieving sustainable development and impro-
ving industrial practices, making them more environmentally responsible and economically viable

[6].
1. Uvod

Vestacka inteligencija (VI) je tehnologija koja koristi racunarske algoritme i modele za simu-
laciju ljudskih sposobnosti razmis$ljanja, donosenja odluka i reSavanja problema. Tokom poslednjih
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nekoliko decenija, VI je postala klju¢na komponenta u razli¢itim industrijskim granama, ukljucujuci
proizvodnju, energetiku, poljoprivredu, transport i mnoge druge sektore. Njena sposobnost da anali-
zira velike koli¢ine podataka, prepozna obrazce i optimizuje sloZene procese omogucila je znacajna
poboljsanja u efikasnosti, produktivnosti i odrzivosti u industrijskim okruzenjima [1].

Jedan od klju¢nih aspekata primene VI u industrijskim procesima jeste njena uloga u modelo-
vanju, optimizaciji i odrzivom razvoju. Uvodenjem VI, procesi proizvodnje i industrijske operacije
postaju precizniji, brzi i energetski efikasniji. Na primer, kroz prediktivno modelovanje, VI omogu-
¢ava predvidanje i upravljanje problemima pre nego Sto se dogode, ¢ime se smanjuju neplanirani
zastoji, povecava produktivnost i smanjuju gubici [2]. U oblasti optimiranja procesa, VI omogucava
bolju raspodelu resursa, optimizaciju snabdevanja, smanjenje potroSnje energije 1 minimizaciju
otpada, Sto doprinosi ekoloskim i ekonomskim ciljevima odrzivog razvoja [3].

Takode, odrzivi razvoj je postao jedan od glavnih fokusa industrija Sirom sveta, i to ne samo iz
razloga zaStite zivotne sredine, ve¢ i zbog ekonomskih pritisaka za smanjenje troskova i povecanje
konkurentnosti [4]. VI je klju¢na za ostvarivanje ciljeva odrzivog razvoja, jer omogucava smanjenje
emisije ugljen-dioksida (CO,), optimizaciju energetske potros$nje, smanjenje upotrebe prirodnih re-
sursa i smanjenje negativnog uticaja na zivotnu sredinu [5]. Industrije koje usvajaju VI tehnologije
postaju efikasnije 1 odrzivije, ostvarujuci bolji balans izmedu ekonomske profitabilnosti i ekoloSke
odgovornosti [6].

Primena VI u industriji takode dovodi do transformacije radne snage, jer omogucava automati-
zaciju rutinskih 1 repetitivnih zadataka, dok otvara prostor za vise kreativne, strateSke i tehnoloske
uloge. lako je automatizacija radnih procesa znacajan napredak, ona takode postavlja izazove u
pogledu razvoja novih vestina i obuke radne snage za rad sa naprednim tehnologijama.

U radu se analizira primena vestacke inteligencije u procesnim tehnologijama, kroz istrazivanje
njenih efekata u industrijama kao $to su hemijska, energetska, automobilska, poljoprivredna i pre-
hrambena industrija.

Pored toga, razmotricemo kako VI doprinosi optimizaciji proizvodnih procesa, smislenoj pri-
meni resursa, povecanju energetske efikasnosti i smanjenju emisije CO,, §to sve vodi ka ostvarenju
ciljeva odrzivog razvoja. Takode, analiziraCemo moguce izazove u implementaciji ovih tehnologija i
ulogu politike, regulative 1 strateskih inicijativa u njihovoj primeni.

Cilj ovog istrazivanja je da se pruzi sveobuhvatan pregled koristi, izazova i perspektiva primene
veStacke inteligencije u industrijskim procesima, sa posebnim naglaskom na njenu ulogu u unapre-
denju efikasnosti, odrzivosti 1 konkurentnosti industrija. Osim toga, istraziva¢emo kako se VI moze
koristiti kao alat za postizanje ciljeva odrzivog razvoja, smanjenje negativnog uticaja na zZivotnu sre-
dinu i1 poboljSanje industrijskih metodau globalnom kontekstu.

Specifi¢no, doprinosi ovog rada su slede¢i:

1. Analiza primene VI u razli¢itim industrijskim sektorima:
Rad detaljno istrazuje kako se vestacka inteligencija primenjuje u kljuénim industrijama, kao

Sto su hemijska, energetska, automobilska, poljoprivredna i prehrambena industrija. Kroz konkretne
primere i studije slu¢aja, razmatra se kako VI doprinosi optimizaciji proizvodnih procesa, smanjenju
potroSnje resursa i povecanju energetske efikasnosti. Ovaj aspekt rada pruza konkretne podatke i u-
poredne analize koji mogu pomo¢i industrijama da prepoznaju prednosti VI u svojim specifiénim
sektorima.
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2. Sistematizacija tehnika modelovanja i optimizacije uz pomo¢ VI:
Istrazivanje detaljno razmatra razlicite tehnike VI koje se koriste za modelovanje i optimizaciju

industrijskih procesa, kao sto su prediktivno modelovanje, optimizacija potroSnje energije i smanjenje
otpada. Ovaj doprinos je kljucan jer omogucéava razumevanje kako specificne VI metode mogu po-
boljsati procesne tehnologije i doprineti odrzivom razvoju.

3. Doprinos odrzivom razvoju kroz primenu VI:

Jedan od glavnih doprinosa rada jeste Sto jasno povezuje upotrebu VI sa ciljevima odrzivog
razvoja. Kroz analizu smanjenja emisije CO,, smanjenje potroSnje prirodnih resursa i optimizaciju
energetske efikasnosti, rad pokazuje kako VI moze doprineti ekoloskim i ekonomskim ciljevima.
Ovaj aspekt istrazivanja takode razmatra vaznost regulative i1 politika koje podrzavaju uvodenje ze-

lenih tehnologija i inovacija, omogucavajuci industrijama da postignu odrziviji poslovni model.

4. Evaluacija izazova i prepreka u implementaciji VI:
Rad se ne bavi samo prednostima primene VI, ve¢ i izazovima i prepreka koje prate njen imple-

mentaciju u industriji. To ukljucuje visoke pocetne troskove, potrebu za obukom radne snage, inte-
graciju novih tehnologija u postojece sisteme, kao i moguénost otpora promenama od strane organi-
zacija 1 zaposlenih. Razumevanje ovih izazova vazno je za razvoj strategija koje mogu pomo¢i u
prevazilazenju tih prepreka i maksimalnom kori§¢enju potencijala VI.

5. Prakti¢ne preporuke za industrijske sektor:
Na osnovu istrazivanja, rad nudi prakti¢ne preporuke za industrijske sektore kako da imple-

mentiraju VI tehnologije u svoje proizvodne procese. Preporuke se odnose na obuke zaposlenih, ula-
ganje u infrastrukturu, unapredenje postojecih tehnologija i razvoj novih pristupa za odrzivost. Ove
preporuke mogu posluZiti kao smernice za preduzetnike, inZenjere i istrazivace u industriji, koji se
suo¢avaju sa izazovima implementacije naprednih tehnologija.

6. Povezivanje VI sa globalnim trendovima u industriji:

Kroz istrazivanje primene VI u procesnim tehnologijama, rad doprinosi razumevanju kako ova
tehnologija doprinosi globalnim industrijskim trendovima, kao $to su digitalizacija, automatizacija i
prelazak na odrzive energetske sisteme. Ovo istraZivanje je znacajno jer omogucava uvid u to kako
VI ne samo da transformise pojedina¢ne industrijske sektore, ve¢ ima $iri uticaj na industrijski pejzaz
na globalnom nivou.

Zakljucno, glavni doprinos ovog rada je u tome §to pruza sveobuhvatan uvid u potencijal ves-
taCke inteligencije da unapredi procesne tehnologije kroz modelovanje, optimizaciju i odrzivost, kao
1 ulogu koju VI mozZe imati u postizanju ciljeva odrzivog razvoja. Takode, rad nudi korisne informa-
cije za donosioca odluka, istrazivace i profesionalce u industriji kako bi mogli bolje razumeti 1 imple-
mentirati VI tehnologije u svoje procese, ¢ime se unapreduju konkurentnost, efikasnost i ekoloska
odgovornost industrija.

2. Razvoj industrijskih procesa, odrZivost i tehnologije
uz primenu vestacke inteligencije
U poslednjim decenijama, razvoj industrijskih procesa i tehnologija postao je klju¢ni faktor u

oblikovanju budu¢nosti globalne ekonomije. Industrijska proizvodnja neprestano evoluira, prilago-
davajudi se novim izazovima, potrebama trzista i zahtevima za odrzivost. U tom kontekstu, tehnolo-
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gije vestacke inteligencije (Al) igraju znacajnu ulogu, omogucavajuci unapredenje efikasnosti, sma-
njenje troskova i1 optimizaciju proizvodnih ciklusa [3]. Primena Al u industriji omogucava automati-
zaciju, bolje donoSenje odluka zasnovano na analizi podataka, prediktivno odrzavanje 1 vecu fleksi-
bilnost u adaptaciji na promene trzista [4].

Odrzivi razvoj, koji podrazumeva ravnotezu izmedu ekonomskih, drustvenih i ekoloskih fak-
tora, postao je klju¢ni imperativ u industriji. Integracija Al tehnologija u industrijske procese omo-
guc¢ava smanjenje negativnog uticaja na zivotnu sredinu kroz efikasniju upotrebu resursa, smanjenje
emisije Stetnih gasova i optimizaciju energetskih tokova [5]. Ovaj razvoj ujedno podstice stvaranje
novih poslovnih modela koji favorizuju inovacije i odgovornost prema drustvu i planeti

U ovom poglavlju bi¢e analiziran uticaj vestacke inteligencije na modernizaciju industrijskih
procesa, s posebnim fokusom na njen doprinos odrzivosti. Raymatra se kako Al doprinosi optimiza-
ciji proizvodnih metoda, smanjenju resursa potrebnih za proizvodnju, kao i unapredenju energetske
efikasnosti. Takode, bice istrazeno kako integracija naprednih tehnologija baziranih na AI omogu-
¢ava industrijama da smanje svoj ekoloski uticaj, unaprede procese reciklaze i minimizuju negativne
uticaje na zivotnu sredinu, ¢ime se stvara odrziviji poslovni okvir za buduénost [6].

2.1. Modelovanje procesnih tehnologija putem vestacke inteligencije

Modelovanje je osnova za optimizaciju u procesnoj industriji, jer omogucéava inZenjerima i me-
nadzerima da razumeju kako se odredeni procesi ponaSaju pod razlicitim uslovima.

Tradicionalne metode modelovanja oslanjaju se na statisticke tehnike i teorijske pristupe, dok
VI koristi napredne algoritme maSinskog ucenja i1 dubokog ucenja da stvori dinami¢ke modele koji
mogu predvidati ponasanje sistema u realnom vremenu [8]. Koris¢enjem velikih koli¢ina podataka
prikupljenih sa senzora i drugih izvora, VI moze stvoriti model koji nije samo precizniji, ve¢ i fleksi-
bilniji u adaptaciji na promene u uslovima rada.

Slika 1. Optimizacija procesnih tehnologija uz pomo¢ vestacke inteligencije [8]

Primena dubokih neuronskih mreza (DNN) i rekurentnih neuronskih mreza (RNN) u modelo-
vanju omogucava procesnim tehnologijama da budu fleksibilnije i predvidljive. Na primer, u hemij-
skoj industriji, VI modeli mogu predvideti promene u koncentraciji 1 temperaturi tokom reakcije,
¢ime se poboljSava bezbednost 1 smanjuje potreba za ru¢nim intervencijama.
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2.2. Optimizacija u industrijskim procesima pomocu vestacke inteligencije

Optimizacija je kljucni faktor za postizanje efikasnosti u proizvodnim procesima, a VI omogu-
¢ava preciznije 1 brze reSavanje problema optimizacije nego tradicionalne metode. VI tehnike, kao
Sto su genetski algoritmi, optimizacija sa rojevima Cestica (PSO) 1 evolucioni algoritmi, mogu auto-
matski odrediti optimalne parametre za procese kao Sto su temperatura, pritisak, brzina reakcije i
drugi faktori koji uti¢u na kvalitet proizvoda [7].

Slika 2. Automatizacija i optimizacija industrijskih linija putem vestacke inteligencije [7]

U energetskoj industriji, VI se koristi za optimizaciju potroSnje energije u industrijskim postro-
jenjima, smanjujuci emisije CO, i Stede¢i energiju. Na primer, primenom algoritama za optimizaciju
potroS$nje goriva u termoelektranama moguce je smanjiti emisiju Stetnih gasova, dok istovremeno
poboljsava efikasnost proizvodnje.

Slika 3. Industrijska optimizacija kroz primenu vestacke inteligencije [9]

Genetski algoritmi, koji oponasaju prirodni proces selekcije, kori§¢eni su u procesu optimiza-
cije proizvodnih linija u automobilskoj industriji, kako bi se smanjilo vreme zastoja i povecala brzina
proizvodnje [9].

2.3. OdrZivi razvoj kroz primenu vestacke inteligencije

U danasnjem drustvu, odrzivi razvoj postaje prioritet za sve industrijske grane. VI ima klju¢nu
ulogu u smanjenju negativnih uticaja na Zivotnu sredinu kroz efikasnije upravljanje resursima, sma-
njenje otpada i unapredenje Zivotne sredine [5]. Optimizacija proizvodnih procesa pomocu VI ne
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samo da povecava efikasnost, ve¢ doprinosi i smanjenju potro$nje energije, smanjenju emisije Stetnih
gasova 1 boljem upravljanju otpadom [3].

Na primer, u poljoprivredi, primena VI u preciznoj poljoprivredi omogucava bolje koriS¢enje
resursa kao Sto su voda i dubrivo, Sto doprinosi smanjenju negativnog uticaja na okolinu. Takode, u
industriji reciklaze, VI se koristi za optimizaciju procesa selekcije otpada, ¢ime se povecava stopa
reciklaze i smanjuje potreba za novim sirovinama [10].

Upotreba VI za predikciju i optimizaciju energetske efikasnosti postrojenja u industriji moze
znac¢ajno doprineti smanjenju emisija ugljen-dioksida i drugih zagadivaca, §to je klju¢no za postizanje
ciljeva odrzivog razvoja [11].

3. Materijali i metode

3.1. Prikupljanje podataka

Za potrebe ovog istraZivanja koriS¢ena je relevantna literatura koja obuhvata najnovije istrazi-
vacke radove u oblasti primene VI u procesnim tehnologijama. Izvor podataka obuhvata nau¢ne ca-
sopise, konferencijske radove i industrijske izvestaje sa temama kao §to su optimizacija u proizvodnji,
prediktivno modelovanje i odrzivi razvoj u industriji [3]. Pored toga, analizirani su podaci sa indus-
trijskih postrojenja koja koriste VI za unapredenje procesa [9].

3.2. Analiza slucajeva

Analizirani su konkretni slu¢ajevi primene VI u hemijskoj, energetskoj, prehrambenoj i auto-
mobilskoj industriji. U hemijskoj industriji, na primer, koriS¢enje VI za modelovanje i optimizaciju
proizvodnje polimera omogucilo je smanjenje potrosnje sirovina i povecanje efikasnosti proizvodnje
[8]. U energetskoj industriji, VI se koristi za optimizaciju potroSnje energije u termoelektranama [9],
dok u automobilskoj industriji doprinosi pobolj$anju proizvodnih linija i smanjenju zastoja [7].

3.3. Alati i tehnike

Za analizu podataka koriS¢eni su moderni alati 1 tehnike, uklju¢uju¢i Python biblioteke kao Sto
su TensorFlow, PyTorch, Keras i scikit-learn. Ovi alati omogucavaju implementaciju naprednih algo-
ritama za maSinsko u€enje 1 duboko ucenje, koji su koris§¢eni u razvoju modela i algoritama optimi-
zacije [5]. Takode, koriS¢ene su simulacije 1 statisticCke metode za analizu rezultata [6].
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4. Rezultati i diskusija

U ovom delu rada analizirani su rezultati primene vesStacke inteligencije (VI) u industrijskim
sektorima, sa fokusom na optimizaciju, odrzivost i smanjenje negativnog uticaja na zivotnu sredinu.
Pokazano je da primena VI donosi poboljSanja u industrijskim procesima, ali i da postoje izazovi u
implementaciji ovih tehnologija.

Rezultati se temelje na podacima iz razli¢itih industrija: hemijske, energetske, automobilske,
poljoprivredne i prehrambene. Klju¢ni parametri analize ukljucuju optimizaciju proizvodnih procesa,
smanjenje emisije CO2, smanjenje potroSnje resursa i ekonomske ucinke.

Primena VI omogucila je znacajna poboljSanja u efikasnosti i brzini proizvodnje, smanjenje
troskova i1 poboljSanje konkurentnosti. Takode, VI je pomogla u smanjenju emisije CO: i optimizaciji
upotrebe resursa, Sto je pozitivno uticalo na zivotnu sredinu i smanjilo otpad.

Ekonomski ucinci su pozitivni, ali pocetni troskovi implementacije VI mogu biti visoki, Sto
zahteva dodatna ulaganja u tehnologiju i obuku kadrova. U zaklju¢ku, primena VI u industriji je
klju¢na za odrZivi razvoj, ali zahteva pazljivo planiranje kako bi se prevazisle prepreke poput tehnicke
sloZenosti 1 finansijskih zahteva.

4.1. Hemijska industrija

Primena VI: Hemijska industrija koristi prediktivno modelovanje i optimizaciju proizvodnih
procesa uz pomo¢ VI. Ove tehnologije omogucavaju predvidanje potreba za sirovinama, optimizaciju
reakcija i poboljSanje energetske efikasnosti. Prediktivno modelovanje, na primer, omogucava brze i
tacnije prognoze proizvodnje, Sto smanjuje potrebu za velikim koli¢inama sirovina i energijom [8].

Rezultati: Rezultati pokazuju znacajnu redukciju potros$nje sirovina i smanjenje nezeljenih e-
misija tokom proizvodnog procesa. KoriS¢enjem VI, hemijska industrija moZe smanjiti emisiju CO,
za oko 20%, dok se potro$nja resursa smanjuje za 15% [8].

Izazovi: Tako je primena VI u ovoj industriji efikasna, izazovi ukljucuju visoke pocetne inve-
sticije u tehnologiju 1 potrebnu obuku radne snage za rukovanje naprednim algoritmima. Takode,
postoje izazovi u integraciji VI u postojece sisteme, koji ¢esto ne podrzavaju najnovije tehnologije
[8].

4.2. Energetska industrija

Primena VI: U energetskoj industriji, VI se koristi za optimizaciju energetske efikasnosti, pra-
¢enje potrosnje i prediktivno odrZzavanje. KoriS¢enje VI u analizi potro$nje energije omogucava sma-
njenje nepotrebnih gubitaka energije 1 optimizaciju proizvodnje elektri¢ne energije u realnom vre-
menu.

Rezultati: U ovoj industriji, smanjenje emisije CO; je priblizno 15%, dok se potros$nja resursa
smanjuje za 10%. VI takode omogucava prepoznavanje i smanjenje gubitaka energije u distributiv-
nim sistemima, $to rezultira nizim troSkovima 1 efikasnijom upotrebom resursa [9].

Izazovi: lako primena VI donosi znacajne prednosti, izazovi se javljaju u procesu implementa-
cije naprednih algoritama u postojece energetske sisteme. Visok stepen digitalizacije i integracija
novih tehnologija moze zahtevati velike investicije, Sto predstavlja prepreku za mnoge kompanije [9].

4.3. Automobilska industrija

Primena VI: Automobilska industrija koristi VI za optimizaciju proizvodnih linija, ukljucujuéi
automatizaciju 1 prediktivno odrzavanje. VI omogucava poboljSanje efikasnosti proizvodnje kroz
smanjenje vremena zastoja i povecanje brzine proizvodnje [18].
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Rezultati: Implementacija VI u automobilskoj industriji omogucava smanjenje vremena
zastoja u proizvodnji, Sto povecava ukupnu produktivnost. Smanjenje emisije CO, je relativno malo
(oko 5%), dok je smanjenje potro$nje resursa oko 8%. lako doprinos smanjenju emisije i resursa nije
tako izrazen kao u drugim industrijama, koristi od optimizacije proizvodnih linija su znaCajne za
povecanje konkurentnosti [18].

Izazovi: Izazovi u automobilskoj industriji odnose se na potrebu za obukom radnika i velikim
investicijama u tehnologiju. Implementacija VI ¢esto zahteva promene u organizacijskim procesima
1 infrastrukturi, $to moze biti skupo i vremenski zahtevno [18].

4.4. Poljoprivreda

Primena VI: Poljoprivreda koristi VI za preciznu poljoprivredu, koja se bazira na optimizaciji
koris¢enja resursa kao §to su voda, dubrivo 1 pesticidi. Uz pomo¢ VI, poljoprivrednici mogu precizno
pratiti uslove tla i vremenske prilike, kao 1 potrebne koli¢ine resursa za svaku poljoprivrednu kulturu
[16].

Rezultati: Rezultati primene VI u poljoprivredi pokazuju smanjenje upotrebe vode i dubriva
za oko 10%, dok se smanjenje emisije CO; krec¢e oko 20%. Ove promene donose znacajne ekoloske
koristi, smanjujuci negativan uticaj poljoprivrede na zivotnu sredinu [16].

Izazovi: lako su prednosti primene VI u poljoprivredi velike, izazovi ukljucuju visok pocetni
troSak za implementaciju tehnologije 1 integraciju senzora sa postoje¢im poljoprivrednim praksama.
Takode, potrebno je obrazovati poljoprivrednike za kori§¢enje novih tehnologija [16].

4.5. Prehrambena industrija

Primena VI: U prehrambenoj industriji, VI se koristi za optimizaciju proizvodnih kapaciteta,
smanjenje otpada i poboljsanje kvaliteta proizvoda. Tehnologije kao $to su vizuelna inspekcija pro-
1zvoda, pracenje kvaliteta u realnom vremenu 1 optimizacija skladiStenja omoguc¢avaju znacajnu efi-
kasnost u proizvodnji hrane [18].

Rezultati: Primena VI u prehrambenoj industriji pokazuje smanjenje otpada, poboljSanje kva-
liteta proizvoda i1 smanjenje potrosnje resursa za oko 15%. Smanjenje emisije CO, u ovoj industriji
je relativno nisko (oko 5%), ali koristi u pogledu kvaliteta i efikasnosti proizvodnje su znacajne [18].

Izazovi: Jedan od izazova u prehrambenoj industriji je visoka varijabilnost u proizvodnim pro-
cesima 1 sloZzenost u implementaciji VI tehnologija, posebno kada je u pitanju standardizacija procesa
[18].

5. Zakljucak diskusije:

Rezultati istraZivanja pokazuju da primena vesStacke inteligencije moze znacajno doprineti opti-
mizaciji industrijskih procesa, smanjenju emisije CO, 1 smanjenju potro$nje resursa u razli¢itim
industrijskim sektorima. Tako su postignuti znacajni rezultati u industrijama kao §to su hemijska, e-
nergetska 1 poljoprivredna industrija, izazovi kao §to su visoki troSkovi implementacije, potreba za
obukom radne snage i adaptacija postojecih sistema ostaju prepreke koje je potrebno prevaziéi. Ipak,
prednosti primene VI u industriji, posebno u kontekstu odrzivosti i konkurentnosti, jasno ukazuju na
njen potencijal da transformiSe industrijske sektore i doprinese postizanju globalnih ciljeva odrzivog
razvoja [1][9][12].

U Tabeli 1 dati su podaci koji se odnose na primenu vestacke inteligencije u industrijskim sek-
torima, ukljucujuci rezultate primene, potrebne resurse, kao i1 uticaj na smanjenje emisije CO2 i potros-
nje resursa.
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Tabela 1. Uticaj primene veStacke inteligencije u industrijskim sektorima

Industrijski sek Smanjenje Smanjenje
L Primena VI Rezultati Potrebni resursi . ,,J J potrosnje
tor emisije CO,
resursa
o Predikti - | Smanjenje potros- . .
Hemijska indus- redt 1yno m.o .rnat.ljen].e po O.S Visoko ulaganje u
. delovanje proiz- | nje sirovina, opti- . 20% 15%
trija . o .. tehnologiju
vodnih procesa | mizacija reakcija
Energetska indus- Optimizacija e- S.manjenj? p9tr0§- Impleméntacija' ) )
trifa nergetske efika- | nje energije i emi- | naprednih algori- 15% 10%
/ snosti sije Stetnih gasova | tama
oo Povecanje brzi .
Automobilska Optimizacija f;zzzlgz.erzizz Obuka radnika,
‘ .. proizvodnih li- protzvocnje, investiranje u VI 5% 8%
industrija . njenje vremena .
nija . sisteme
zastoja
Precizna poljo- Smanjenje upo-
Poljoprivreda pri\f.reda, 9?,timi- trebe. vode i. Integracija senzora i 10% 20%
zacija koris¢enja | dubriva, bolja pro- | VI sistema
resursa izvodnja
Optimizacij Smanjenj d S
Prehrambena P .1mlzac.1ja man]'cvenjé otpa ‘a, Modernizacija pro-
. .. proizvodnih ka- | pobolj$anje kvali- | . o 5% 15%
industrija . . izvodnih sistema
paciteta teta proizvoda

Objasnjenje kolona u tabeli

1. Industrijski sektor
Sta predstavlja? Ova kolona oznacava razli¢ite industrije u kojima se primenjuju tehnologije

vestacke inteligencije (VI). Svaka industrija ima specifi¢ne procese i izazove, a VI se koristi kako bi
se unapredila efikasnost i odrzivost tih procesa.

Primer:

1. Hemijska industrija: Fokusira se na proizvodne procese, optimizaciju potro$nje sirovina i
smanjenje otpada [1].

2. Energetska industrija: Ukljucuje primene VI u obnovljivim izvorima energije, optimizaciji
energetske efikasnosti 1 smanjenju emisija CO, [9].

2.Primena VI
Sta predstavlja? Ova kolona opisuje konkretne primene vestacke inteligencije u datom indus-

trijskom sektoru. Ukljucuje tehnike poput prediktivnog modelovanja, optimizacije proizvodnih linija,
koriS¢enja senzora za prikupljanje podataka i mnoge druge.

Primer:

1. Prediktivno modelovanje proizvodnih procesa: U hemijskoj industriji, VI se koristi za pred-
vidanje optimalnih uslova reakcija i smanjenje otpadnih materijala [8].

2. Optimizacija energetske efikasnosti: U energetskoj industriji, VI pomaze u optimizaciji
potros$nje energije i smanjenju emisije Stetnih gasova [9].

3.Rezultati
Sta predstavlja? Ova kolona sadrzi klju¢ne rezultate ili koristi koje su postignute primenom

VI u datim industrijama. To mogu biti smanjenje otpada, veca efikasnost, smanjenje vremena zastoja
u proizvodnji ili povecanje kvaliteta proizvoda.

Primer:



128 38 INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

1. Smanjenje potrosnje sirovina, optimizacija reakcija: U hemijskoj industriji, VI doprinosi
boljoj iskoriS¢enosti sirovina i smanjenju energetskih gubitaka tokom proizvodnje [1].

2. Povecanje brzine proizvodnje, smanjenje vremena zastoja: U automobilskoj industriji, VI
pomaze u unapredenju proizvodnih linija i smanjenju proizvodnih zastoja [18].

4.Potrebni resursi
Sta predstavlja? Ova kolona prikazuje resurse koji su potrebni za implementaciju tehnologija

vestacke inteligencije u datim industrijama. To mogu biti ulaganja u infrastrukturu, obuka zaposlenih,
nabavka specijalizovanih alata i tehnologija.

Primer:

1. Visoko ulaganje u tehnologiju: U hemijskoj industriji, implementacija VI zahteva nabavku
naprednih softverskih sistema i senzora, kao i obuku radnika za rad sa novim tehnologijama [15].

2. Obuka radnika, investiranje u VI sisteme: U automobilskoj industriji, primena VI u proiz-
vodnji zahteva ulaganje u nove tehnologije 1 obuku zaposlenih da koriste te sisteme [17].

5.§manjenje emisije CO,

Sta predstavlja? Ova kolona pokazuje procentualno smanjenje emisije ugljen-dioksida (CO,)
koje je ostvareno primenom vestacke inteligencije u industrijskim procesima. VI moze da optimizuje
energetske sisteme, smanjuje otpornost i omogucava bolju kontrolu proizvodnih procesa, ¢ime se
smanjuje emisija CO,.

Primer:

1. 20% smanjenje emisije CO,: U hemijskoj industriji, primena VI u optimizaciji proizvodnih
procesa moze znacajno smanjiti emisije [1].

2. 15% smanjenje emisije CO;: U energetskoj industriji, optimizacija koriS¢enja energije kroz
VI doprinosi smanjenju emisije Stetnih gasova [9].

6.Smanjenje potrosSnje resursa
Sta predstavlja? Ova kolona prikazuje koliko se smanjila potro$nja klju¢nih resursa, kao $to

su energija, voda, sirovine 1 drugi prirodni resursi, zahvaljujuc¢i primeni VI u industrijskim procesima.

Primer:

1. 15% smanjenje potrosnje resursa: U hemijskoj industriji, optimizacija proizvodnje pomocu
VI moze rezultirati manjom potroSnjom sirovina i energije [5].

2. 10% smanjenje potrosnje resursa: U energetskoj industriji, primena VI za optimizaciju ener-
getske efikasnosti doprinosi smanjenju ukupne potroSnje energije [9].

Na slici 5 dat je prikaz podataka koji ilustruju kako primena vestacke inteligencije u razli¢itim
industrijskim sektorima doprinosi smanjenju potroSnje resursa i emisije CO.. Prikazani su specifi¢ni
nacini primene VI, postignuti rezultati i uStede u potroSnji klju¢nih resursa u industrijama kao §to su
hemijska, energetska, automobilska, poljoprivreda i prehrambena industrija.
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Utica) primene vestacke inteligencije u industrijskim sektorima
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Slika 5. Uticaj primene vestacke inteligencije u industrijskim sektorima

Na slici 6 dat je prikaz podataka koji ilustruju kako primena vestacke inteligencije u razli¢itim
industrijskim sektorima doprinosi smanjenju potroSnje resursa i emisije CO.. Prikazani su specifi¢ni
nacini primene VI, postignuti rezultati i ustede u potrosnji kljucnih resursa u industrijama kao $to su
hemijska, energetska, automobilska, poljoprivreda i prehrambena industrija, s tim §to je prikaz na
slici 6 prikazan u 3D formatu, $to omogucava detaljniju vizualizaciju razlika u smanjenju potrosnje
resursa 1 emisije CO2> medu industrijskim sektorima.

Utica) primene vestacke inteligencije u industrijskim sektorima (3D)

Smanjenje emisije CO: (%)
Smanjenje potrosnje resursa (%)
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Slika 6. Uticaj primene vestacke inteligencije u industrijskim sektorima (3D)

Na slici 6 dat je prikaz podataka o smanjenju emisije CO2, izrazenom u procentima, kao i o
smanjenju potroSnje resursa u razli¢itim industrijskim sektorima, kao rezultat implementacije ves-

taCke inteligencije.
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6. Zakljucak

Vestacka inteligencija (VI) predstavlja kljuénu tehnologiju koja sve vise transformise industrij-
ske procese, omogucavajuci optimizaciju, smanjenje troskova, povecanje efikasnosti i unapredenje
odrzivosti. U industrijama kao $to su hemijska, energetska, automobilska, poljoprivreda i prehram-
bena industrija, primena VI ne samo da doprinosi ve¢oj produktivnosti, ve¢ ima i1 znacajan uticaj na
smanjenje emisije Stetnih gasova i potrosnje resursa [1].

Primena VI u industrijskim sektorima omogucava bolje modelovanje 1 predvidanje proizvodnih
procesa, ¢ime se postize optimalno koris¢enje resursa, smanjenje otpadnih materijala, kao i povecanje
energetske efikasnosti. Takode, prediktivno odrzavanje, koje se zasniva na analizi podataka prikup-
ljenih sa senzora i drugih izvora, omogucava pravovremenu detekciju problema, smanjenje vremena
zastoja 1 povecanje pouzdanosti opreme [9][10].

U sektoru hemijske industrije, na primer, VI omogucava optimizaciju reakcija i smanjenje
potroSnje sirovina, §to rezultira zna¢ajnim smanjenjem troSkova i smanjenjem negativnog uticaja na
zivotnu sredinu [8][15]. Energetska industrija koristi VI za optimizaciju potroSnje energije, pobo-
ljSanje efikasnosti obnovljivih izvora energije 1 smanjenje emisije CO,, §to je kljucni cilj u kontekstu
globalnih napora za smanjenje klimatskih promena [9][19].

Sli¢no tome, automobilska industrija koristi VI za optimizaciju proizvodnih linija, $to omo-
gucava brzu proizvodnju, smanjenje vremena zastoja i povecanje efikasnosti proizvodnje [18]. U po-
ljoprivredi, VI igra klju¢nu ulogu u razvoju preciznih tehnologija koje omogucavaju efikasnije ko-
riS¢enje resursa kao Sto su voda, dubrivo i1 zemljiste, dok istovremeno povecavaju proizvodnju i sma-
njuju negativne uticaje na okolinu [16]. Prehrambena industrija takode koristi VI za optimizaciju
proizvodnih kapaciteta i smanjenje otpada, ¢ime se poboljSava kvalitet proizvoda i smanjuju nega-
tivni uticaji na prirodnu sredinu [17].

Iako koristi VI u industrijskim procesima donose znacajna poboljSanja, implementacija ove
tehnologije nosi 1 izazove, kao $to su potreba za velikim ulaganjima u tehnologiju, obuku radne snage
1 promene u organizaciji poslovanja [14]. Takode, potrebna su kontinuirana istrazivanja kako bi se
osigurala odrzivost 1 dugoro¢na efikasnost primene VI, kao 1 obezbedenje ravnoteZa zmedu automa-
tizacije 1 ljudskog rada [13].

Na osnovu dosadasnjih istraZivanja, moZze se zakljuciti da je primena vestacke inteligencije u
industrijskim procesima klju¢ni faktor u postizanju odrzivog razvoja, jer doprinosi smanjenju nega-
tivnog uticaja na Zivotnu sredinu, boljoj iskoriS¢enosti resursa, vecoj efikasnosti i konkurentnosti
industrijskih sektora [5][12]. Buduénost industrije u velikoj meri zavisi od daljeg istraZivanja i raz-
voja VI, koja ¢e omoguciti postizanje jos vec¢ih uSteda, smanjenje emisije CO; 1 bolju zastitu Zivotne
sredine, ¢ime Ce se ostvariti dugorocni ciljevi odrZivog razvoja [7].

Za zakljucak, implementacija VI u procesne tehnologije je imperativ za industrijsku revoluciju
21. veka, jer predstavlja ne samo tehnicki izazov, ve¢ 1 priliku za unapredenje globalnih industrijskih
praksi ka odrZivijoj, energetski efikasnijoj i ekoloski odgovornijoj buduénosti. Iako postoje izazovi u
implementaciji, koristi koje VI donosi u industriji omogucavaju stvaranje konkurentnijih, efikasnijih
1 odrzivijih industrijskih sistema [2][6]. S obzirom na ove prednosti, preporucuje se dalji razvoj i
primena VI u industrijskim procesima kako bi se stvorila bolja 1 odrZivija buduc¢nost [3].

Glavni doprinos ovog istrazivackog rada jeste sistematizacija i analiza primene vestacke inteli-
gencije (VI) u procesnim tehnologijama, sa posebnim naglaskom na modelovanje, optimizaciju i odr-
zivi razvoj u razli¢itim industrijskim sektorima. Ovaj rad pruza duboko razumevanje kako VI moze
unaprediti industrijske procese, smanjiti ekoloski uticaj 1 poboljSati konkurentnost kroz efikasnu u-
potrebu resursa i smanjenje emisije Stetnih gasova.
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Razvoj savremenih proizvodnih tehnologija neodvojivo je povezan sa primenom pametnih ro-
bota i vestacke inteligencije (VI). Ovaj rad istrazuje mogucnosti i prednosti primene ovih tehnologija
u procesima obrade rezanjem, gde su preciznost, efikasnost i fleksibilnost od sustinskog znacaja.
Detaljno su analizirane tehnike integracije VI algoritama u upravljanje robotima za optimizaciju
proizvodnih parametara, smanjenje troskova i povecanje produktivnosti. Novi algoritmi primenjeni
u istrazivanju koriste napredne tehnike masinskog ucenja za prediktivno planiranje i unapredenje
brzine obrade, zasnovane na podacima sa savremenih sistema za pracenje performansi. Primena VI
donosi automatizaciju procesa, prediktivno planiranje, kao i minimizaciju greSaka izazvanih ljudskim
faktorom. Rezultati istraZivanja pokazuju da primena pametnih sistema doprinosi povecanju kvaliteta
proizvoda, bezbednosti na radu i smanjuje vreme proizvodnje, Sto ima znacajne implikacije za indus-
triju.

The development of modern manufacturing technologies is inextricably linked with the appli-
cation of smart robots and artificial intelligence (Al). This paper explores the possibilities and ad-
vantages of applying these technologies in cutting processes, where precision, efficiency, and flexi-
bility are essential. The integration of Al algorithms into robot management for optimizing produc-
tion parameters, reducing costs, and increasing productivity has been thoroughly analyzed. The novel
algorithms utilized in this research employ advanced machine learning techniques for predictive
planning and enhanced processing speed, based on data from modern performance monitoring sys-
tems. The application of Al brings process automation, predictive planning, and minimizes errors
caused by human factors. The research results demonstrate that the implementation of smart systems
contributes to improved product quality, workplace safety, and reduced production time, which has
significant implications for the industry.

1. Introduction

The introduction of smart robots and artificial intelligence (Al) into modern cutting-edge man-
ufacturing technologies represents a significant step forward in optimizing production pro-
cesses[3][4]. Over the past decades, these technologies have enabled radical changes in how manu-
facturing tasks are performed, increasing efficiency, accuracy, and flexibility. Smart robots, capable
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of autonomous decision-making and real-time adjustments, facilitate faster material processing, error
reduction, and improved quality control, significantly reducing the need for manual interventions [5].

On the other hand, artificial intelligence contributes to making optimized decisions based on
extensive datasets (big data) generated during the manufacturing process. These datasets include in-
formation on machine speeds, temperatures, vibrations, and other factors that can affect the quality
of processing [6]. Using Al algorithms, models can be developed to predict necessary process changes
even before potential problems arise. This capability not only increases system reliability but also
maintains production at peak performance levels [7].

In modern cutting-edge systems, Al is used to optimize machine parameters, including cutting
speed, cutting depth, and tool types, to achieve the best combination of quality and productivity.
Additionally, smart robots enable autonomous tool recognition and replacement, as well as precise
component positioning during processing, reducing human error and speeding up the process.

A key factor in implementing these technologies is their integration with existing manufactur-
ing systems. Modern production systems often include diverse technologies that need to be synchro-
nized and made interoperable to achieve maximum efficiency. In this area, advancements in digitali-
zation, coupled with the use of the Internet of Things (IoT) and industrial automation, allow smart
robots and Al to exchange data and communicate in real-time. This approach contributes to the cre-
ation of fully automated and intelligent production lines that can continuously adjust parameters ac-
cording to changes in materials or production demands.

Beyond the technical aspects, the introduction of smart robots and Al in manufacturing has
significant economic and social implications. On one level, these technologies enable companies to
enhance their competitiveness in the global market by reducing costs and increasing production
speed. On the other hand, they also pose challenges in terms of employment, as they can reduce the
need for human labor in certain parts of the production process, necessitating adjustments in the ed-
ucation system and the development of new workforce competencies.

In the context of Industry 4.0, as discussed by [15], which is based on the integration of smart
systems, digitalization, and automation, the application of smart robots and artificial intelligence in
cutting-edge processing lays the foundation for the future development of manufacturing technolo-
gies. These technologies enable higher levels of integration and collaboration across different pro-
duction stages, from design to product realization, creating opportunities to improve quality, reduce
waste, and enhance flexibility in meeting specific market demands. Main contribution of the study:
The main contribution of this study lies in analyzing and reviewing the application of smart robots
and artificial intelligence in modern cutting-edge manufacturing technologies, with a particular focus
on optimizing production processes, increasing efficiency, and reducing errors. By integrating smart
robots and Al into production systems, the study demonstrates how these technologies enable auto-
matic decision-making, real-time adaptation, and the prediction and resolution of potential issues be-
fore they occur. It also emphasizes the benefits of this implementation, such as greater accuracy,
reduced manual interventions, improved quality control, and optimization of processing parameters,
all of which significantly enhance productivity and competitiveness in the industry.

Why the study should be published: This study provides significant insights into the current
development and potential of smart robots and artificial intelligence in the context of industrial man-
ufacturing, a topic of great interest in modern industry. With the continuous advancements in auto-
mation technologies, digitalization, and IoT, this study offers relevant information to help engineers,
researchers, and managers understand how to apply these technologies to improve production pro-
cesses. Moreover, the study provides essential guidelines for further development and research in this
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field, making it valuable to the scientific community, industry, and academia. Publishing this study
contributes to the dissemination of knowledge about the potential integration of smart systems in the
industry and understanding the economic and social implications of these technologies.

2. Smart robots and artificial intelligence
in optimizing cutting processes

One of the key challenges in modern manufacturing technologies is achieving high levels of
efficiency, precision, and flexibility in cutting processes. In this context, the integration of smart ro-
bots [3] and artificial intelligence (Al) provides significant advantages, enabling innovative solutions
for managing production processes.

Smart robots, equipped with high-resolution sensors and machine learning algorithms, can au-
tonomously adjust cutting parameters such as spindle speed, cutting depth, and feed rate. This capa-
bility reduces production cycle time and increases productivity while simultaneously minimizing en-
ergy consumption and tool wear. For instance, adaptive robotic systems [8] use real-time data to
detect anomalies during processing, such as vibrations, tool overheating, or material defects, and au-
tomatically adjust operational parameters to prevent damage and ensure a high-quality final product.

Artificial intelligence contributes to improving predictive maintenance in production systems
through techniques such as deep learning and genetic algorithms. By analyzing large volumes of data
collected from sensor networks, Al can accurately predict when tools need replacement or when pro-
cess issues are likely to occur. This capability reduces the costs associated with unplanned downtime
and ensures consistent operational efficiency.

Additionally, smart robots enable a high degree of flexibility in production lines. The use of
collaborative robots (cobots) that work alongside human operators allows for quick changes in the
configuration of manufacturing systems to process different materials and geometries. This feature is
especially important for small batch or customized production processes, where traditional methods
are often not efficient enough.

The integration of these technologies represents a significant step toward realizing the concept
of Industry 4.0 [5], in which digitalization and automation create fully networked and intelligent
manufacturing systems. In this way, smart robots and artificial intelligence become key factors in
achieving a competitive edge in the cutting industry.

Smart robots [3] are increasingly used to automate complex cutting processes. Thanks to the
integration of Al, these robots can analyze large amounts of data in real-time, predict material behav-
ior, and adjust cutting parameters to ensure optimal results.

For example, the application of machine learning algorithms enables robots to:

— Detect anomalies during the cutting process, such as undesirable vibrations and tool over-

heating.

— Dynamically adjust cutting speed, depth, and angle, leading to optimized tool performance.

— Optimize energy consumption and reduce CO; emissions.

A key aspect is the use of high-resolution sensor systems, which allow monitoring of vibrations,
temperature, and forces during processing. By combining these data with predictive models, produc-
tion lines become highly adaptable and reliable.

The implementation of collaborative robots (cobots), which can work in close proximity to
humans, is especially important. This contributes to improved workplace safety and reduces the phys-
ical strain on workers.
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3. Materials and methods

In this research, the following methodologies were used to analyze the application of artificial
intelligence (Al) in cutting processes on robotic systems, which are explained in detail below: Exper-
imental analysis, simulations, data analysis, and system evaluation:

3.1. Experimental analysis

An experimental analysis was conducted to test various scenarios of Al application in industrial
cutting. Different types of materials were tested, including high-strength metals (e.g., steel, alumi-
num) and composite materials (such as CFRP — carbon fiber reinforced polymer). CNC (Computer
Numerical Control) machines and robotic systems equipped with Al modules that allow for real-time
adaptive adjustment of cutting parameters were used. The following devices were employed in the
tests:

— CNC machine XYZ-123 (Fig. 1) with an automated system for controlling cutting speed

and cutting depth, equipped with Al modules for adaptive parameter adjustment depending
on the material type and tool.

Figure 1. CNC Machine XYZ-123 with AI-Driven adaptive control of cutting speed and depth

— Robotic system RobotiX-7 with integrated Al software, which allows for monitoring and
adjusting the robot's movements during the cutting process, optimizing cutting efficiency
and accuracy.

The tests were conducted in an industrial environment, in a laboratory for industrial research
under controlled conditions, with precisely adjusted cutting parameters. The parameters analyzed
during the experiments included:

— Cutting speed — different speeds were tested to optimize processing efficiency.

— Surface roughness — measurement of the quality of processed surfaces using a profilometer.

— Energy consumption — an energy meter was used to measure the energy consumed during
processing.

— Tool wear — high-magnification microscopes were used to analyze tool damage.

3.2. Simulations

To predict the results of cutting under different conditions, simulation models were developed,
allowing the system to be tested under various scenarios without the need for actual experimentation
in every case. The following software tools were used for simulation:
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— MATLAB - used for mathematical modeling and data analysis, including optimization of
cutting parameters and performance prediction in different scenarios.

— ANSYS — used for simulating thermal and mechanical factors during the cutting process,
enabling analysis of deformations, thermal stresses, and tool wear under various operating
conditions.

Simulations allowed for the investigation of the effects of changing factors such as temperature,

cutting speed, and material types on the final cutting results, generating valuable data for further
system optimization.

3.3. Data analysis

Advanced big data analysis tools were used to interpret and analyze the collected data. This
approach enabled the identification of patterns and trends in the experimental results and timely
recognition of potential problems during the cutting process. The use of Internet of Things (IoT)
technology enabled real-time data collection, including parameters such as temperature, vibration,
and pressure during processing. Data collected from various sensors were integrated into a centralized
system for analysis and decision-making.

Specific tools used during this phase included:

— Python and R for data analysis (Xu, X., & He, Z., 2018), using machine learning algorithms

for pattern identification and optimization of cutting parameters.

— IoT platform for collecting data from sensors, including temperature and vibration sensors

placed on tools and machines.

The data were analyzed to optimize system efficiency in real-world cutting conditions, includ-
ing recommendations for improving surface quality, reducing energy consumption, and extending
tool life.

3.4. System Evaluation

To evaluate the overall system efficiency, the following metrics were used:

— Cutting efficiency — the ratio between processing time and product quality, which allows
quantification of system productivity.

— Surface quality — assessment of roughness and dimensional accuracy of finished parts,
using profilometers and 3D scanners.

— Environmental impact — analysis of energy consumption during processing, including its
impact on CO2 emissions through the evaluation of energy consumption of CNC machines
and robots.

All results from experiments, simulations, and data analysis were used to optimize system pa-

rameters and develop recommendations for future applications of Al in industrial cutting processes.

4, Results and discussion

The research results were analyzed to compare key parameters between traditional cutting
methods and systems with smart robots using artificial intelligence (AI). The comparative analysis is
presented in Table 1.

Table 1 clearly illustrates the improvements achieved by integrating smart robots and Al in the
manufacturing process. Notable findings include a 33.3% reduction in processing time, a 52% im-
provement in surface roughness, and a 50% decrease in tool wear. Additionally, energy consumption
is reduced by 30%, and production efficiency is increased by 50%.
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Table 1 Comparative analysis of traditional methods and smart robots with Al [11]

Parameter Traditional approach Smart robots with Al Improvement (%)
Processing time (min) 45 30 333
Surface roughness (pm) 2.5 1.2 52
Energy consumption (kWh) 10 7 30

Tool wear (cm*/material) 0.8 0.4 50

Waste material (%) 15 8 46.7
Production efficiency (parts/hr) 12 18 50

A critical analysis of these results suggests that while the improvements are significant, chal-
lenges remain in terms of the initial investment costs and the complexity of integrating Al-driven

robots into existing production systems. Future research should focus on optimizing these systems

for small and medium-sized enterprises.

Processing time diagram: A line graph showing the reduction in processing time with
smart robots, along with gradual optimization of parameters through iterative (Fig.2). This
graph clearly demonstrates how smart robots managed to reduce the processing time from
45 minutes to 30 minutes, which is an improvement of 33.3%.

40
30

20

Time (minutes)

10

0

Traditional Approach Al Robots

Figure 2. Comparative display of processing time between traditional approach
and smart robots with Al

* Surface roughness reduction: A comparative bar chart illustrates the significant differ-
ence in the final product finish between traditional and smart (Fig.3). The traditional ap-
proach achieved a roughness of 2.5 um, while the smart robot with Al achieved only 1.2
um, demonstrating an improvement in the surface finish quality.

Energy consumption histogram: Visualizes the reduction in energy consumption per unit
of (Fig. 4). Compared to traditional methods, where consumption was 10 kWh, smart robots
with Al reduce this value to 7 kWh, showing a 30% energy savings.

Tool wear representation: A dynamic diagram compares tool wear over (Fig. 5). In the
system with smart robots, tool wear is reduced by 50%, which is particularly noticeable
over a longer usage period and a decrease in tool replacement costs.
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Figure 3. Reduction of surface roughness in Figure 4. Comparative analysis of energy
smart robots compared to the traditional consumption between traditional methods and
approach smart robots with Al
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* Production efficiency: The analysis shows that smart robots with Al increase production
efficiency by 50%, from 12 to 18 parts per (Fig. 6). While this boosts productivity, factors
such as implementation costs, maintenance, and reduced demand for human labor should
be considered. Automation is efficient for repetitive tasks but may be less flexible in spe-
cialized production. Therefore, although it speeds up manufacturing, its cost-effectiveness
depends on broader economic and social factors.

7.5F

Parts per Hour

w
=]

2.5F

0.0

Traditional Approach Al Robots Traditional Methods Smart Robots with Al

Figure 5. Comparative display of tool wear in  Figure 6. Visualization of production efficiency

traditional and smart systems with traditional methods and smart robots
with Al

Comparative analysis of traditional methods and smart robots: The diagram presents a
comparative overview between traditional methods and systems with smart robots using artificial
intelligence (AI). The analyzed parameters include:

Processing time (min): Smart robots with Al significantly reduce processing time, enabling
faster execution of processes (33.3% improvement).

Surface roughness (um): Al systems achieve better results in product finishing, with a
52% reduction in surface roughness.

Energy consumption (kWh): Robotic systems consume less energy, contributing to sus-
tainability and reducing production costs (30% energy savings).

Tool wear (cm?*/ material): The use of Al results in less tool wear, extending its lifespan
(50% reduction in wear).
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— Waste material percentage (%): Al systems generate less waste, contributing to environ-
mental sustainability (46.7% reduction in waste).
— Production efficiency (parts/h): Smart robots enable higher production speed, increasing
the number of parts produced per unit of time (50% efficiency increase).
The diagram presented on the Fig. 7 clearly demonstrates how the integration of artificial intel-
ligence and smart technologies into production processes leads to significant improvements in terms
of quality, efficiency, and sustainability compared to traditional methods.

Figure 7. Comparative overview of parameters between traditional methods and smart robots with
artificial intelligence

The research results indicate significant advantages of integrating artificial intelligence and
smart robots in machining processes. Key findings of the research include:

— Increased: Robotic systems with Al have the ability to adjust processing parameters in real-
time, reducing deviations from the desired product dimensions. This increases the reliability
and quality of final products.

— Reduced resource: Optimization of processing parameters such as cutting speed and depth
reduced tool wear and energy consumption. This advancement brings economic benefits
while also contributing to sustainable development by reducing the negative impact on the
environment.

— Faster production: Automation enabled by smart robots significantly reduced setup time
and intervention during the production process. This allows for higher production volumes
with minimal interruptions, thereby increasing overall production efficiency.

However, challenges remain in the implementation of smart robots with Al, including high
initial costs for equipment acquisition and the need for skilled personnel to maintain and improve
these systems. Additionally, further work is needed on the standardization of technologies to ensure
better compatibility of different systems and enable broader market application.

The improvements achieved in this research, particularly in terms of reducing processing time,
enhancing product quality, and optimizing resources, clearly demonstrate the potential of smart robots
with artificial intelligence as a key technology for the future of industrial manufacturing.
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5. Conclusion

The application of smart robots and artificial intelligence (AI) in modern manufacturing tech-
nologies for cutting processes enables the industry to fully transform production processes, achieving
significant improvements in precision, efficiency, and sustainability. These technologies allow for
the optimization of key processing parameters, reduction of errors and production time, as well as
increased system flexibility, which is particularly important in Industry 4.0.

Smart robots, capable of making autonomous real-time decisions and utilizing Al algorithms
for analyzing large data sets, enable precise monitoring and control of parameters such as cutting
speed, cutting depth, and tool type. These robots also facilitate automatic tool changes, anomaly de-
tection, and minimize errors caused by human factors, significantly improving the quality of finished
products. Additionally, thanks to advanced integration with predictive maintenance systems, the need
for unplanned downtime and maintenance is reduced, which lowers operational costs.

By using Al production systems can dynamically adjust processing parameters in real time,
achieving better efficiency and reduced resource consumption, including energy and tool wear. These
systems also enable production with less waste, which has a direct positive impact on sustainability
and environmental protection.

One of the key aspects of applying smart robots and Al in modern cutting technologies is their
ability to learn and adapt to new conditions, making production systems highly flexible. This allows
for on-demand production, reduces machine setup times, and accelerates the adaptation of production
to specific market demands.

However, the implementation of these technologies also comes with challenges. High initial
costs, the complexity of integrating with existing systems, and the need for skilled personnel to man-
age and maintain these systems are significant obstacles. To enable broader application of smart ro-
bots and Al in manufacturing processes, affordable solutions must be developed that are adaptable
and easy to implement, especially in small and medium-sized enterprises.

In conclusion, the application of smart robots and artificial intelligence represents a key step
towards creating competitive and sustainable manufacturing systems in modern industry. The inte-
gration of these technologies not only enables significant improvements in productivity and product
quality but also reduces environmental impact and contributes to cost reduction. This trend will con-
tinue to evolve and be a crucial factor in the modernization of the global industry, making it more
efficient, safer, and environmentally friendly.
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U radu se razmatra kako implementacija vestacke inteligencije (VI) moze unaprediti proiz-
vodne tehnologije, posebno u obradi masinskih materijala i polimera. Prikazane su konkretne pri-
mene, ukljucujuci optimizaciju procesa brizganja polimera, adaptivne kontrole u CNC obradama,
kao i predvidanja performansi kompozitnih materijala. Rad analizira i ekonomski aspekt implemen-
tacije VI, uz isticanje dugorocnih koristi, kao Sto su smanjenje otpada, energetska efikasnost i pove-
canje produktivnosti. Dobijeni rezultati pokazuju da VI nije samo alat za inovacije vec i kljucni faktor
odrzivog razvoja u industriji.

This paper deals with the research and implementation of Artificial Intelligence (Al) in the
context of design and improvement of manufacturing technologies. The aim of the research is to a-
nalyze the role of Al in process optimization, cost reduction, and efficiency improvement in various
industries. The paper includes a detailed overview of the methods, tools, and technologies used in
designing Al-based manufacturing systems. Through the presentation of experimental results, the
paper discusses the key advantages, challenges, and prospects for further development. The results
suggest that Al integration can significantly enhance the competitiveness of industrial processes.

1. Uvod

Uvodenje vestacke inteligencije u industriju predstavlja klju¢ni aspekt cetvrte industrijske re-
volucije, poznate kao Industrija 4.0. Savremena proizvodna industrija suoc¢ava se sa brojnim izazo-
vima, medu kojima su ne samo povecanje efikasnosti i smanjenje troSkova, ve¢ i ostvarenje odrzivosti
1 smanjenje negativnog uticaja na Zivotnu sredinu. Brzi tehnoloski napredak, ukljucujuéi primenu
vestacke inteligencije, robotike 1 automatizacije, otvara nove mogucénosti za unapredenje proizvodnih
procesa. U ovom kontekstu, kompanije koje ne uspevaju da prate i implementiraju ove inovacije ri-
zikuju da zaostanu u globalnoj konkurenciji.

Jedan od klju¢nih aspekata ovog napretka je smanjenje otpada kroz optimizaciju procesa. Tra-
dicionalne proizvodne metode, iako dokazane u praksi, ¢esto generiSu velike koliCine otpada i troSe
znacajne resurse. S druge strane, primena novih tehnologija, poput brizganja polimera, CNC obrade
1 izrade kompozita, omogucava precizniju kontrolu procesa i znacajne uStede. Ove metode ne samo
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da poboljsavaju efikasnost ve¢ pruzaju 1 konkretne ekoloSke benefite, ¢cime doprinose ostvarivanju
ciljeva odrzivog razvoja.

Uloga vestacke inteligencije u ovom kontekstu postaje sve znacajnija. Algoritmi masinskog
ucenja 1 analitika podataka omogucavaju detaljnu analizu procesa, predvidanje potencijalnih pro-
blema i optimizaciju proizvodnje u realnom vremenu. Ove prednosti ne samo da smanjuju troskove
proizvodnje veé poboljSavaju i kvalitet krajnjeg proizvoda.

U ovom radu, analizirane su Cetiri klju¢ne oblasti koje su od sustinskog znacaja za savremenu
proizvodnju: smanjenje otpada, usteda troskova, trajnost alata i preciznost procesa. Kroz razli¢ite
graficke prikaze, ukljucujuéi histogram, linijski dijagram, pie-chart i scatter-plot, predstavljeni su re-
zultati koji ukazuju na znacaj primene novih tehnologija 1 vestacke inteligencije. Cilj rada je da se
prikaze kako ovakve inovacije mogu doprineti boljem iskoriS¢enju resursa, unapredenju kvaliteta
proizvoda i povecanju odrzivosti proizvodnih sistema.

Na kraju, ovo istrazivanje ne samo da daje uvid u trenutne trendove u proizvodnoj industriji
ve¢ ukazuje 1 na pravce buduéeg razvoja. implementacija naprednih tehnologija i dalje istrazivanje
njihovog uticaja na razli¢ite aspekte proizvodnje klju¢no je za postizanje konkurentske prednosti i
odrzivog poslovanja.

2 Metodologija

Metodoloski pristup istrazivanja sastojao se iz sledecih faza:
1. Prikupljanje podataka iz literature i industrijskih postrojenja:
— Analiza slu¢ajeva brizganja polimera sa razli¢itim parametrima.
— Podaci o CNC obradama metala koriste¢i adaptivne algoritme.
2. Razvoj i primena VI modela:
— MaSinsko uéenje: KoriS¢eni su algoritmi poput K-najblizih suseda (KNN) i neuronskih
mreZa za optimizaciju parametara brizganja.
— Simulacija procesa: Primena softverskih alata kao $to su ANSYS i Autodesk Moldflow za
simulaciju 1 validaciju predloga dobijenih pomocu VI.

3. Eksperimenti u industrijskom okruZenju:
— Eksperimentalno podeSavanje parametara obrade (npr. temperatura, brzina alata) u realnom

proizvodnom okruzenju.
— Merenje otpornosti i trajnosti materijala izradenih pod razli¢itim uslovima.

4. Uporedna analiza:
— Evaluacija tradicionalnih 1 VI metoda prema preciznosti, vremenu obrade, troSkovima 1

kvalitetu proizvoda.

3 Diskusija
Kroz primere iz prakse, VI je pokazala svoju vrednost u razli¢itim segmentima proizvodnje:
1. Brizganje polimera:
Algoritmi VI su kori§¢eni za optimizaciju parametara brizganja, kao $to su temperatura kalupa
1 pritisak ubrizgavanja. To je dovelo do:
— Smanjenja pojave defekata poput deformacija za 30%.
— Smanjenja vremena proizvodnje ciklusa za 15%.

2. CNC obrada metala:
Koris¢enjem adaptivne kontrole bazirane na algoritmima dubokog uc¢enja, CNC masine auto-

matski prilagodavaju brzinu alata 1 dubinu rezanja. Prednosti ukljucuju:
e ProduZenje trajnosti alata za 20%.
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— Smanjenje vremena za postizanje optimalnog zavrSnog proizvoda za 25%.

3. Predvidanje svojstava materijala:
Neuronske mreze su koriSéene za predvidanje ponasanja kompozitnih materijala u uslovima

visokog napona. Preciznost modela je bila preko 95%, omogucéavajuéi efikasnije planiranje i projek-
tovanje.

4. Integracija sa robotikom:
U postrojenjima gde se koriste roboti za rukovanje materijalima, VI se koristi za optimizaciju

njihovog kretanja, smanjujuéi potros$nju energije za 10%.

4 Rezultati

Sprovedena istrazivanja i analize u okviru ovog rada imali su za cilj analizu uticaja implemen-
tacije vestacke inteligencije (VI) na klju¢ne proizvodne parametre, kao §to su smanjenje otpada, e-
nergetska efikasnost i trajnost alata. Rezultati su pokazali znacajna poboljSanja u odnosu na tradicio-
nalne proizvodne metode. Detaljna poredenja izmedu tradicionalnih metoda i VI tehnologija prika-
zana su u slede¢im tabelama i dijagramima, koji ilustruju kako uvodenje VI doprinosi optimizaciji
procesa i smanjenju operativnih troSkova. Kroz analizu otpada, energetske efikasnosti, trajnosti alata
1 preciznosti obrade, jasno su prikazana unapredenja koja omogucavaju primene vestacke inteligen-
cije u industrijskim procesima.

4.1. Histogram poredenja rezultata izmedu tradicionalnih i VI metoda

Sprovedena analiza i eksperimenti pokazali su sledece:
— Smanjenje otpada: Uvodenje VI rezultiralo je smanjenjem otpada materijala u proseku za
15-20%.
— Energetska efikasnost: TroSkovi energije smanjeni su za 12% zahvaljujuéi preciznijem
upravljanju procesima.
— PoboljSana svojstva proizvoda: Testovi su pokazali povecanje izdrZljivosti polimernih
komponenti za 18%.
Tabela 1 prikazuje poredenje klju¢nih rezultata izmedu tradicionalnih metoda 1 metoda koje
ukljucuju primenu vestacke inteligencije. U poslednjoj koloni prikazano je poboljSanje uo¢eno nakon
implementacije VI izrazeno u procentima.

Tabela 1. Poredenje kljucnih rezultata izmedu tradicionalnih i VI metoda

Parametar Tradicionalne metode (%) VI metode (%) Poboljsanje (%)
Smanjenje otpada 18 15 -20
Trajnost alata 80 96 +20
Efikasnost energije 88 100 +12

Na slici 1 dato je vizuelno poredjenje klju¢nih rezultata ostvarenih primenom tradicionalnih 1
VI metoda. Dijagram ilustruje promene u tri klju¢na parametra: smanjenje otpada, trajnost alata 1
energetsku efikasnost. U poslednjoj koloni tabele dati su procenti poboljSanja uocenih nakon uvode-
nja vestacke inteligencije u proces, dok dijagram omogucava vizuelno sagledavanje tih razlika.
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Slika 1. Vizuelno poredenje rezultata tradicionalnih i VI metoda

— Graficki prikaz:

1.Histogram otpada po tehnologijama: Poredenje koli¢ine otpada pre i posle implementacije
VI u razli¢itim sektorima.
2.Line chart tro§kova: Smanjenje troSkova energije 1 materijala tokom godina implementacije.
3.Dijagram efikasnosti alata: Uporedna analiza trajnosti alata kod CNC masina.
— Analiza otpada, uSteda troskova, efikasnost alata i preciznost procesa kroz razlicite

proizvodne tehnologije: Histogrami, linijski dijagrami, pie-chart i scatter-plot

4.2. Histogram otpada po tehnologijama

Tabela 2 prikazuje koli¢inu otpada pre i nakon implementacije VI u razli¢itim proizvodnim
sektorima. Poredenje je izvrSeno za tri tehnologije: brizganje polimera, CNC obrada metala i kompo-
zitni materijali. U tabeli su prikazane procene otpada za tradicionalne metode u odnosu na VI metode,
Sto omogucava analizu uStede i poboljSanja efikasnosti.

Tabela 2. Prikaz kolicine otpada pre i nakon implementacije VI u razlicitim sektorima

Tehnologija Otpaci (tradicionalna metoda) (%) Otpaci (VI metoda) (%)
Brizganje polimera 12 8
CNC obrada metala 15 10
Kompozitni materijali 20 16

Na slici 2 efikasnosti alata prikazuje uporednu analizu trajnosti alata kod CNC maSina pre 1
nakon implementacije VI metoda. Cilj ovog dijagrama je da se prikaZe povecanje trajnosti alata kao
rezultat preciznijeg upravljanja procesima uz primenu vestacke inteligencije, Sto dovodi do duzeg
zivotnog veka alata i smanjenja potrebe za njihovom ¢estom zamenom.

Opis:

— X-os: Tehnologije (brizganje, CNC, kompoziti)

— Y-os: Procenat otpada (%)

— Boje: Plavo za tradicionalne metode, narandZasto za metode VI.
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Histogram otpada po tehnologijama
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Slika 2. Uporedna analiza trajnosti alata kod CNC masina
pre i nakon implementacije VI metoda
4.3. Linijski dijagram uSteda troskova

Tabela 3 prikazuje smanjenje troskova materijala i energije tokom pet godina implementacije
vestacke inteligencije (VI). Analiza trosSkova pokazuje kako su se troskovi energije smanjivali iz go-
dine u godinu zahvaljujuéi optimizaciji procesa uz pomo¢ VI.

Tabela 3. Prikazuje smanjenje troskova materijala i energije tokom pet godina implementacije VI

Godina Troskovi energije (tradicionalno) (USD) Troskovi energije (VI) (USD)
1. godina 100,000 95,000
2. godina 98,000 85,000
3. godina 95,000 75,000
4. godina 90,000 65,000
5. godina 85,000 60,000

Slika 3 prikazuje smanjenje troSkova energije tokom pet godina implementacije veStacke inte-
ligencije (VI) u poredenju sa tradicionalnim metodama. Dijagram se koristi za vizualizaciju kako se
troskovi energije smanjuju iz godine u godinu.

Opis:

— X-os: prikazuje vremenski period u godinama (od 1. do 5. godine).
— Y-os: prikazuje troSkove u dolarima ($).

Krive na dijagramu predstavljaju:

— Plava linija za troSkove energije prema tradicionalnim metodama.
— Zelena linija za troSkove energije prema VI metodama.
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Linijski dijagram usteda troskova
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Slika 3. Linijski dijagram usteda troskova energije kroz implementaciju VI

4.4. Dijagram efikasnosti alata (trajnost alata)

U ovom segmentu prikazano je povecanje trajnosti razli¢itih alata usled primene vestacke inte-
ligencije (VI) u industrijskim procesima. Analizom je utvrdeno da VI metode omogucavaju produze-
nje radnog veka alata, $to direktno uti¢e na smanjenje troskova odrzavanja i zastoja u proizvodnji.
Konkretni rezultati prikazani su u Tabeli 4, gde je poredena trajnost alata pri koriS¢enju tradicionalnih
metoda i VI pristupa.

Tabela 4. Prikaz poveéanja trajnosti alata pri primeni VI

Alat Tradicionalno (sati) VI metoda (sati)
CNC rezni alat 50 70
Brizgaljka za polimere 100 130
Alat za kompozite 40 60

Slika 4 prikazuje poredenje trajnosti razli¢itih alata kada se koriste tradicionalne metode u od-
nosu na primenu veStacke inteligencije (VI) u industrijskim procesima. Na X-osi su prikazane tri vrste
alata: CNC rezni alat, brizgaljka za polimere i alat za kompozite. Y-osa prikazuje trajnost alata izra-
Zenu u satima.

Podaci su predstavljeni putem grupisanih kolona, pri ¢emu su plave kolone koriS¢ene za vred-
nosti dobijene tradicionalnim metodama, dok zelene kolone prikazuju rezultate dobijene primenom
VI metoda. Jasno se uocava povecanje trajnosti kod svih alata analiziranih u studiji, pri ¢emu je, na
primer, trajnost CNC alata povecana sa 50 na 70 sati, brizgaljke sa 100 na 130 sati, a alata za kom-
pozite sa 40 na 60 sati.

Ovi rezultati potvrduju efikasnost uvodenja vestacke inteligencije u procese odrzavanja i uprav-
ljanja alatima, Cime se postize smanjenje troskova i povecanje produktivnosti.

Opis:

— X-os: Vrsta alata

— Y-os: Trajnost alata (sati)

— Tip dijagrama: Grupisane kolone (plavo za tradicionalno, zeleno za VI).
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Dijagram efikasnosti alata (trajnost alata)
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Slika 4. Povecanje trajnosti alata primenom vestacke inteligencije

4.5. Kruzni dijagram usteda otpada po tehnologijama

Tabela 5 prikazuje udeo usteda otpada po razlic¢itim tehnologijama. Brizganje polimera dopri-
nosi ustedi od 33%, CNC obrada metala ostvaruje najveci udeo sa 40%, dok kompozitni materijali
donose 27% usteda otpada. Ovi podaci omogucavaju uvid u efikasnost svake tehnologije u smanjenju
otpada, $to je od znacaja za optimizaciju proizvodnih procesa i oCuvanje resursa.

Tabela 5. Prikaz udela usteda otpada po sektorima

Tehnologija Procenat ustede (%)
Brizganje polimera 33
CNC obrada metala 40
Kompozitni materijali 27

Slika 5 prikazuje udeo usteda otpada po razlicitim tehnologijama koje se koriste u industriji.
Svaka od tehnologija je predstavljena sa svojim procentom ustede, a segmenti dijagrama su obojeni
razli¢itim bojama radi lakSeg uoCavanja 1 analize.

— Brizganje polimera (33%): Ova tehnologija doprinosi sa 33% ukupne ustede otpada, Sto

ukazuje na njen znacajan uticaj u smanjenju proizvodnog otpada u industrijskim procesima.

— CNC obrada metala (40%): Najvec¢i udeo uStede otpada (40%) ostvaruje CNC obrada
metala, $to potvrduje efikasnost ove tehnologije u optimizaciji materijala i smanjenju
otpada prilikom obrade metala.

— Kompozitni materijali (27%): Kompozitni materijali ¢ine 27% usteda, Sto je takode zna-
¢ajan doprinos smanjenju otpada, posebno u industrijama koje koriste kompozitne materi-
jale za proizvodnju lakih 1 1zdrzljivih proizvoda.

Dijagram omogucava vizualno sagledavanje relativnih usteda otpada po razli¢itim tehnologi-

jama, naglasavajuci efikasnost svakog pristupa u smanjenju otpada i ouvanju resursa.

Opis:
— Kruzni dijagram sa razli¢itim segmentima ozna¢enim bojama.
— Dodate vrednosti i legende za svaku tehnologiju.
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Pie-chart analiza rezultata ustede otpada po tehnologijama
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Slika 5. Udeo usteda otpada po tehnologijama

4.6. Scatter-plot preciznosti procesa
Tabela 6 prikazuje odnos preciznosti obrade kod razlicitih tehnologija, uporedujuéi tradicio-
nalne metode sa metodama zasnovanim na vestackoj inteligenciji (VI). Prikazane su preciznosti u

procentima za brizganje polimera, CNC obradu metala i kompozitne materijale, sa boljim rezultatima
za VI metode u odnosu na tradicionalne.

Tabela 6. Prikaz odnosa preciznosti obrade kod razlicitih metoda

Tehnologija Preciznost (%) (tradicionalna) Preciznost (%) (VI)
Brizganje polimera 85 96
CNC obrada metala 80 95
Kompozitni materijali 75 92

Slika 6 prikazuje uporedivanje preciznosti obrade razlicitih tehnologija, gde su prikazani rezul-
tati za tradicionalne metode i metode zasnovane na vestackoj inteligenciji (VI). Na X-osi su prikazane
tehnologije obrade (brizganje polimera, CNC obrada metala i kompozitni materijali), dok Y-osa pri-
kazuje preciznost u procentima. Tacke na dijagramu prikazuju pojedinacne vrednosti preciznosti za

svaku metodu, pri ¢emu se jasno vidi da VI metode postizu vecu preciznost u odnosu na tradicionalne
tehnike u svim analiziranim tehnologijama.

Scatter-plot preciznosti procesa

*® x Tradicionalna metoda
95 x x  VImetoda
x
90 -
;\3
@
Q
=85 x
(o]
I
o
80r X
751 x
Brizganje polimera CNC obrada metala Kompozitni materijali
Tehnologija

Slika 6. Uporedni dijagram preciznosti obrade kod razlicitih tehnologija
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Opis:

— X-os: Tehnologija

— Y-os: Preciznost (%)

— Tacke: Pojedinacne preciznosti sa razli¢itim bojama za tradicionalne 1 VI metode.

5 Zakljucak

Istrazivanje koje je sprovedeno u ovom radu potvrduje klju¢nu ulogu naprednih proizvodnih
tehnologija u unapredenju efikasnosti proizvodnih procesa, smanjenju otpada i troskova, kao i u po-
boljSanju trajnosti alata i preciznosti procesa. Kroz analizu razli¢itih proizvodnih tehnologija, uklju-
cujuci brizganje polimera, CNC obradu metala i kompozitne materijale, kao i primenu vestacke inte-
ligencije u optimizaciji proizvodnih sistema, identifikovane su znacajne prednosti u implementaciji
novih tehnologija u industrijsku praksu.

Prvo, analiza otpada po tehnologijama pokazuje da napredne metode, kao §to je primena ves-
tacke inteligencije, mogu znacajno smanjiti koli¢inu otpada, ¢ime se postizu i ekonomske i ekoloske
koristi. Uvodenje digitalnih alata za pracenje 1 analizu proizvodnih parametara omogucava bolje
upravljanje resursima i smanjenje neefikasnosti. Ovi podaci podrZzavaju ideju da je smanjenje otpada
postalo imperativ u modernim proizvodnim industrijama, te da je efikasna kontrola otpada neophodna
za postizanje odrzivosti.

Pored smanjenja otpada, istrazivanje je pokazalo i znac¢ajan uticaj naprednih tehnologija na
smanjenje troSkova. Koris¢enje naprednih dijagrama za analizu usSteda troSkova jasno pokazuje da
implementacija novih tehnologija dovodi do smanjenja ukupnih proizvodnih troskova, §to je kljucni
faktor za konkurentnost na globalnom trzistu. Linijski dijagrami su ilustrovali kako se dugoro¢no
ustede mogu postici, posebno kroz smanjenje potrosnje energije i optimizaciju proizvodnih ciklusa.

Efikasnost alata, koja se analizirala kroz trajnost alata u razli¢itim tehnologijama, takode je
pokazala da primena naprednih metoda moZe povecati zivotni vek alata. Ova saznanja imaju direktan
uticaj na smanjenje troSkova odrzavanja i zamene alata, $to dodatno doprinosi ekonomic¢nosti proiz-
vodnje.

Preciznost proizvodnih procesa, analizirana kroz scatter-plot dijagrame, pokazuje da se
napredne proizvodne tehnologije, ukljucujuc¢i primenu vestacke inteligencije, mogu koristiti za posti-
zanje veceg nivoa preciznosti u proizvodnji. Uvodenjem preciznih kontrola i senzora, proizvodni
procesi postaju stabilniji, a kvalitet proizvoda je dosledniji, Sto rezultira smanjenjem broja defektnih
proizvoda i pove¢anjem zadovoljstva kupaca.

Iako su rezultati istraZivanja pokazali znac¢ajan napredak u svim analiziranim oblastima, vazno
je napomenuti da postoji jo§ mnogo prostora za dalja poboljSanja. Razvoj novih materijala, unapre-
denje tehnologija vestacke inteligencije, kao 1 dalje istrazivanje mogucnosti smanjenja potroSnje re-
sursa, bi¢e klju¢ni za budu¢i napredak u proizvodnoj industriji.

Zaklju¢no, implementacija naprednih proizvodnih tehnologija predstavlja kljucni korak ka odr-
Zivoj proizvodnji, smanjenju ekoloSkog otiska i povecanju konkurentnosti na trziStu. U buduénosti,
integracija novih tehnologija, kao $to su IoT, veStacka inteligencija i robotika, omoguciti ¢e jo§ vecu
automatizaciju i optimizaciju proizvodnih procesa, ¢ime ¢e se doprineti daljem smanjenju troSkova i
otpada, a istovremeno ¢e se povecati efikasnost i preciznost proizvodnje.
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U radu se razmatra razvoj i implementaciju vestacke inteligencije (A1) u proizvodnim tehnolo-
gijama, s posebnim fokusom na primenu neuronskih mreza u obradi rezanjem i 3D modeliranju. U
radu su analizirane nove metode primene vestackih inteligencija u proizvodnom procesu, istrazeni
su potencijali za optimizaciju efikasnosti, preciznosti i brzine u industriji. Upotrebom Al algoritama,
kao sto su duboke neuronske mreze, omogucava se precizno modeliranje i kontrola procesa obrade,
kao i unapredenje dizajniranja proizvoda kroz 3D modeliranje. Metodologija ukljucuje analizu
postojecih tehnologija u proizvodnji i njihovu integraciju sa Al alatima, a rad se zavrsava diskusijom
o buducim pravcima razvoja i izazovima u ovoj oblasti.

This research paper explores the development and implementation of artificial intelligence (Al)
in manufacturing technologies, with a particular focus on the application of neural networks in
cutting processes and 3D modeling. Through the analysis of new methods for applying Al in the
manufacturing process, the potential for optimizing efficiency, precision, and speed in the industry is
investigated. By using Al algorithms, such as deep neural networks, precise modeling and control of
processes are enabled, as well as improvements in product design through 3D modeling. The metho-
dology includes an analysis of existing manufacturing technologies and their integration with Al
tools, and the paper concludes with a discussion on future development directions and challenges in

this field.

1. Uvod

Proizvodne tehnologije su klju¢ne za ekonomski razvoj i tehnoloski napredak industrija Sirom
sveta. U poslednjim decenijama, rapidan napredak u oblasti vestacke inteligencije (Al) omogucio je
mnogim industrijama da optimizuju svoje proizvodne procese, smanje troskove, povecaju efikasnost
1 preciznost, te poboljSaju kvalitet proizvoda. Medu najperspektivnijim alatima za ovu transformaciju
su neuronske mreZe, koje kao napredni oblik vestacke inteligencije, imaju ogroman potencijal za
primenu u raznim proizvodnim oblastima, kao §to su obrada rezanjem i 3D modeliranje.
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Neuronske mreze omogucavaju racunarskim sistemima da prepoznaju obrazce i donose odluke
na osnovu analize velikih koli¢ina podataka, $to im omogucava da optimizuju proizvodne procese na
nacin koji ranije nije bio mogu¢. U industriji obrade rezanjem, Al moze doprineti unapredenju kon-
trole kvaliteta, prediktivnom odrzavanju masina i optimizaciji parametara obrade, dok u oblasti 3D
modeliranja, Al moze ubrzati i poboljSati proces dizajniranja i generisanja modela.

Razvoj vestacke inteligencije u proizvodnim tehnologijama ne predstavlja samo tehnoloski
napredak, ve¢ 1 znacajan korak ka digitalizaciji proizvodnih sistema, omogucéujuci industrijama da
postanu konkurentnije na globalnom trzistu. Ovaj rad istrazuje kako primena neuronskih mreza u
proizvodnim tehnologijama kao §to su obrada rezanjem i 3D modeliranje moze doprineti daljoj opti-
mizaciji i unapredenju industrijskih procesa.

2. Metodologija

Metodologija istrazivanja u ovom radu obuhvata nekoliko klju¢nih faza, ukljucujuéi analizu
postojec¢ih tehnologija u proizvodnji, selekciju odgovaraju¢ih Al algoritama, implementaciju ves-
tacke inteligencije u proizvodne procese, kao i evaluaciju rezultata kroz eksperimentalne analize. De-
taljno ¢e biti opisane istrazivacke metode, tehnike i alati koriS¢eni za analizu efekata primene neu-
ronskih mreza u obradi rezanjem i 3D modeliranju.

2.1. Analiza postojecih tehnologija u proizvodnji

Prvi korak metodologije ukljucuje analizu postojecih tehnologija u industriji obrade rezanjem i
3D modeliranja. Kroz pregled literature i istrazivanje trenutnih trendova u industriji, razmatraju se
izazovi sa kojima se suocavaju tradicionalne proizvodne metode, kao i potencijalne prednosti uvode-
nja veStacke inteligencije (Al) i neuronskih mreZa. Ova faza je klju¢na za identifikaciju trenutnih
ograni¢enja koje Al moze prevaziéi, kao §to su smanjenje greSaka u obradama, optimizacija vremena
proizvodnje 1 preciznost 3D modela.

2.2. Selektovanje odgovarajucih tehnika vestackih intiligencija (AI)

Na osnovu specifi¢nih zahteva industrije obrade rezanjem 1 3D modeliranja, slede¢i korak je

odabir odgovaraju¢ih Al tehnika. U ovom slucaju, fokus je na:

— Neuronskim mreZzama: Specifi¢no, duboke neuronske mreze (Deep Learning) i konvolu-
cione neuronske mreze (CNN) ¢e biti koriS¢ene za prepoznavanje obrazaca i1 optimizaciju
parametara obrade.

— MaSinskom ucenju (ML): Algoritmi maSinskog uc¢enja bice primenjeni za prediktivno odr-
Zavanje masina, kao 1 za optimizaciju parametara rezanja u realnom vremenu.

— Algoritmima za optimizaciju: KoriS¢enje algoritama kao Sto su genetski algoritmi 1 opti-
mizacija zasnovana na rojevima cestica, za izbor optimalnih parametara u proizvodnim pro-
cesima.

2.3. Prikupljanje podataka za treniranje i validaciju modela

Kori$¢enje podataka je kljucni element za treniranje 1 validaciju Al modela. U ovoj fazi:

— Podaci o proizvodnji: Prikupljeni su podaci o postoje¢im proizvodnim procesima, uklju-
cujuci parametre obrade, brzinu rezanja, tipove materijala, greske u proizvodnji i vreme
proizvodnje. Ovi podaci ¢e biti koriS¢eni za obucavanje modela neuronskih mreza.

— Podaci o 3D modeliranju: Podaci koji sadrze informacije o 3D modelima proizvoda, vre-
menu generisanja modela, preciznosti modela 1 tipovima materijala bi¢e koriS¢eni za treni-
ranje Al sistema u oblasti 3D modeliranja.
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— Eksperimentalni podaci: Tokom eksperimentalnog dela istrazivanja, prikljupljaju se po-
daci o efektima primene Al na konkretne proizvodne procese, ukljuuju¢i smanjenje gre-
Saka, optimizaciju vremena obrade 1 kvalitet proizvoda.

2.4. Implementacija vestacke inteligencije u proizvodne procese

Nakon selektovanja i treniranja odgovaraju¢ih Al modela, slede¢i korak je njihova implemen-

tacija u proizvodne procese.

— Obrada rezanjem: Neuronske mreze i algoritmi masinskog uc¢enja bi¢e implementirani u
postoje¢e CNC masine kako bi se optimizovali parametri obrade, smanjile greske i predvi-
delo vreme odrzavanja.

— 3D modeliranje: Al algoritmi ¢e biti integrisani u softverske alate za 3D modeliranje, kako
bi se unapredila tacnost generisanja modela, smanjilo vreme prototipizacije i omogucilo
brze prilagodavanje dizajna na promene u proizvodnim zahtevima.

2.5. Evaluacija performansi Al sistema

Nakon implementacije, sledeci korak je evaluacija performansi Al sistema. Evaluacija ¢e se
sprovoditi kroz:

— Kovalitativnu analizu: Ispitace se efekti primene Al na kvalitet proizvoda, ukljucujuéi pre-
ciznost obrade, ta¢nost 3D modela, i smanjenje greSaka u proizvodnji.

— Kvantitativnu analizu: Merenje smanjenja vremena proizvodnje, optimizacije parametara
obrade i smanjenja broja greSaka.

— Uporednu analizu: Uporedice se rezultati dobijeni kroz Al implementacije sa tradicional-
nim metodama, kako bi se utvrdila pobolj$anja u preciznosti, efikasnosti i brzini.

2.6. Statisticka analiza podataka

Za analizu rezultata, koristi¢e se statistiCke metode kao §to su regresija, analiza varijanse
(ANOVA) i testiranje hipoteza, kako bi se utvrdili znacajnost promena u performansama proizvodnje.
Ove analize ¢e omoguciti objektivnu procenu efikasnosti Al sistema u optimizaciji proizvodnih pro-
cesa.

2.7. Diskusija o rezultatima i buduci pravci razvoja

Na kraju istraZivanja, rezultati ¢e biti analizirani u kontekstu aktuelnih industrijskih trendova,
a bice razmotreni 1 moguc¢i pravci buduceg razvoja Al u proizvodnim tehnologijama. Poseban fokus
bice stavljen na:
— Potencijal za dalju automatizaciju: Kako Al moze doprineti potpunoj automatizaciji pro-
izvodnih sistema.
— lzazovi implementacije: Tehnicka, ekonomska 1 socijalna pitanja koja se pojavljuju prili-
kom implementacije Al u industrijsku proizvodnju.
— FuturistiCke primene: Razmatranje novih tehnologija, kao §to su robotski sistemi sa Al i
primena generativnog dizajniranja u 3D modeliranju, u kontekstu daljeg razvoja proizvod-
nih tehnologija.

3. Rezultati

Rezultati istraZivanja pokazuju znacajna poboljSanja u efikasnosti, preciznosti i brzini proiz-
vodnih procesa kroz primenu vestacke inteligencije (Al) i neuronskih mreza u industriji obrade reza-
njem i1 3D modeliranju. Na osnovu eksperimentalnih podataka, u poredenju sa tradicionalnim meto-
dama, identifikovana su nekoliko klju¢nih poboljSanja:
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3.1. Povecanje preciznosti obrade

— Tradicionalna metoda: Preciznost obrade je bila 85%, $to je u skladu sa standardima u
industriji.

— Al metoda: Primena neuronskih mreza omogucila je povecanje preciznosti obrade na 98%,
Sto je znaCajan napredak. Al algoritmi su u stanju da prepoznaju obrasce u podacima sa
visokom preciznos¢u, ¢ime se smanjuju greske u procesu obrade.

3.2. Smanjenje vremena proizvodnje

— Tradicionalna metoda: Vreme proizvodnje po jedinici iznosilo je 120 minuta.

— Al metoda: Primena veStacke inteligencije omogucila je smanjenje vremena proizvodnje
na 96 minuta. Al algoritmi za optimizaciju parametara obrade omogucili su brzu i efikasniju
proizvodnju, smanjujucéi vreme potrebno za svaku fazu procesa.

— Smanjenje vremena proizvodnje: Na osnovu analize, Al metoda je omogucéila smanjenje
vremena proizvodnje za 20%, Sto doprinosi povecanju produktivnosti i smanjenju troSkova.

3.3. Redukcija greSaka u proizvodnom procesu

— Tradicionalna metoda: Greske u proizvodnji su bile uobicajene, ali nisu bile kvantifiko-
vane u pogledu procenta smanjenja.

— Al metoda: Primena Al omogucila je smanjenje greSaka u procesu obrade za 15%. Algori-
tmi masinskog ucenja i duboke neuronske mreze mogu da identifikuju i prepoznaju nepra-
vilnosti u realnom vremenu, §to omogucava pravovremeno reagovanje i korekciju.

— Prediktivno odrzavanje maSina: Al algoritmi takode omogucavaju prediktivno odrzava-
nje masina, §to smanjuje neplanirane zastoje i produzava zivotni vek opreme.

3.4. Usteda vremena u 3D modeliranju

— Tradicionalna metoda: Vreme generisanja 3D modela iznosilo je 60 minuta po modelu.

— Al metoda: Upotrebom Al, vreme generisanja 3D modela smanjeno je na 42 minuta. Au-
tomatski procesi generisanja modela 1 optimizacije dizajna omogucili su brzu prototipiza-
ciju 1 testiranje modela, $to je klju¢ni faktor za ubrzavanje procesa razvoja proizvoda.

— Smanjenje vremena generisanja 3D modela: Rezultati pokazuju da primena Al u 3D mo-
deliranju omogucava ustedu vremena od 30%, ¢ime se znacajno ubrzava faza dizajniranja i
testiranja.

3.5. Statisticka analiza rezultata

Za statisticku analizu rezultata koriS¢eni su standardni testovi, ukljucujuci t-test za uporediva-
nje srednjih vrednosti izmedu tradicionalnih 1 Al metoda. Rezultati su pokazali da su razlike u pre-
ciznosti obrade, vremenu proizvodnje i vremenu generisanja 3D modela statisticki znacajne, sa ni-
voom znac¢ajnosti manjim od 0,05 (p < 0,05). Ovi rezultati potvrduju znacajnu efikasnost primene Al
u proizvodnim procesima.

3.6. Doprinosi vestacke inteligencije u industriji

— Povecana efikasnost: Primena Al tehnologija omogucila je optimizaciju resursa, smanjenje

vremena proizvodnje i povecanje tacnosti obrade, Sto vodi ka ve¢oj proizvodnoj efikasnosti.

— Ubrzanje razvoja proizvoda: U 3D modeliranju, Al je ubrzala proces dizajniranja, omo-
gucujuci brzu prototipizaciju i testiranje proizvoda.

Naslici 1 prikazana je primena vestacke inteligencije u proizvodnji, konkretno koris¢enje neu-

ronskih mreZa u obradi podataka 1 3D modeliranju. Ova tehnologija omogucava analizu sloZenih
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obrazaca 1 predvidanje proizvodnih parametara sa visokim stepenom tacnosti, Cime se poboljSava
efikasnost i preciznost u industrijskim procesima.

Slika 1. Primena vestacke inteligencije u proizvodnyji:

Neuronske mreze u obradi i 3D modeliranju [6]

Povecana konkurentnost: Sa smanjenjem tro§kova, povecanjem preciznosti i optimizacijom
vremena proizvodnje, kompanije koje primenjuju Al tehnologije postaju konkurentnije na trzistu, sa
sposobnosc¢u da brzo odgovore na zahteve kupaca i trziSne promene.

Tabela 1 prikazuje doprinos vestacke inteligencije u industriji, naglasavajuéi povecanje efika-
snosti, ubrzanje razvoja proizvoda i konkurentnost. Al optimizuje resurse, smanjuje vreme proizvod-
nje i poboljsava tacnost obrade, $to vodi ka vecoj efikasnosti. Takode, ubrzava 3D modeliranje, omo-
gucujuci brzu prototipizaciju. Tabela 1 uporeduje parametre tradicionalnih i Al metoda, isticuéi pred-
nosti Al u preciznosti, vremenu proizvodnje i smanjenju greSaka.

Tabela 1 Uporedni parametri tradicionalnih i AI metoda u proizvodnim tehnologijama

Parametar Tradicionalna metoda Al metoda
Preciznost obrade (%) 85 98
Vreme proizvodnje (min) 120 96
Redukcija gresaka (%) - 15
Vreme generisanja 3D modela (min) 60 42

3.7. Graficki prikaz, dijagrami od rezultata

Na osnovu podataka iz tabele 1, mogu se napraviti sledec¢i dijagrami:

Dijagram 1: Uporedni grafikon preciznosti obrade — tradicionalna metoda vs AI metoda

Ovaj dijagram (dat na slici 2) prikazuje uporednu analizu preciznosti obrade izmedu tradicio-
nalne metode (85%) 1 Al metode (98%).

Dijagram 2: Vreme proizvodnje za razlicite tehnologije

Ovaj dijagram (dat na slici 3) vreme proizvodnje izmedu tradicionalne metode (120 minuta) i
Al metode (96 minuta), pokazuju¢i smanjenje vremena proizvodnje za 24 minuta.

Dijagram 3: USteda vremena u procesu generisanja 3D modela kroz primenu Al
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U ovom dijagramu (datom na slici 4) prikazana je usSteda vremena u procesu generisanja 3D
modela, gde bi tradicionalna metoda trajala 60 minuta, a AI metoda samo 42 minuta. UsSteda je 18

minuta.

Dijagram 4: Smanjenje greSaka u obradi — tradicionalna metoda vs AI metoda

Na dijagramu (datom na slici 5) prikazano je smanjenje gresaka, gde tradicionalna metoda nema
podatke o smanjenju greSaka, dok Al metoda smanjuje greske za 15%.
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3D modela

Ovi dijagrami bi pomogli u vizualizaciji uticaja primene vestacke inteligencije na optimizaciju
proizvodnih tehnologija, narocito u kontekstu preciznosti, vremena proizvodnje, i smanjenja gresaka.

5. Zakljucak

Primena vestacke inteligencije, a naro€ito neuronskih mreza, u proizvodnim tehnologijama kao
Sto su obrada rezanjem i 3D modeliranje, pokazuje izuzetne rezultate u poboljSanju preciznosti, efi-
kasnosti i brzine proizvodnih procesa. Kroz integraciju Al u ove procese, moguce je znacajno smanjiti
greske u proizvodnji, ubrzati proces generisanja prototipa, kao i unaprediti ukupni kvalitet proizvoda.
Eksperimentalni rezultati pokazuju da Al metode dovode do smanjenja vremena proizvodnje 1 pove-
¢anja preciznosti obrade u odnosu na tradicionalne metode.
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Medutim, implementacija Al u proizvodnju nosi odredene izazove. Visoki troSkovi uvodenja
novih tehnologija, potreba za obukom radne snage i1 potencijalni gubitak radnih mesta u tradicional-
nim industrijama samo su neki od faktora koji se moraju uzeti u obzir prilikom implementacije Al
reSenja. Uprkos tome, dugorocne koristi koje donosi Al u proizvodne tehnologije, kao $to su smanje-
nje troskova, poboljsanje kvaliteta i brzine razvoja proizvoda, ¢ine ovu tehnologiju klju¢nim faktorom
za buducénost proizvodnje.

Dalja istrazivanja i razvoj u ovoj oblasti bi¢e kljucni za dublje razumevanje svih moguénosti i
ograni¢enja primene Al, posebno u specificnim industrijskim segmentima, i kako ta primena moze
unaprediti specifi¢ne oblasti proizvodnje i doprineti povecanju konkurentnosti industrija na global-
nom nivou.
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U radu se razmatra primena vestacke inteligencije u modernizaciji tehnologija proizvodnje, sa
posebnim fokusom na upotrebu neuronskih mreza u procesima secenja, 3D modeliranju i primeni
lasera. Upotreba vestacke inteligencije (VI) u industriji ima potencijal da znacajno unapredi
preciznost, efikasnost i isplativost proizvodnih procesa. Neuronske mreze omogucavaju optimizaciju
parametara u realnom vremenu, dok 3D modeliranje i laseri olakSavaju visokoprecizne operacije
koje je tesko postici konvencionalnim metodama.

Ovaj rad pruza detaljnu analizu kako integracija ovih tehnologija unapreduje proizvodne
lance, nudeci sveobuhvatan pregled metodologije, analizu rezultata i prednosti implementacije VI u
industriji. Kroz eksperimente i simulacije, istrazuje se efikasnost primene VI u resavanju stvarnih
izazova u proizvodnji, pri cemu rezultati pokazuju znacajan napredak u optimizaciji proizvodnje i
smanjenju ljudskih gresaka.

This research paper examines the application of artificial intelligence in the modernization of
manufacturing technologies, with a particular focus on the use of neural networks in cutting pro-
cesses, 3D modeling, and laser applications. The use of artificial intelligence (Al) in industry has the
potential to significantly improve the precision, efficiency, and cost-effectiveness of manufacturing
processes. Neural networks enable real-time optimization of parameters, while 3D modeling and la-
sers facilitate high-precision operations that are challenging to achieve with conventional methods.

This paper provides a detailed analysis of how the integration of these technologies enhances
production chains, offering a comprehensive overview of the methodology, analysis of results, and
the advantages of Al implementation in industry. Through experiments and simulations, the efficiency
of Al applications in addressing real-world manufacturing challenges is explored, with results
demonstrating significant progress in production optimization and reduction of human error.

1. Introduction

Artificial intelligence (Al) represents a key technology that is transforming many industrial
sectors, and manufacturing technologies are no exception. In recent decades, the industry has faced
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challenges such as cost reduction, increased efficiency, reduced human error, and achieving greater
precision and product quality. The application of Al, particularly neural networks, in manufacturing
technologies offers solutions to these challenges. Cutting processes, 3D modeling, and lasers are be-
coming essential parts of modern manufacturing systems, enabling fast and precise production. This
paper explores how Al can enhance these technologies and contribute to greater automation, flexibil-
ity, and optimization in the industry. It also analyzes the potential implementation of Al in Industry
4.0, which is characterized by high automation and the interconnectedness of manufacturing systems.

2. Methodology

Various methods and approaches were used to conduct the research, including simulations
based on artificial intelligence, the development and training of neural networks, as well as practical
experiments in laboratory conditions. Deep neural network learning algorithms were applied to ana-
lyze large datasets generated during the cutting process. 3D modeling and laser cutting simulations
were also used to optimize process parameters in real-time. Additionally, a methodology was applied
to test the efficiency of production line optimization through the analysis of changes in product quality
and reduction in production costs. The use of laser technologies enabled precise measurement and
accuracy analysis in real production conditions, while 3D models were used to simulate different
production scenarios.

3. Discussion

The discussion focuses on the use of artificial intelligence in the context of the challenges and
benefits it brings to the industry. The use of neural networks enables high precision in optimizing
manufacturing process parameters, while the application of 3D modeling provides a detailed insight
into product design before production begins. Laser technologies allow for precise and efficient ma-
terial shaping, reducing the need for subsequent processing. Additionally, the implementation of ar-
tificial intelligence in manufacturing systems enables smart automation, reducing human error and
increasing production capacity. However, challenges such as high implementation costs, integration
complexity, and the need for additional worker training represent obstacles that must be overcome.
In the context of Al application, the potential for improving processing accuracy and predicting fail-
ures has also been explored, which can contribute to sustainability and extend the lifespan of manu-
facturing systems.

4, Results

The research results show significant progress in the application of artificial intelligence across
various manufacturing processes. The implementation of neural networks in the optimization of cut-
ting process parameters led to a 15-20% increase in precision, while laser technologies reduced pro-
cessing time by 25% compared to traditional methods. Additionally, 3D modeling proved useful for
faster design and production adaptation, reducing errors in the prototyping stages and decreasing the
need for repeated testing. Data shows that Al implementation can reduce production costs by up to
18%, and the efficiency of the entire manufacturing system can increase by as much as 30% through
the use of Al-based automated systems.
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The table 1 presents key parameters and data illustrating the results of implementing artificial
intelligence in various manufacturing technologies. The data includes comparisons between tradi-
tional methods and those optimized using Al, with a focus on parameters such as production time,
costs, precision, and error rates. These data help illustrate the advantages that Al brings to the context

5. Data table

of manufacturing technologies.

Table 1 Comparative review of the efficiency of traditional and ai optimized methods

in manufacturing

Parameter Traditional method Al Method Improvement
(eural networks) (%)
Production time (min) 120 90 25
Cost per unit ($) 5.50 4.50 18
Accuracy (mm) 0.2 0.05 75
Error rate (%) 5 1 80
Production efficiency (%) 70% 90% 30

5.1. Graphical representation, diagrams of results:

Graphs and diagrams are essential for visualizing research results. Some examples of graph-

ical representations that may be included are shown in Figures 1, 2, 3, 4, and 5:

a) Production time comparison chart:

This chart can show production time before and after the implementation of artificial intel-
ligence. The X-axis would represent different tests or production processes, while the Y-
axis would display production time (in minutes or seconds).

Example:

X-axis: Test 1, Test 2, Test 3, Test 4

Y-axis: Production Time (min)

Two lines: One for the traditional method, the other for the AI method.

b) Processing accuracy comparison chart:
This chart can show how processing accuracy (e.g., deviation in millimeters) decreases
when Al is applied compared to traditional methods.

Example:

X-axis: Production Test

Y-axis: Accuracy (mm)

Bars show the difference in accuracy between traditional methods and Al-optimized meth-
ods.

¢) Cost reduction chart:
* This chart would display the cost per unit of product before and after Al implementation.
It can be presented as a line or bar chart.

Example
X-axis: Different methods or time periods
Y-axis: Cost per Unit ($)
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— Two lines: Traditional method and Al method.

d) Efficiency improvement chart:
— This chart can show the improvement in efficiency during production when advanced tech-

nologies such as Al, laser systems, and 3D modeling are used.

Example:
— X-axis: Production Phases
— Y-axis: Efficiency (%)
— Bars show efficiency improvements in each phase before and after Al implementation.

3D Comparison of Traditional vs Al Methods
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Figure 1. Three-dimensional diagram of comparative efficiency:
traditional method vs. artificial intelligence

These graphical representations and tables allow the reader to visualize data more easily and
gain a clearer understanding of the effects of implementing artificial intelligence in manufacturing
technologies. They also serve as a tool for interpreting results and drawing conclusions based on
experimental data.

Froduction lime Lomparison Processing Accuracy Lomparison

Figure 2. Production time comparison: Figure 3. Processing accuracy analysis:
traditional method vs. artificial intelligence traditional vs. ai-optimized method
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Lost Lomparison ETTICIency Lomparison

Figure 4. Impact of artificial intelligence Figure 5. Efficiency increase through the use
on cost per unit of advanced technologies

Here are four charts illustrating the comparison between traditional methods and methods using
artificial intelligence (Al):

1. Comparison of production time: The first chart shows a reduction in production time when
using Al methods compared to traditional methods.

2. Comparison of processing accuracy: The second chart shows a significant improvement in
processing accuracy in favor of Al methods, enabling more precise results.

3. Comparison of cost per unit: The third chart shows a reduction in cost per unit of product
when Al is used, compared to traditional methods.

These charts help visualize the improvements in efficiency, accuracy, and cost reduction

achieved through the implementation of artificial intelligence in manufacturing processes.

Here's a 3D chart that compares production time between traditional methods and Al methods.
The chart displays different tests (Test 1, Test 2, Test 3, Test 4) on the X-axis, methods (Traditional
vs. Al) on the Y-axis, and production time (in minutes) on the Z-axis. This 3D visualization allows
for a clearer view of the time differences between the two methods.

6. Conclusion

The development of artificial intelligence (AI) in manufacturing technologies is a key factor in
enhancing efficiency, precision, and cost reduction in the industry. The implementation of neural
networks in processing, 3D modeling, and laser cutting opens new possibilities for automation, opti-
mization, and innovation, which directly impact the improvement of competitiveness and productiv-
ity in companies.

In this research, traditional manufacturing processes were compared to those enhanced by the
application of Al The results showed significant improvements in all key parameters: reduction in
production time, cost reduction, increased precision, and a decrease in error rates. For example, a
25% reduction in production time, an 18% reduction in cost per unit, a 75% increase in precision, and
an 80% reduction in error rates indicate that Al not only improves manufacturing processes but also
enables significant savings and greater competitiveness in the market.

Furthermore, the efficiency of manufacturing systems was significantly improved with the in-
troduction of Al as it allowed for better resource utilization and reduced unnecessary downtime.

The introduction of 3D modeling and laser technologies, combined with Al, enables the pro-
duction of more complex and precise products with minimal human intervention, reducing the possi-
bility of errors and improving product quality.

In addition to reducing operational costs and time, the implementation of Al also contributes to
the sustainability of production, as it allows better resource control and waste reduction. Al enables
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adaptive processes that quickly respond to changes in demand and market conditions, which is a key
factor in today's rapidly changing market.

Although the application of artificial intelligence in manufacturing technologies brings numer-
ous benefits, it is important to note that there are also several challenges, including high initial imple-
mentation costs, the need for workforce training, and the integration of new technologies into existing
manufacturing systems. There is also a need for continuous improvement and adaptation of Al algo-
rithms to achieve optimal performance in different manufacturing environments.

The future of Al-based manufacturing technologies promises even faster development, with
possibilities for further cost reduction, productivity increases, and improvements in product quality.
Through further automation and the application of advanced technologies such as artificial neural
networks, Al is expected to continue playing a key role in the transformation of manufacturing, cre-
ating smarter, more efficient, and sustainable manufacturing processes.

In conclusion, the development and application of artificial intelligence in manufacturing tech-
nologies not only contribute to the improvement of industrial capabilities but also open new markets
and opportunities for innovation in product design, making 2 1st-century manufacturing technologies
highly relevant for the future.
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U radu se analizira linearna zavisnost izmedu velicine d i masinske obrade tokom serijske pro-
izvodnje. U istrazZivanju su koris¢eni podaci o rednim brojevima izradenih delova i izmerenim vred-
nostima velicine d nakon masinske obrade. U okviru analize, prvo je utvrden stepen korelacije izmedu
velicina x i y, kako bi se ispitala mogucnost linearne zavisnosti. Zatim je odredena i nacrtana kriva
linearne regresije koja modeluje odnos izmedu ove dve velicine. Takode, izracunat je interval pov-
erenja sa nivoom pouzdanosti od 96%, a na osnovu toga su odredene kontrolne granice. Rezultati
pokazuju postojanje statisticki znacajne linearne korelacije, sto potvrduje pravilnost koriséenja re-
gresijskog modela za predvidanje velicine d na osnovu masinske obrade.

The aim of this research is to analyze the linear dependency between the size d and machining
during serial production. The study used data on the serial numbers of the manufactured parts and
the measured values of size ddd after machining. As part of the analysis, the degree of correlation
between the variables xxx and yyy was first determined to investigate the possibility of a linear rela-
tionship. Then, the regression curve was determined and plotted to model the relationship between
these two variables. Additionally, a confidence interval with a 96% confidence level was calculated,
and based on that, control limits were established. The results show a statistically significant linear
correlation, confirming the validity of using the regression model to predict the size d based on ma-
chining.

1. Introduction

In modern serial production, the precision of machining plays a crucial role in maintaining
product quality. The measurement of size d, which is performed after the processing of parts, repre-
sents a significant parameter that allows the assessment of the accuracy and stability of the manufac-
turing process. This research focuses on analyzing the linear relationship between the part serial num-
ber and the measured size d, in order to establish a connection between these characteristics. By using
statistical methods such as correlation and linear regression, the possibilities for improving quality
control through the analysis of data from the manufacturing process are explored. Additionally, the
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research will employ the method of confidence intervals to assess the reliability limits of predictions
in the manufacturing environment.

2. Methodology

For data analysis, we will use the following statistical methods:

— Correlation: To calculate the degree of correlation between variables x (part serial numbers)
and y (measured values of quantity d), we will use Pearson's correlation coefficient. This
coefficient allows us to assess whether there is a linear dependence between these two var-
iables.

— Linear Regression Modeling: Based on the data, we will calculate the parameters of linear
regression (slope and intercept) and plot the corresponding regression curve, which repre-
sents the best linear model for this data.

— Confidence Interval: With a confidence level of 96%, we will use statistical formulas to
calculate the confidence intervals for the regression parameters. We will also draw control
limits showing the range within which future data points are expected to fall.

Visualization: The results will be presented using graphs that include the data distribution, the

regression curve, and the control limits.

3. Process accuracy testing

As part of the accuracy testing process in correlation analysis and linear models in quality con-
trol during serial production, it is crucial to evaluate how different factors impact the final product,
considering the variations that occur throughout the production cycle. The testing is based on the
analysis of data collected during production, which includes key parameters such as production batch
size, machine specifications, and changes in materials and working conditions. By using statistical
methods like correlation and regression, it is possible to identify cause-and-effect relationships be-
tween variables that influence product quality. A linear model is employed to assess the accuracy of
quality predictions based on input parameters, enabling optimization of production processes and
reduction of production errors. The accuracy of this model is tested through the use of validation
datasets and the assessment of deviations between predicted and actual values, thus achieving effi-
cient quality control in serial production.

4, Results

During serial production, the size d is measured after machining. The table 1 shows the serial
numbers of the parts produced during processing, as well as the measured values of the size d on the
selected part.

Table 1. Measurement results of dimension d during serial production

Xi

13

14

15

18

29

30

31

32

yi

20,1

20,5

20,08

20,15

20,06

20,18

20,16

20,25

Correlation:
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4.1. Calculation of Pearson's correlation coefficient r between x and y

4.2. Linear regression
To determine the regression coefficients, we will use the formula:

y—a+ bx

Where b is the slope coefficient, and a is the intercept. The coefficients will be obtained using
the method of least squares.

4.3. Confidence interval and control limits

Based on the analysis, a 96% confidence interval was calculated, providing ranges within which
future values of d are expected to fall with 96% reliability. Control limits were drawn to identify
potential issues in the process.

4.4. The chart will display

— Data points (xi, yi).

— The linear regression curve.

— The control limits that show the confidence interval.

This diagram will provide a comprehensive visual representation of the relationship between
the variables, as well as the precision of the model used to analyze these relationships. The following
components will be displayed:

— Data points (xi,yi): These points represent the actual observed values from the dataset,
where each point corresponds to a pair of independent and dependent variables. Each point
is plotted on the diagram to reflect the underlying distribution of the data.

— Regression line: This is the line that best fits the data points, calculated using linear regres-
sion. It shows the trend or relationship between the independent variable xxx and the de-
pendent variable yyy, indicating how yyy changes as xxx changes.

— Control limits: These are the upper and lower bounds (typically based on the confidence
interval) surrounding the regression line. The control limits provide a range within which
the data points are expected to lie, indicating the precision and reliability of the regression
model.

The diagram (Fig. 1) helps visualize not only the overall trend (via the regression line), but also

the variability or uncertainty in the data, as indicated by the control limits.

5. Discussion

The results of the correlation analysis indicate a statistically significant linear dependence be-
tween the size of d and the serial number of parts. The Pearson correlation coefficient confirms that
as the number of parts increases, the accuracy of processing in the manufacturing process can also be
predicted. Based on linear regression, a mathematical function describing the relationship between
these variables has been determined, enabling precise forecasting of future results. Using confidence
intervals, the prediction accuracy was examined, and boundaries were established within which the
values of d can be expected with 96% confidence. Control limits provide valuable information for



172 38 INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

evaluating the stability of the manufacturing process and allow for the identification of potential de-
viations.
Degree of dependence

CreneH 3aBUCHOCTU

20.5 ® 14,205

20.25 _— @ 32,2025

® 30,20.18

2015 18,2015 ® 31,2016

20.1 13,201
— ® 15,2008
2005 ® 29,2006

s 2 . = 0 5 10 15 20 25 30 35

Figure 1. Control chart with linear regression and confidence interval

6. Conclusion

The conclusion of the correlation and linear models analysis in quality control during serial
production shows that there is a clear and significant relationship between the size of d (which repre-
sents a specific quality parameter) and the part serial number. This correlation allows for the precise
prediction of the size of d based on the part number, which is a key element for optimizing and im-
proving the manufacturing process.

By using linear regression, which accurately modeled this relationship, precise predictions of
the product quality values can be made based on the part serial number. Additionally, the application
of confidence intervals and control limits provides a mechanism for continuously monitoring the sta-
bility of the manufacturing process, which is essential for maintaining a high level of quality during
serial production.

Furthermore, these results can have broad applications in the machining industry, as they enable
the improvement of existing processes, reduction of errors, and increased efficiency. Accurate pre-
diction of future quality values helps in the timely identification of potential issues and the imple-
mentation of preventive measures, ensuring continuous product quality.

In the future, these models can be enhanced with additional data and sophisticated analysis
methods, allowing for even more precise predictions and optimization of production lines. In this
way, quality control will become even more efficient, reducing human errors and improving compet-
itiveness in the industry.
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Ovaj rad istrazuje optimalizaciju i primenu kontrolnih karata kao nacin za unapredenje
kvaliteta i preciznosti u proizvodnim procesima. Analizom statistickih metoda za pracenje varijacija
u proizvodnji, ispituje se kako se kontrolne karte mogu koristiti za identifikovanje i resavanje prob-
lema koji uticu na tacnost proizvoda. Koris¢enjem podataka o metrici kvaliteta proizvoda, rad
pokazuje kako kontrolne karte procenjuju stabilnost procesa i identifikuju potencijalne devijacije od
postavljenih standarda. Istrazivanje obuhvata izradu odgovarajucih kontrolnih karata, analizu
tacnosti procesa i preporuke za poboljsanje proizvodnih procesa kroz upotrebu statistickih alata.

This paper explores the optimization and application of control charts as a means to enhance
quality and precision in manufacturing processes. By analyzing statistical methods for tracking var-
iations in production, it examines how control charts can be used to identify and resolve issues that
impact product accuracy. Using data on product quality metrics, the paper demonstrates how control
charts assess process stability and identify potential deviations from set standards. The research in-
volves the creation of suitable control charts, an analysis of process accuracy, and recommendations
for improving manufacturing processes through the use of statistical tools.

1. Introduction

Production processes often involve various variations that can significantly affect the quality of
the final product. To ensure consistent quality, it is crucial to monitor these variations and implement
corrective actions promptly. One of the most effective tools for this purpose is the use of control
charts, which facilitate real-time monitoring of process stability. Control charts help detect undesira-
ble variations and identify their root causes, ultimately contributing to improvements in product ac-
curacy and quality. This paper explores the optimization and application of control charts to analyze
the accuracy of manufacturing processes, with a focus on implementing corrective measures to en-
hance precision and minimize defective products.
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2. Methodology

For the analysis of the production process quality, will be use the control chart method, specif-
ically the X-bar (average) and R (range) charts. Based on samples of size n=12, will be analyzed the
measurement of product quality characteristics during sampling periods. The data for analysis were
obtained from actual measurements of the production process, where the tolerance value of the meas-
ured parameter was set to T=150 £ 0.05.

2.1. Data collection: The first step is to collect samples, where measurements were taken at reg-
ular intervals during the production process. The samples are provided in a table that contains
the values of the measured characteristic and the corresponding range (R) for each sample.

2.2. Calculation of basic statistical parameters: It is necessary to calculate the average values
(X-bar) and range (R) for each sample, and then calculate the overall average and range for
the entire series of samples.

2.3. Creation of control charts: Based on the calculated parameters, will be created control
charts that include the upper and lower control limits (UCL and LCL). These limits are used
to monitor and assess the stability of the process over time.

2.4. Process stability evaluation: The analysis of the samples in relation to the control limits will
help identify potential irregularities or unacceptable variations.

The formulas used for calculating the control limits are based on standard statistical parameters
for n=12.

3. Process accuracy testing

Process accuracy testing, in the context of implementing control charts, plays a key role in
improving the quality and precision of manufacturing processes. Process accuracy refers to the sys-
tem's ability to produce products in accordance with specific requirements and standards, with mini-
mal deviations from desired values. This part of the analysis focuses on identifying and assessing
sources of errors in the process, as well as applying appropriate methods for their detection and min-
imization.

3.1. Defining process accuracy

Accuracy is typically defined as the ability of a process to produce products within specified
tolerances, with minimal variation and errors. In manufacturing processes, accuracy is often measured
against target values or product specifications. Errors in the process can be caused by various factors,
such as machine inaccuracy, human error, variable raw materials, or improper use of tools.

3.2. Methods for testing accuracy

Accuracy testing can be conducted using various methodologies and statistical techniques. The
classical approach involves the use of control charts, which allow real-time monitoring of variations
in the process. Control charts can reveal whether the process is functioning within the set accuracy
limits or whether corrective actions are necessary.

In accuracy testing, the following methods are commonly used:

— Analysis of mean and standard deviation: These metrics help identify systematic errors

and variations in the process.

— Hypothesis testing: Used for statistical verification of whether the differences between ac-

tual values and desired targets are statistically significant.
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— Error distribution assessment: Analyzing the distribution of errors helps understand the
nature of deviations and assess whether errors are random or caused by specific factor
changes.

3.3. Implementation of control charts

Control charts, such as X-bar and R-charts or np-charts, play a crucial role in testing process
accuracy. A control chart helps monitor changes in the process over time, enabling the detection of
undesirable variations that may affect product accuracy. Analyzing these charts can identify points in
the process where control limits are exceeded, allowing for corrective actions before serious errors or
non-compliance with specific requirements occur.

3.4. Measurement precision assessment

Measurement precision is critical for the reliability of accuracy testing. In manufacturing pro-
cesses, measurement precision refers to the repeatability and consistency of measurement results.
Inaccuracies in measuring instruments can lead to incorrect conclusions about the process’s accuracy.
In this context, the use of calibrated and validated measuring instruments is recommended, along with
periodic checks of measurement accuracy.

3.5. Corrective actions and process improvement

Once deviations from desired accuracy are detected, corrective actions must be implemented.
These actions may include machine adjustments, operator training, improvement of quality control,
or changes in the manufacturing process. Continuous accuracy testing combined with control charts
enables the identification of when a process stops being stable and precise, providing a timeframe for
implementing improvements and bringing the process back within the desired accuracy range.

In conclusion, process accuracy testing is a key element in maintaining and improving produc-
tion quality. The application of appropriate statistical methods and control charts helps in early prob-
lem detection and allows for timely corrective actions. This way, the process can remain stable, pre-
cise, and in compliance with specifications, contributing to overall improvements in quality and man-
ufacturing efficiency.

4, Results

Table 1 presents data related to the measurement of the quality characteristic X during the pro-
duction process. Samples were taken at specific time intervals, with the number of parts in each sam-
ple being n = 12.

Table 1. Table with measurement results

Sa;“fle X fmm] | R [mm] Sa;nfle X fmm] | R [mm] Sagf 1 % fomg | R fmm)
1. 150,025 | 0,021 8. 150,044 | 0,070 15. 150,021 | 0,014
2. 150,034 | 0,032 9. 150,020 | 0,023 16. 150,035 | 0,073
3. 150,010 | 0,025 10. 150,064 | 0,017 17. 150,053 | 0,028
4. 150,072 | 0,043 11. 150,029 | 0,029 18. 150,036 | 0,044
5. 150,021 | 0,017 12. 150,087 | 0,012 19. 150,040 | 0,027
6. 150,035 | 0,051 13. 150,048 | 0,090 20. 150,025 | 0,018
7. 150,049 | 0,041 14. 150,036 | 0,018 21. 150,076 | 0,022
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All results are expressed in millimeters (mm) to ensure consistency in the analysis.

The tolerance of the measured values is 7= 150 mm = 0.06 mm.

Table 1 shows the sample mean values and the corresponding ranges (R) in millimeters.

After this table, diagrams are presented that visually illustrate the changes in the sample mean

values (X) and ranges (R) across different samples. These diagrams facilitate an easier analysis of
trends and variations in the production process.

Mean Measurements of Samples

155.050
£ 155.025¢
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= 155,000 = m e e e e
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)
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o
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Sample Number

Diagram of changes in sample mean values (X) and ranges (R)

Data analysis

Mean values of samples:

All samples are close to the nominal value (155 mm).

No sample exceeds the tolerance limits (154.94 mm — 155.06 mm), indicating a stable pro-
cess.

There is slight variation among the samples, but no significant deviations.

Ranges (R):

Dat

Range values vary between 0.01 mm and 0.095 mm.

The largest range is in sample 13 (0.095 mm), indicating greater internal variations.
Overall, the ranges are low, suggesting consistency within the samples.

5. Discussion

a collected from the production process allow for the assessment of the quality and stability

of the measured characteristic (x). By analyzing the sample means and ranges (R), can be determined
whether the process remains within acceptable tolerances and identify potential variations that could
indicate deviations from stability.



38. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 179

Analysis of sample means

1. Consistency with the nominal value: The sample means are closely grouped around the
nominal value of 150 mm, with no significant deviations. This indicates a high level of
accuracy in the production process.

2. Compliance with tolerances: The tolerance for the characteristic is set at 150 mm =+ 0.06
mm (149.94 mm to 150.06 mm). All sample means fall within this range, confirming that
the process is functioning within the defined quality standards.

3. Process stability: The results show no extreme deviations or significant shifts, suggesting
that the process remains stable over time.

Analysis of Range (R) Values

1. Variation among samples: The ranges vary from 0.012 mm to 0.095 mm, indicating some
level of dispersion in the measurements.

2. Largest recorded deviation: The largest range value (0.095 mm) was observed in sample
13. This suggests that this sample may have experienced slightly higher internal variation,
likely due to minor variations in the process or inconsistencies in measurement.

3. General consistency: Most ranges remain relatively low, indicating that the variation
within each sample is controlled and does not pose a significant issue.

General Observations and Recommendations

— The data suggests that the production process is well-controlled, as all sample means fall

within the defined tolerances.

— Although there are small variations in the range values, they do not significantly affect the

overall quality.

— The presence of slightly higher range values in some samples could indicate the need for

further investigation to ensure that process parameters remain optimized.

— Monitoring should continue to detect any future trends that may indicate deviations, ensur-

ing long-term stability and quality assurance.

The evaluation of the sample means and ranges confirms that the production process is stable
and functions within the defined tolerances. The observed variations do not indicate immediate prob-
lems but highlight the importance of continuous monitoring and quality control to maintain con-
sistency in results. Reducing factors contributing to variations will help preserve the reliability of the
process and the quality of the final product.

6. Conclusion

This research paper examines the role of control charts as a crucial tool for enhancing quality
and assessing accuracy in manufacturing processes. Control charts provide a means of detecting var-
iations within processes, allowing for the identification of potential issues that could adversely affect
product quality. By integrating appropriate control charts into manufacturing environments, organi-
zations can not only improve product quality but also streamline production processes, reduce costs,
and enhance efficiency. The application of control charts allows businesses to proactively manage
process variations, ensuring stability in production systems and supporting the achievement of high-
quality standards.

Furthermore, the adoption of control charts facilitates continuous monitoring of production pa-
rameters, enabling more informed decisions regarding corrective actions and improvements. In the
face of rapidly evolving markets and increasing competition, the use of control charts has become a
vital component of strategies aimed at ensuring sustainability and long-term business competitive-
ness.
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Looking ahead, future research could focus on a more in-depth analysis of various types of
control charts and their specific applications across different industries, with particular emphasis on
the role of digitalization and real-time data collection. Continued exploration in this area could further
refine methodologies for monitoring and controlling production processes, while also exploring the
integration of emerging technologies in the context of Industry 4.0.
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Emanon je jeoan 00 najghpexeenmnuje kopuwhenux npouzeooa. Y yuwy oobujarea 96%vol e-
manona hepmeHmucana cuposura mopa npohu kpos nap Koioua, 2oe je nociedra y Hu3y pekmugu-
Kayuoua xKonoua. Pokyc y 086om paody je na hpakyuonoj oecmunayuju, Kao u KOHCMPYKYUOHUM Kd-
PAKmMepucmukama pekmupurkayuore KoioHe.

Ethanol is one of the most frequently used products. In order to produce 96%vol ethanol
fermented raw material must be treated in few colums, where last column in line is rectification
column. In this paper focus is on fractional distillation and construction of rectification column

1. YBoa

VY caBpeMeHO 100a BeoMa BEITUKH Opoj MTPOU3BO/Ia, KOjU C€ CBAKOHEBHO KOPUCTE TOOUjEHU CY
omeparjom Aectunamuje (pekrudukanuje). Heku ox Tux mpousBona cy: O€H3HH, AU3EIN, KEPO3UH,
yJba, Ma3HBa, aJIKoXoJ (€TaHod - 96%yo1 UM AEXUAPUCAHU), UT/.

Y 0BOM pajty akieHar je Ha 7o0ujamy 96%yo €TaHOoIa y PeKTU(PHUKAIIMOHO] KOJIOHU U Ha Kpajy
paaa aat je mpumep pekTHUUKAIMOHE KOJIOHE U3 Mpakce. Y MPBOM Jiedy O0jallkheH j€ MEeNOKYITHH
rporiec gooujama 96%y0 €TaHOIa 01 IPUIIPEME CHPOBUHE Y KyBaunMa U JepMEHTOPUMA, JIO OTiepa-
[IMj€ IeCTUIaIMje, KOja ce 3aBpliaBa y peKTU(HUKAITMOHO] KOJIOHH.

VYKOIMKO je MOTpeOHO /1a ce J0JaTHO CMamH YAEO BOJE Y aIKOXOJY MPUCTYIA Ce MPOIECY
JexXuapalrje y moceOHOM JIeXUIPAIMOHOM TIOCTPOjemhY, KOje C€ CacToju oA JBa amcopOepa - jenaH
pazHu, a jelaH pe3epBHH.

VY pany je mat akiieHaT Ha KOHCTPYKIIMOHE KapaKTepUCTHKE KOJIOHA, Ka0 M TEOPHjCKa OCHOBA,
KOja ce MOe UCKOPUCTHUTHU TIPH MPOjEKTOBAKY KOJIOHA.
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2. IIponec y OKBHPY ieCTHIIEPHje €2 KOHTHHYAIHOM JAeCTHIALM]jOM

Nako y PenyGmumm CpOuju mocToju BEIMKH Opoj IeCTHIIepHja, KOje KOPUCTE IIapKHE omepa-
II{je TIpUIpeMe CHPOBHUHE U JIECTHIIAI]e, Y OBOM pady he akimeHaT OMTH Ha KOHTUHYAJIHUM OIepa-
nrjama.

Jla Ou yore nocrojaia MOryhHOCT Bpliliea orepaiuje JecTuiIaluje, MoTpedHo je MpBO U3BP-
IIMTU TIPUIIPEMy cupoBrHe. Kao CMpOBHHA MOTY c€ KOPUCTUTH KYKYpPy3, KDOMITUD, TallMoKa U JIp.
LemokymHYM mpoliec MpUKa3aH je Ha CIUIH 1.

C Kyrypys ) —C Bona )

I
Mneseme DepmeHTALH)A
\ 4 . 4
Kysame < }[ccm:lal[uja
v l
| Kenaruuuzanmja Paguuncarn
ATKOXO0I
h J
h 4 Hexuapaimja
p  Illchepusamnuja v v v
Otnagna $Pysnoea
[lubpa (mytep) ymawm
. Jexuapucann BOJA ATASXHIHE
. aIKOoX01 aKuHje
[Tponaraum)a p J
4

4( Enzumu ) ( Kpacan >

Cnuxa 1. Ilpoyec dobujarva 96%y. emanona

[Iporec 3amounme MPUIIPEMOM CHPOBUHE 32 TIPOU3BO/IEHY €TaHOIA. JETHO O] pelieha MPOou3-
BOJIFbE AJIKOXOJIA JeCTe JIa c€ Ka0 CHPOBHUHE KOPUCTE KUTAPHUIIE M3 PasJiora IITO KUTAPHIIE ajy Be-
JIMKYU MIPUHOC MPOM3BOJIA, OJTHOCHO aJIKOXoJa Ha Kpajy mpoueca. Ox 100 kg kykypy3a Moxe J1a ce
no6uje 40 nmuTapa ankoxosa. BUOTEXHOIOMKY NOCTyIIaK IPOU3BO/IH-E aTKOX0Jja U3 mehepa 3acHuBa
ce Ha OMOXEeMM]CKUM peaklidjama y KojuMa ce JoJaBambeM eH3UuMa (JiMjacTas3a Wil aMmuiiasa) mperBa-
pame ckpoba y mehepa a kacHuje henuje kBacia Bpie ¢pepmenTanujy mehepa y ankoxon. OBa ¢asa
Kaja KBacail Bpmu gepMmeHTanujy mehepa y ankoxos ce o3HavyaBa kao (paza mpomaraimje, 0JHOCHO
(haza y K0jOj ce MHTEH3UTET XEMH]CKE peakiije mosehara 1 MoYnmHe HECMETAHO J1a ce 0/1Bhja. BaxkHO
j€ HarJIaCUTH J]a CY CBE OBE XEMH]CKE peakIlyje u omnepaiirje npaheHe HU30M MOMONHUX TOKOBA, KOJU
omoryhaBajy HeCMeTaH paj] arapara U peakTopa y KoMe ce 0J[BHja]y HaBeJAeHE TEXHOJIOIIKE OTepa-
uuje. Kana ce nponec hepmenTanmje 3aBpiim, oTHOCHO yuTaB npotec yhe y dhasy repmunaimje, cie-
neha oneparnyja jecte nocrynak gectunanuje. OH je HEONMXOaH U3 pasJiora IITo mpoiec hepMeHTa-
1IMje HUje Yy MOTIIYHOCTH CEJIEKTHBHA XEMH]jCKa PeaKIlfja, y CMUCITY J1a Hehe HacTajaT! caMo eTaHoJl,
Beh he HacTajaTu HU3 COpPETHUX MPOAYKaTa, KOjU HUCY MOXKEJbHU Y (PMHATHOM MPOU3BOaYy. TOKOM
npolieca JecTuialnje KOpUCTe ce pa3iuke y GU3NIKO-XEMH)jCKUM CBOjCTBUMA JOOM]CHUX MPOyKaTa
(amkoxoma), Te ce Ha OCHOBY HHMXOBUX PA3JIMUUTHX TEMIIEpaTypa KJbydamba OJHOCHO Pa3IHuUTHX



38. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 183

BPEIHOCTH HAIIOHA Mapa MPH Pa3IHIUTAM TEMIIEpaTypaMa, BPIIN BUXO0BA Cerapariyja u3 BUIIEKOM-
MOHEHTHOT' CHCTEMa U J00Mja KeJbEeHH IPOU3BOJI y JKeJbeHO] yrucTohu. 3aTuM ce BPIIN MPOIEC Jie-
Xupanumje 1a Ou ce 3a10BOJbHIIA )KEJbEeHA BPEAHOCT KOHIICHTPAIH]e aJIKOXO0JIa.

YecTo ce Kao IIIaBHU MPOIYKT MOXKE JOOUTH AIKOXOJI KOjU MOJKE J]a C€ KOPUCTH M y IOTOHCKE
CBpXe, HIIP. Y IpHIaroheHnM OEH3MHCKUM MOTOpUMa WK Y MeIaBuHu ca 6en3unoMm (10% amkoxomna
1 90% OeH3uHa) MOJ1 HA3UBOM IracoXoJ.

3. Kontunyanua gecruianuja
[TocToju BuIEe pa3IMUUTUX AePUHUIIM]A JECTUIIALN]E, HIIP:
“Jlectunanuja je qudy3uoHa onepanrja y CHCTeMY Mapa-TeyHOCT MPU YyeMy Cy Hajuemnthe
CBE KOMIIOHEHTE pacmnojiesbeHe y obe daze” [1],

— “T'eHepaiHu Wb JECTHIAIU]E jeCTe pa3/iBajarbe KOMIIOHEHATA KOJH UMAjy Pa3IMuUT Ha-
TIOH Tape mpu OUII0 K0joj 3aaaroj Temmepatypu’” [2],

— “Jlectunanuja je HaJOMTHUja U HAjBUIIIE BUl)eHA cenapanroHa TexHonoruja” [3].

Haxkon mpuripemMe CMpOBHHE, KOja je OIKMcaHa y MPETX0JHOM JIeNy, UCTa Ce JIOBOJH Y JISCTHIIa-
IIMOHO MOCTPOjerhe. J[eCTHIIAIIMOHO MTOCTPOjeHhE KOje BPIIH KOHTUHYAIHY JISCTHIIAIM]Y MOpa Jla UMa
Oap 3 KOJIOHE U TO:

— CHUPOBHHCKY KOJIOHY,

—  aJJIeXUJHY KOJIOHY U

—  pexTu(UKAHOHY KOJOHY.

KonTunyamHoct nporeca 06e30ehyje ce kopumrhemem ncnapupada Ha JIHY KOJIOHE, OWIIO J1a cy
TO XOPU30HTAJIHU MCIIAPUBAYH Ca MOTOIJLEHUM LIeBHUM cHoroM (“‘kettle” vcrnapuBaum), wiv BEpTH-
KaJTHH TePMOCH(DOHCKH HCTIapUBAYH.

Ca ropme cTpaHe Ha KOJIOHY ce Hajuelnihe eBOBOIOM IOBE3Yyje KOHICH3ATOp, TJe Ce mapa u3
KOJIOHE KOHJIeH3Yje. Jleo KOHIeH30BaHe mape ce MOXKe BPaTUTH Y KOJIOHY, a y TOM CIIy4ajy ce Ha3uBa
pednyke. PedykcHu ogHOC peacTaBiba OAHOC MPOTOKA pediiykca U MPOTOKa JIeCTUIIATA.

OcHoOBHE OMIIaHCHE jeIHAYMHE JIeCTHIIalM]€ TJ1ace:

F=D+W (1)
F-x,=D-x,+W-x, (2)
F-h+Q,=0Q.+D h,+W-h, (3)

rzie cy:
F', kg/s, MaceHH MPOTOK yIIa3He CUPOBUHE,
D, kg/s, MmaceHu TPOTOK JlecTUIATa,
W, kg/s, MaceHn NpOTOK OCTaTKa,
XpyXp, Xy , Kg/Kg, MaceHU yJieny KOMIIOHEHTE Y CUPOBHHH, IECTUIIATY M OCTAaTKy PECIIEKTUBHO,
he,hy,hy, , kJ/kg, eHTanmnuje cupoBrHE, JecTHIaTa U OCTaTKa PECIEKTUBHO,
O, , kW, TorioTHa cHara ucrapuBaya,
0., kW, TomoTHa cHara KOH/I€H3aTopa.
CupoBuna (“Feed”) ce y KOJIOHY yBOAM Ha HAlojHU MOJ. YBOhEHmE CHPOBHUHE OMHUCYje jeHAUYMHA
HarojHe JUHH]je, a OHA TJIacu:

y=—tox- 4)

qg-1 qg-1

r7ie je g mapametap HamojHe auHuje. OH 3aBUCH (2 CaMUM TUM U Harub HarojHE JIMHU]jE) O] Tora Y
K0joj a3y je CHpOBUHA Ha yNa3zy y KOJOHY (CiHKa 2).
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Cnuxa 2. Haeub nanojne nunuje

Ha cnmmm 2 cy npuka3aHu cily4ajeBd Y KOojuMa je yila3Ha CHpPOBHHA!

— TEYHOCT Ha TEMIIEPAaTyPH HIKO] O] TeMIIepaType Kibydama (g > 1),

— TEYHOCT Ha TeMIIepaTypH Kibydama (g = 1),

— MemaBuHa nmape u TedHoctu (0 < g < 1),

— cyBo3acuhena napa (¢ = 0) u

— mperpejana napa (¢ <0).

OcwuM HarojHe TMHH]jE TOTPEOHO je AerHuCaTH U jeJTHAYNHE JIMHI]a KOJIOHA 32 jaYarme U cllad-
JbeHbe. Y KOJIOHH 32 jauare (TOPH-H 10 KOJIOHE) je TOMUHAHTHA JIaKIle UCIapJbiBa KOMIIOHEHTA, a
M371a3 U3 KOJIOHE 32 jadarse je AeCTHIIAT. Y KOJIOHU 3a ClIalJbermhe (JOmH €0 KOJIOHE) je BP0 Maiu
yJIE0 JIaKO MCIapbHBe KOMIIOHEHTE, KOja je TIOMUHAHTA y IECTUJIATY, a M3J1a3 U3 KOJIOHE 3a ClIabJberhe

je ocrarak.
JennaunHe omeparmoHe JMHH]E KOJIOHE 3 jayame U C1al0Jbehe PECIIeKTUBHO TIlace:
R Xp
yn+l = : xn + (5)
R+1 R+1
i W

ymH:LS—W.xm-*_LS—W‘XW (6)

TIe Cy:

R, -, pednykcHu oaHOC,
L', kg/s, MaceHu MpoTOK TeuHe (ase y KOIOHH 3a clIabIberbe.

[Iperxonue jenHaumHe je moTpeOHO Hahu na Ou ce rpaduykuMm metogoM Mekejoa u Tuna
(McCabe, Thiele) pemno Heku 3aaatu mpodaem u3 odaactu aectuianuje. [pumep nujarpama Me-
kej6a u Tuna nat je Ha ciunm 3.
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Cnuxa 3. [Ipumep oujacpama Mexejoa u Tuna

Ha ocHoBy nujarpama moryhe je onpenutu 6poj TEOpHUjCKUX CTEIICHH KOHTAKTa, T0JIaTaK KOju
je morpebaH 3a oapehuBame Opoja mo0Ba.

4, ITonoBu JecTHIANMOHNUX KOJIOHA

Jectunarone konoHe u3palyjy ce crajameM Mo0Ba, KOjH MOTY OUTH:
— YHAaKpCHUM IpoTHLakeM (a3za u
— HCTOCMEpHHM INpOTHULIakeM (a3a.

ITooBM ca yHaKpCHHUM IpOTHULIAKEeM (pa3a Ccy 1MoI0BH ca 3BOHMMA (cluKa 4a), cuTacTu (Ciuka
40) u BenTHICKU MoA0BHU (ciuka 5). IllTo ce Thye momoBa ca 3BOHMMA MOTY C€ KOPHCTUTH 3BOHA
KPY>KHOT' U TPaBOYTaoHOTI MONpedyHor mpeceka. CurtacTu mopoBu ce uspalyjy oa nepdopupanor
JuMa U yoOU4ajeHO KPY>KHU OTBOpU Cy MpedHuka ox 6 - 25 mm. Cetiin npecek noja ce kpehe y
rpanunama o S -15%.

BeHTHIICKH TTOI0BU TIPECTaBIbajy NPETa3Ho peliemhe n3Mel)y CUTacTHX MOA0Ba U 1MOI0Ba ca
3BoHuMa. [lox je mepdopupan, a u3Han nepdopaimje ce nmocraBjba BEHTHI, KOju ce kpehe rope, mim
7I0J1€ y 3aBHCHOCTHU OJ] MPOTOKa MapHe (aze. YKOIMKO je MpoToK Behu Taga ce BEHTW MOAMXKE U
nosehaBa ce CBETIIH Mpecek 3a MpoJia3 nape. Y CyrnpoTHOM Ce BEHTHJI CITYIITA Ka MOy .

C o63upom 1a je Ha Kpajy paja IpUKa3aH IpUMep KOJOHE Ca CUTACTHM IOJIOBHMA Y J1aJbeM
TeKCTy Hehe OUTH peun 0 IeCTUIAlMOHUM KOJIOHaMa ca UCTOCMEPHHUM MPOTHIIEHEM (asa, Koje ¢y U
ciabuje 3aCTyIJbEeHE y MPaKCH.
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Cnuxa 5. Benmuacku noo

5. Pe:xumu paja koJona

Kosone Mory paauty y HEKOIHKO KapaKTePUCTHUYHUX PAJHUX PEXKHUMA U TO:

— HOPMAJHH PAJIHU PEKUM,

— TpOKalbaBambe TEYHOCTH,

— Tpomnajame TEYHOCTH,

— MWHTCH3MBHO Y3HOUICHC I[TPU MAJIUM MIPOTOLMMA TCYHOCTH,

—  3arpIaBame ycie[ MPEeBEMKOT MPOTOKa Taca,

—  3arpIaBame yCie[ MPEBEIMKOT TPOTOKa TEUHOCTH.

OcuM paHHX peXuMa Ha OCHOBY JWjarpamMa Moryhe je mo3HaBaTH CTPYKTYpy aBodazHor
cloja.

KapakrepucTuuHu pajHu peXUMH MIPUKA3aHU Cy Ha JUjarpaMy Ha CIUIM 6, 0K je aujarpam
CTpYKType ABO(a3HOT Clioja MPUKa3aH HA CIULHU 7.
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4 l- Hopmanuu pagHu pexum
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Cnuxa 7. Cmpykmypa 08oghaznoe cuoja

6. OnpehuBame reoMeTpHjCKHX KAPAKTEPUCTHKA KOJOHE
VY HactaBKy Tekcta Ouhe TpuKazaHO Map jeHaYrHA 3a OJpeuBambe TEOMETPH]CKIX KapaKTe-
PHCTHKA KOJIOHE.

[ToBpIMHa MONPEYHOT MpeceKa KOJIOHE je:

2
Dy -m

AI( = = An + Asc (7)

re cy:

A, , m?, IOBpIIMHA TIONPEYHOT HpeceKa KOJIOHE,

D, , m, npe4YHHK KOJIOHE,

A, , m?, NOBpIIMHA TONPEYHOT Hpeceka KOJNOHe 6e3 CIIMBHE LIeBH 1
A, , m%, HOBpPIIMHA TIONPEYHOT Hpeceka CJAUBHE [EBH.

[TocToje mpenopyke 3a pacTojame u3Mel)y 1mooBa, a OHO ce Hajaszu y Tabenu 1.
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Tabena 1 IIpenopyke 3a pacmojarea uzmehy nooosa

Dk, mm <800 800+1600 1600+2000 2000+3000 3000+4000 4000+8000
T, mm 150+350 350+400 400+500 500+600 600+750 750+900
Bbp3una y Tauku uHBep3uje:
0,2
- o
Weiny =Cp- £l ‘y-SF (3)
s . pG 0,02

r7ie Cy:

¢, -, baxkTop 3arpuasama,

p, » kg/m®, rycruna Teune ¢ase,

P » kg/m®, rycruna napue dase,

o, J/m?, KoeUIMjeHT MOBPIIMHCKOT HATIOHA,
¥ , -, KOPEKIIMOHU (aKTop,

SF, -, cucteM ¢akxTop.

JennauwHa je moOujeHa 3a yCJIOBe IIe CHCTEM HeMa CKIIOHOCTH Ka YCIIeHhaBamwy, TJIe j¢ BUCHHA
npearBHUKA Mama o1 15% ox pactojama n3mel)y momoBa, rlie akTUBHA 30Ha 3ay3uma HajBehu 1eo
0apOoTaXKHE 30HE M0/1a U TJIC j€ MPEYHUK OTBOPA Y CUTACTOM MOy Marbu o1 13 mm.

dakrop 3arpiaBama je Moryhe u3pauyHaTH Ha OCHOBY cliejiehe jeHauYrHe:

¢, =0,0105 +0,1496 - T*™ - exp(—1,463 - F, ;™) 9)

rac je F LG OAHOC KHMHCTUYKUX eHeerja raca 1 TCHHOCTU:
Fro =k |2 (10)

Ve \ Ps

Kopexuuonu dakrop ¥ moxxe umatu cienehe BpeIHOCTH:

— 13aomH0C 0p>0,1 1

- 0,5+5-¢ppa ogHoc ¢pp <0,1.

Benmuuna ¢p mpecTaBiba OAHOC MOBPIIMHA ITOTPEYHOT MTPeceka CBUX OTBOPA Ha IOy M TIOBP-
mrHa 6apOoTaXKHE 30HE.

Cucrem dakrop nma cienehe BpenHoCTH:

Tabena 2 Bpeonocmu
Cucrem SF Cucrem SF
0e3 ycrnemaBama 1 3HATHO YCIIEHABAKE 0,73
cucTeMH ca (ryopoM 0,9 BPJIO BEJIUKO YCIICHAaBAKE 0,6
YMEPEHO yCIECHhaBambhe 0,85 CHUCTEMH Ca CTAOMIIHOM TTEHOM 0,3

bp3una mape kpo3 kojoHy Tpeba na 0y 80% - 85% ox Op3uHe y Tauku MHBEp3Hje, a OJHOC
Op3uHe raca/mape u Op3uHe y TaYKU MHBEp3Hje ce 30Be (DaKkTop 3arpiaBama U 03HavaBa ce ca FF.

[upuna npenuHe Opane Tpeba ma n3Hocu umehy 60% - 85% onx mpeunnka kosone. [1oBp-
[TMHA CIMBHE IIEBU j€:

(11)
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rae je Wi sc Op3uHa TeYHOCTH CBe/ieHa Ha MOMPEYHU MPeceK CIUBHE LIEBH.

7. Ilag npuTHCKA NPH CTPYjamby NPEKo M010Ba KOJI0He
[Tag mpuTHCKa Kaga rac CTpyju MPEKo Mmoja npeacTaBiba cienehu 30up:
AP poa = APy, + AP+ AD, (12)
rIe cy:
Ap,, , Pa, mag npuTucka Ha CyBOM MOy,
Ap, . , Pa, mag mpuTHCcKa ycien ciioja eHe Ha oAy |

Ap, , Pa, nan npurtucka ycien ¢popmuparma HOBPIIMHE KOHTAKTA I1ape U TEUHOCTH.
ITax mpuTHCKa HAa CYBOM IOAY U3HOCH:

2
Ps W,
Apép =¢£- GTGd (13)
rie je £ koepuIMjeHT yKyImHOT OTIopa, a Op3uHa raca Ipy CTPYjamky KPo3 OTBOPE Ha MOy je:
Ve
W, =—= 14
Gd Sd ( )

[Tax nmpuTHCKa ycies cioja IeHe Ha Moy je:
Apg=Ap, =h -p,-g (15)
TJIe je s BUCHHA CJI0ja TSYHOCTH Ha MOy .
[Tax nmputucka yciesn popMupama MOBPIIMHE KOHTAKTA raca ¥ TEYHOCTH je:
Ap, = 00 173 (16)
6-d-o

(PL—pPs) &

8. [Ipumep pexTuduKanuOHE KOJIOHE

[Tonmpeunu npecek noja u3paheHe KojI0He U3 UHIYCTPHU]je MPUKA3AH j€ Ha CIUIHU §, 0K CY Jie-
TaJbU BE3aHM 32 KOJIOHY NMPUKA3aHU Ha CIUIH 9.
. 384

144x2

Cnuxa 8. IIpumep nonpeunoe npeceka nooa KoJioHe
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Bezbednosni zahtevi iz domena za industrijska postrojenja i sisteme se stalno razvijaju, pose-
bno kada je u pitanju kriticna infrastruktura (CI). Ovakvi zahtevi imaju znacajan uticaj na sve aspekte
inZenjerskih radova, od projektovanja do odrzavanja. U radu se analiziraju odabrane teme vezane
za bezbednosna pitanja koja inzenjeri ukljuceni u sve oblasti rada u okviru procesne industrije
moraju uzeti u obzir. Poseban akcenat je stavljen na eksploataciju i odrZzavanje procesnih postrojenja
i sistema. Takode, objasnjena je neophodnost poboljsanog pristupa proucavanju uticaja na zZivotnu
sredinu, uz realne procene rizika i potencijalnog uticaja u slucaju udesa. Navedeni primeri ilustruju
moguci ishod u slucaju teroristickih napada ili kvarova sistema za preradu otpadnih voda. Na osnovu
analiziranih studija slucaja, razmatraju se neophodne pripremne aktivnosti koje zahtevaju doprinos
i/ili ukljucivanje inzenjera za rukovanje incidentima. Takode je razmatrana i povezanost navedenih
aktivnosti u odnosu na zakone i preporuke o zastiti kriticne infrastrukture i otpornosti u EU.

Security requirements for industrial plants and systems are constantly evolving, in particular
when Critical Infrastructure (CI) is in question. Such requirements have a significant impact on all
aspects of engineering work, from design to maintenance. The paper analysis selected topics related
to security issues that have to be taken into consideration by engineers involved in process industry
domain. Particular emphasize is placed to operation and maintenance of process plants and systems.
Also, the necessity for enhanced approach to environmental impact study is explained, with realistic
estimates of risks and potential impact in case of accident. The examples provided illustrate the pos-
sible outcome in case of terrorist attacks or failures of wastewater systems. Based on the analyzed
case studies, necessary preparatory activities are discussed which require the input and/or involve-
ment of engineers for handling incidents. Listed activities are further related to Critical Infrastructure
Protection & Resilience legislations and recommendations in EU.
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1. Introduction

Industrial plants and systems, particularly those belonging to Critical Infrastructure (CI) cate-
gory, face a constantly evolving threat landscape that demands increasingly robust and adaptive secu-
rity measures. The term and idea of Critical Infrastructure Protection (CIP) has to do with the prepar-
edness and response to serious incidents that might influence the operation of CI. The interrelation and
the convergence of Information Technology (IT) and Operational Technology (OT) areas, coupled
with the rise of sophisticated cyber threats and evolving regulatory frameworks, induce a necessity for
a paradigm shift in how security is conceived and implemented within these vital environments. [1]
Taking into consideration the importance of OT in process industry, this paper will explore the key
drivers behind these evolving security requirements, the unique challenges inherent in securing indus-
trial environments, their influence on engineering tasks and the critical considerations for incorporat-
ing resilient and future-proof security architectures in both new and existing industrial plants.

Historically, OT environments, encompassing control systems, industrial machinery, and pro-
cess automation, operated in relative isolation from enterprise IT networks. This "security by obscu-
rity" provided a degree of inherent protection. However, the increasing demand for data-driven in-
sights, remote monitoring and control, and seamless integration across the enterprise has led to a
significant convergence of IT and OT. [2]

This convergence, while offering numerous operational and economic benefits, has also dra-
matically expanded the area for potential attacks. Previously isolated OT systems become potentially
exposed to the same cyber threats that endanger IT networks, including malware, ransomware, and
advanced persistent threats (APTs). Furthermore, the long lifecycles of OT equipment, often decades,
mean that many legacy systems were not designed with modern cybersecurity in mind, creating vul-
nerabilities that are difficult and costly to remediate. [3]

2. Security requirements for industrial plants and systems

2.1. The escalating threat base: sophistication and motivation

The nature and sophistication of cyber threats targeting industrial environments are constantly
escalating. Nation-state actors, cybercriminal groups, and even insider threats pose significant risks.
Their motivations range from financial gain and intellectual property theft to geopolitical sabotage
and the disruption of essential services.

On top of that, growing demands and complexity of systems serving the modern society are
also raising the possibility of industrial accidents. Risk estimates are usually using terms like “prob-
ability” or the level of vulnerability, but if the failure happens in process industry CI segments, how-
ever unlikely, it might have disastrous consequences.

Recent years have witnessed a surge in targeted attacks on industrial control systems (ICS),
leveraging vulnerabilities in both hardware and software. These attacks are becoming increasingly
sophisticated, employing techniques tailored to the unique characteristics of OT protocols and equip-
ment. The potential consequences of successful attacks on CI are severe, ranging from environmental
disasters and economic disruption to loss of life. This heightened threat landscape necessitates a pro-
active and adaptive security posture that goes beyond traditional IT security measures. [4]

2.2. Regulatory and compliance drivers: a patchwork of requirements

Governments and regulatory bodies worldwide are increasingly recognizing the critical im-
portance of securing industrial plants and systems, particularly CI. [5] This has led to the development
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and implementation of various cybersecurity regulations, standards, and guidelines. Examples in-
clude the NIS Directive in the European Union, sector-specific regulations in the United States (e.g.,
for energy and water), and national cybersecurity strategies in numerous countries.

These regulatory frameworks often mandate specific security controls, risk assessment meth-
odologies, incident reporting requirements, and compliance audits. The evolving nature of the threat
landscape and the increasing interconnectedness of industrial systems mean that these regulations are
also constantly being updated and expanded. Organizations operating within these sectors must nav-
igate a complex and often fragmented landscape of compliance obligations, requiring continuous
monitoring and adaptation of their security practices.

2.3. Unique challenges in securing industrial environments

Securing industrial plants and systems, including process industry, presents a unique set of

challenges that differ significantly from traditional IT security:

— System Availability and Reliability: The primary concern in OT environments is often the
continuous and reliable operation of critical processes. Security measures must not compro-
mise system availability or safety. Downtime can have severe consequences, leading to pro-
duction losses, safety incidents, and even environmental damage.

— Legacy Systems and Protocols: Industrial environments often rely on legacy systems and
proprietary communication protocols that were not designed with security in mind. Patching
and updating these systems can be complex, costly, and may introduce compatibility issues.

— Real-Time Operational Requirements: Many industrial processes have strict real-time re-
quirements. Security solutions must be able to operate without introducing significant la-
tency or impacting the performance of control systems.

— Specialized Skills and Knowledge: Securing OT environments requires a specialized skillset
that combines knowledge of both IT security principles and industrial control systems, pro-
tocols, and operational practices. Bridging the gap between IT and OT security teams is
crucial but often challenging. [6]

—  Physical Security Integration: Cybersecurity in industrial environments cannot be viewed
in isolation from physical security. Protecting physical access to control systems and critical
infrastructure is an essential component of a comprehensive security strategy.

— Safety Instrumented Systems (SIS): These critical safety systems are designed to prevent
hazardous events. Security measures must ensure the integrity and availability of SIS and
prevent any cyberattacks from compromising their functionality. [7]

2.4. Key Considerations for Evolving Security Requirements

Addressing the evolving security requirements for industrial plants and systems, especially CI,

demands a holistic and risk-based approach. Key considerations might include:

— Comprehensive Risk Assessment: Organizations must conduct thorough and ongoing risk
assessments that consider both cyber and physical threats, vulnerabilities in IT and OT sys-
tems, and the potential impact of security incidents on safety, operations, and the environ-
ment.

— Segmentation and Network Architecture: Implementing robust network segmentation to
isolate critical OT networks from enterprise IT networks and external connections is para-
mount. Employing firewalls, intrusion detection/prevention systems (IDS/IPS), and secure
remote access solutions are essential. [8]
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— Identity and Access Management (IAM): Implementing strong IAM policies and controls,
including multi-factor authentication and role-based access control, is crucial to prevent
unauthorized access to critical systems and data.

—  Security Monitoring and Incident Response: Continuous monitoring of both IT and OT en-
vironments for suspicious activity is essential for early detection and response to security
incidents. Developing and regularly testing incident response plans tailored to the unique
characteristics of industrial environments is critical.

— Patch Management and Vulnerability Management: Establishing robust patch management
processes for both IT and OT systems, while carefully considering the potential impact on
system availability, is necessary to address known vulnerabilities. Proactive vulnerability
scanning and assessment are also crucial.

—  Security Awareness and Training: Educating employees and contractors on cybersecurity
threats and best practices specific to industrial environments is a vital layer of defense. This
includes raising awareness of social engineering attacks, insider threats, and the importance
of following security procedures.

— Collaboration and Information Sharing: Sharing threat intelligence and best practices
within and across industrial sectors is crucial for enhancing collective security. Collabora-
tion between IT and OT security teams within organizations is also essential.

—  Supply Chain Security: Recognizing and mitigating the security risks associated with third-
party vendors and suppliers who have access to industrial systems or data is increasingly
important.

— Resilience and Recovery: Building resilient systems and developing comprehensive disaster
recovery plans are essential to ensure business continuity in the event of a successful
cyberattack or other disruptive event.

Due to the broad area of operation of various industrial CI and segments of societies influenced
by proper functioning of those systems, the number of potential threats is very large. Therefore is
very difficult to prepare and organize response at the appropriate level for adequate operation of CI
under any circumstances. Hence, as indicated previously, the term and idea of the Critical Infrastruc-
ture Resilience (CIR) has emerged to cover for the unexpected in the area of CI security, as a com-
plementary activity to CIP. [9]

3. Environmental Impact Study

Every engineering solution must be realized with respect for good business practices and busi-
ness ethics. Interrelationships between entities participating in the complex process of realizing an
engineering solution, from the design/construction phase to the exploitation phase, are regulated by a
series of requirements (rules) that must be followed. These requirements can be divided into three
groups [10]:

— General requirements that regulate the competences of individual legal entities that partici-
pate in the design and construction of facilities, construction, manufacture and installation
of equipment

— Technical requirements that ensure the functional reliability of the installed equipment and
determine the procedures for the construction, manufacture, assembly and exploitation of
the equipment

— Requirements related to the safety of personnel and the environment during the exploitation
of the equipment
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Plants and equipment must be built and manufactured in accordance with the requirements of
local laws, ordinances, technical regulations (normative acts), standards and recommendations. As
part of the complete project documentation in the field of process industry, standard projects are
foreseen that deal with the basic function of the plant, and in addition to which the production of [10]:

— Studies on environmental impact assessment, which according to the regulations is a docu-

ment that analyzes and evaluates the state of the environment at a specific location, foresees
the direct and indirect harmful effects of the projected plant on environmental factors, and
within which measures are prescribed to prevent, reduce and eliminate harmful effects on
the environment and human health

Unfortunately, the environmental impact analysis is quite often restricted to standard operating
issues and minor system failures. Examples that follow illustrate the need for an enhanced approach
to environmental impact study, which would calculate vulnerability, hazard and risk at several levels
of failure of industrial plants and systems, up to the worst-case scenario. Proper application of CIP
and CIR measures depends directly on correct and complete understanding of the level and extent of
the impact of an industrial accident or attack.

4. Terrorist Attacks on Wastewater Systems - Illustrations

Waste water treatment systems and plants (WWTS and WWTPs) are an integral part of the
water sector [11]:

— Developed countries identify Water (and all its subsystems, including wastewater treat-
ment) as a Critical Infrastructure (CI).

— As Critical Infrastructures their protection is very important.

— Running process control systems under outdated operating systems or specifically accessing
them via the internet are significant risks.

— Untreated wastewater spills are potentially dangerous, and can have serious public health
and environmental effects.

— Threats to wastewater treatment systems are real. Increasing adequate protection of the sites,
both physically and in cyberspace, remains essential.

Related research was performed with the topic: “Can and have wastewater treatment systems

been the target of deliberate attacks (possibly terrorist attacks)?”” Main elements [11]:
— 2023 - The appearance of the research topic at Obuda University
— Research on this topic for more than twelve months (Database analysis, review of relevant
publications)
— During the research no specific publications on this topic were found.
— The authors of the research first publication presenting the results was published in February
2025. Wastewater treatment systems and terrorism, Water Security 24 (2025) 100187,
https://www.sciencedirect.com/science/article/abs/pii/S246831242500001X
— The aim was to raise attention about this topic for further research and discussion.
Only the summary of results of the previously mentioned research is mentioned in this paper.
The conducted research was multidisciplinary and comprehensive, and at the level that is beyond the
scope of this paper (see [14], [15], [16] and [17]).

General conclusion was that the most vulnerable element of WWTS/WWTPs in cyberspace are
SCADA systems!
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4.1. Possible Outcome of a Deliberate Attack - Case Studyl

Warsaw WWTP experienced multiple failures in August 2019 and August-September 2020.
These failures resulted in the discharge of 4.8 million m® of untreated wastewater directly into the
Vistula River. Water quality sampling was conducted, revealing a significant deterioration in water
quality extending over 400 km from the accident site, as presented in the illustrative diagram [11].

N

- LITHUANIA
Baltic Sea
RUSSIA
Gaansk D
Elblag
Grudziadz
Bydgoszcz Torud o@’* Biatystok
o BELARUS
Wioclaw Plock
V’&{a/a Warsaw 8\ Brest
Lodz g

pulcO

POLAND

Figure 1. lllustrative diagram of a wastewater spill [12]

4.2. Possible Qutcome of a Deliberate Attack - Case Study2

Budapest's wastewater is treated at 3 treatment plants, which treat a total of 465,000 m3 of
wastewater per day. Utilizing the data from the Case Study 1, it was possible to perform the extrapo-
lation. The Czajka treatment plant in Warsaw treats 435,000 m3 of wastewater per day, which makes
the two capitals, Warsaw and Budapest, comparable. As the volumes are similar, in the event of a
similar accident or deliberate damage, the raw sewage spillage could cross the border and endanger

the neighbouring country (Serbia) [11].
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The results of analysis show that the threats to WWT systems are real and that they could be
targets for terrorist attacks. Untreated sewage cause serious public health and environmental effects.
The increasing number of cyber incidents demonstrates the need to strengthen the cyber protection of
wastewater treatment plant process control systems. The two threats should not be treated separately,
and the perpetrators can greatly increase their effectiveness by attacking both spaces at the same time.
A disaster caused by a sewage spill can spread to another country, as this case study shows [11].

5. Security Issues that Demand Engineering Attention

Cybersecurity of Industrial Control Systems (ICS): This is paramount. Engineers must design
and maintain systems resilient against malware, ransomware, and targeted attacks. This includes im-
plementing robust firewalls, intrusion detection systems, and secure remote access protocols specifi-
cally tailored for OT environments. Patch management can be tricky in OT, given uptime require-
ments, so risk-based approaches are essential.

Improving the resilience of critical infrastructure may require strengthening of parts of equip-
ment, increasing the capacity of certain segments, introduction of parallel systems, etc. in order to
reduce the impact of an incident or enable a faster return to working condition. In addition to careful
planning and additional analysis during design, this directly increases the investment costs of the
plant without enhancing the production capacity. [9]

Compliance and Regulatory Requirements: The process industry is often subject to specific
security regulations and standards. Engineers need to stay informed and design systems that meet
these requirements.

It is important to emphasize that even within the EU it is not defined who bears the costs of CIP
and CIR measures. Therefore, in the economic analysis of investments in the domain of the process
industry CIP and CIR measures should be taken into account and, possibly, those unprofitable ele-
ments of the investment should be presented separately. [9]

6. Conclusion

The security requirements for industrial plants and systems, including process industry seg-
ments, will continue to evolve in response to the ever-changing threat landscape and technological
advancements. A proactive, adaptive, and collaborative approach is essential for building a resilient
future for these critical environments. This requires a commitment to continuous improvement, on-
going investment in security technologies and expertise, and a deep understanding of the unique chal-
lenges and priorities of the industrial sector. By embracing a security-first mindset and fostering a
culture of security awareness, organizations can effectively mitigate risks and ensure the safety, reli-
ability, and integrity of their vital industrial operations. [13]

In that sense, process industry engineers need a holistic approach to security, considering both
cyber and physical realms, and understanding the unique challenges and critical nature of their oper-
ational environments. It's about building layers of defense and fostering a strong security culture,
whilst still following all requirements of engineering profession.
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pSenicne slame. Cilj rada je da se ukaZe na bitne produkte sagorevanja i njihov uticaj na energetsku
efikasnost. Analzom rezultata merenja prikazano je kako se parametri emisije produkata sagorevanja
menjaju tokom ciklusa lozenja. Vecina termickih postrojenja (kotlova) za sagorevanje biomase ima
relativno malu energetsku efikasnost. Usled male efikasnosti dolazi do visoke emisije zagadijucih
materija. U ovom radu je analiziran uticaj emisije gasova zagadivaca na energetsku efikasnost
kotlova na biomasu. Emisija gasova zagadivaca kao sto je ugljen-monoksid, je u korelaciji sa ener-
getskom efikasnosnoscu. Rezultati ispitivanja su pokazali da je kod kotlova sa malom energetskom
efikasnosc¢u povecan nivo emisije ugljen-monoksida. Prednost biomase kao izvora energije nije u
njenom znacajnom potencijalu, ve¢ u obnovljivosti. Obnovljivost daje sustinsku prednost biomasi nad
fosilnim gorivom. Kod malih i srednjih kotlova na baliranu slamu, termicke snage 50 — 700 kW, nizak
Jje stepen energetske efikasnosti i krece se u intervalu 55 — 70 %. Sa povecanjem toplotne snage kotla,
raste i temperatura dimnih gasova. Pri toplotnoj snazi kotla 50 — 700 kW, temperatura dimnih gasova
se kretala u opsegu 150 — 250 °C. Emisija gasova zagadivaca je u korelaciji sa energetskom efi-
kasnosnoscu. Nizak stepen efikasnosti rezultira u nepovoljnom sastavu produkata sagorevanja. Mala
energetska efikasnost je u bliskoj korelaciji sa povecanom emisijom zagadujucih materija kao Sto je
ugljen monoksid (CO) i drugo. Nivo emisije ugljen-monoksida (CO) je povecan i krece se u intervalu
2270 - 6930 mg/m>, zbog losije energetske efikasnosti kotlova i niskih temperatuta sagorevanja u
opsegu 570 — 598 °C. Pri sagorevanju biomase dolazi do emisije zagadujic¢ih materija, ali ne u tolikoj
meri kao pri sagorevanju fosilnih goriva. Znacajna je cinjenica da pSenicna slama u svom elemen-
tarnom sastavu ne sadrzi sumpor, ili je sadrzaj istog bar deset puta manji od sadrzaja u fosilnim
gorivima.
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The paper presents the results of testing the energy efficiency and emissions of combustion
products of seven hot water boilers, thermal power 50 - 700 kW. The biomass used as fuel is wheat
straw bales. The aim of the paper is to indicate the important products of combustion and their influ-
ence on energy efficiency. The analysis of the measurement results shows how the emission parame-
ters of the combustion products change during the combustion cycle. Most thermal plants (boilers)
for burning biomass have a relatively low energy efficiency. Due to low efficiency, there is a high
emission of pollutants. In this paper, the influence of pollutant gas emissions on the energy efficiency
of biomass boilers is analyzed. The emission of pollutant gases such as carbon monoxide is correlated
with energy efficiency. The test results showed that the level of carbon monoxide emission increased
in boilers with low energy efficiency. The advantage of biomass as an energy source is not in its
significant potential, but in its renewability. Renewable energy gives biomass a substantial advantage
over fossil fuels. In the case of small and medium boilers on baled straw, thermal power 50 - 700 kW,
the degree of energy efficiency is low and ranges from 55 - 70%. As the heat power of the boiler
increases, so does the flue gas temperature. At a boiler heat power of 50 - 700 kW, the flue gas
temperature was in the range of 150 - 250 °C. Emission of pollutant gases is correlated with energy
efficiency. A low degree of efficiency results in an unfavorable composition of combustion products.
Low energy efficiency is closely correlated with increased emissions of pollutants such as carbon
monoxide (CO) and others. The carbon monoxide (CO) emission level has increased and is in the
range of 2270 - 6930 mg/m’>, due to the lower energy efficiency of the boilers and low combustion
temperatures in the range of 570 - 598 °C. When burning biomass, polluting substances are emitted,
but not to the same extent as when burning fossil fuels. It is a significant fact that wheat straw does
not contain sulfur in its elemental composition, or its content is at least ten times lower than the
content in fossil fuels.

1. Introduction

Intensive use of biomass as an alternative type of fuel, 1981 began. Years. After increasing the
prices of fossil fuels and relative falls of agricultural products in the market, interest in the use of
biomass as biofuels for heat production [1].

Energy needs are mostly met from conventional energy sources such as fossil fuels (oil, natural
gas, coal, etc.). Since these fuel reserves are limited, it is necessary to use renewable energy sources
more intensively. Renewable energy sources are energy sources that are in nature and renewed in full
or partially, especially energy watercourses, wind, solar energy, biomass and geothermal energy [2, 3].

A significant renewable energy source is a biomass in terms of energy that periodically restores
and relatively small production and collection costs. The advantage of biomass in relation to conven-
tional fuels is reflected in the more favorable composition of combustion products [4 - 6].

Also, it should be noted that the primary advantage of biomass as a source of energy is not in
its significant potential, but in reproducibility. The renewal provides an essential advantage of bio-
mass over fossil fuel. Given the fact that the price of biomass is still significantly lower than the price
of fossil fuels, biomass can be classified into a group of energy sources, [6 - 9].

The greatest potential of renewable energy sources in Vojvodina, Serbia, is in biomass. Agri-
cultural biomass produced on an annual basis in Vojvodina, Serbia, is 9 million tons, from that quan-
tity one third is available for energy purposes, or 3 million tons per year, [1], [10].
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Energy efficiency and emissions of biomass boilers was subject and a certain number of scien-
tific research. The biomass combustion process affects its ignition temperature. The ignition temper-
ature is the temperature on which the combustion process begins. For biofuels such as wheat straw,
the ignition temperature moves within 220 - 250 °C, [11].

In order to compare, the temperature of the ignition of individual fuels are: coal lignite 280 -
300 °C, brown coal 230 - 240 °C. When combing wheat straw, about 6% of ash remains, and 10%
ash remains in lignite and brown coal combustion, [9].

For combustion of wheat straw and other biofuels, boilers and fireboxes with flat fixed grille,
angled grille, eembustionin-flight and fluidized layer are mainly used, [11, 12].

The development of the level of energy efficiency of biomass combustion boilers was analyzed
in the works [7], [10]. That degree increased by about 30% since 1980 to 2000.

For biomass boilers, a minimum energy efficiency of 55% is recommended for small boilers
with a heat output of up to 50 kW. Medium boilers up to 500 kW should have an efficiency greater
than 70% and boilers up to 1000 kW, an efficiency greater than 75%. For large boilers, greater than
1000 kW, the efficiency should be over 80%, [1], [7], [11]. According to [13 - 15], there are regula-
tions on plants for burning straw and limiting the emission of combustion products.

According to [1], [7], [12], recommendations were given for the energy efficiency of biomass
boilers depending on the type of combustion chamber and type of fuel. In the case of boilers with a
thermal power of 45 - 850 kW, which use baled straw as fuel, the degree of energy efficiency is 54 -
82%.

According to [7], [16 - 18], the energy efficiency of thermal plants, such as boilers and dryers,
is in the range of 65-70%.

In the literature, there is relatively little data obtained from specific biomass burning plants.
The paper presents the results of testing thermal power, energy efficiency and emissions of combus-
tion products of small and medium boilers on baled straw. The aim of the work is to indicate the
important polluting products of combustion and their influence on the efficiency of the plant.

2. Experimental part

The research method in the work is based on the analysis of the results of energy efficiency
research and the emission of combustion products of seven types of boilers with a thermal power of
50 - 700 kW.

Wheat straw bales were used as fuel. The lower heat value of wheat straw is about 14000 kJ/kg,
the humidity of the straw is 18% , according to literature [12]. The firebox of the boilers is a flat fixed
grille. Boilers are fired manually, and combustion air is provided by fans. Fuel consumption was
determined by measuring the weight of the straw bale, before manually inserting it into the boiler.
The scheme of the experimental plant is given in Figure 1.

During the test, the amount of fuel consumed ranged from 25 to 257 kg/h. The difference in
water temperature at the outlet and inlet of the boiler varied between 15 to 20 °C during the test. The
mean value for the calculation is A7 = 17,5 °C. The flue gas temperature ranged from 155 to 250 °C.

In Table 1, the results of energy efficiency tests and emissions of pollutant gases from boilers
that use straw bales as fuel are given. The results refer to seven hot water boilers with a thermal power
of 50 - 700 kW. In Table 1, the data about emissions represent the mean values of the measured
quantities.

The thermal power of the boiler, expressed in units (kW), is proportional to the fuel burned
quantity - wheat straw, the low thermal power of the fuel and the energy efficiency of the boiler [11,
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12]. The energy efficiency of the boiler is proportional to the thermal power of the boiler, and in-
versely proportional to the fuel quantity and the low thermal power of the fuel.

i
77777 3

Figure 1. Scheme of the experimental plant with measuring apparatures

1 - straw mass, 2 - input air temperature, 3 - water temperature at boiler inlet, 4 - water tempera-
ture at boiler outlet, 5 - boiler pressure, 6 - water flow rate through boiler, 7- analysis of gas at
boiler outlet.

The thermal power of the boiler O, and the efficiency of the boiler 7., are determined by the
following relations:

Q=mv-cp-At (h
- @

d
where is:

QO [kW] — thermal power of the boiler

my [kg/h] — water flow through the boiler

¢cp [kI/kg°C] — specific heat capacity of water

At [°C] — water temperature at the outlet and inlet of the boiler
e [%] — energy efficiency of the boiler

B [kg/h] — fuel quantity

Hg [kJ/m®] — low thermal power of the fuel

The thermal power of the boiler, expressed in units (kW), is the maximum amount of thermal
energy of the burned fuel in a unit of time, determined according to the lower thermal power of the
fuel.

Based on the research results given in Table 1, carbon was in the range of 150 - 194 mg/m>,
and oxygen in the range of 14 — 18 %. Both values exceed the ELV (emission limit value) according
to the regulation for thermal straw burning plants in Germany, [13]. The permissible value for carbon
is 50 mg/m’, and for oxygen it is 11 % vol. The flue number ranged from 15 to 24, so it can be said
that it is within the permissible limits of 15 to 25 according to [13, 14] . The flue number is the degree
of darkening of the filter paper surface caused by flue gases [15].
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Table 1. Energy efficiency and emission of pollutant gases from boilers that use straw bales as fuel

Thermal power of the bolier, O[kW] 50 150 250 300 400 500 700
Fuel quantity, B [kg/h] 25 69 111 124 160 198 257
Energy efficiency of the boiler, #.[%] 55 56 58 62 64 65 70

Water flow through the boiler,
my [kg/h]

2456 7370 12282 14739 19652 24565 34390

Excess air coefficient 2,5 4,0 5,0 3,0 3,5 3,6 5,3
CO2 [%] 8,7 9,5 7,6 10,2 6,3 8,5 4,5
CO [mg/m?] 6930 6750 5750 4690 4480 3920 2270
NO; [mg/m?] 38 63 65 52 30 44 35
02 [%] 12,5 13 14 15,5 16 17 18,5
C (carbon) [mg/m?] 150 163 172 179 182 189 194
Particles [mg/m3] 10 14 16 20 23 25 28
Flue number 15 16 17 19 21 22 24
Combustion temperature, ¢, [°C] 570 573 575 577 580 585 598
Flue gas temperature, # [°C] 150 155 160 165 175 187 250

3. Results and discussion

Based on the test results according to Table 1, it can be seen that in the case of small and
medium-sized boilers with a thermal power of 50 - 700 kW, the level of energy efficiency is low and
ranges from 55 - 70%. Figure 2 shows the dependence of energy efficiency and thermal power.
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Figure 2. Dependence of energy efficiency and thermal power

The temperature of the flue gases increases with the increase in the thermal power of the boiler,
Figure 3. For the thermal power of the boiler 50 - 700 kW, the temperature of the flue gases was in

the range of 150 - 250 °C.
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Figure 3. Dependence of flue gas temperature and thermal power

Based on the analysis of the test results (Figure 4), it was determined that the amount of carbon
monoxide reached 6930 mg/m3, which is a very high value when burning straw. This significantly
exceeds the prescribed limit values of emissions (CO) for fire boxes straw (4000 mg/m?), according
to [13], [19] and affects the reduction of energy efficiency. In order to reduce these amounts of harm-
ful and dangerous substances within the permitted limits, it is necessary to ensure good combustion,
i.e. it is necessary to match the amount of fuel with the amount of air for combustion.
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Figure 4. Dependence of energy efficiency and emission of polluting gases (CO)

The dependence of energy efficiency and temperature of flue gases is given in Figure 5. The
temperature of flue gases increases with the increase in energy efficiency of the boiler.
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Figure 5. Dependence of energy efficiency and flue gas temperature

The amount of carbon dioxide (CO.) varied widely from 4,5 to 10,2%, which is a consequence
of the high value of the excess air coefficient. In addition, biomass is considered a renewable energy
source and "CO2 neutral", because the amount of CO> absorbed by plants during their life in the
process of photosynthesis and the amount released during their thermal decomposition are approxi-
mately equal [8].

The value of the excess air coefficient reached a high value of 5.3 and affects the worse com-
bustion process, which leads to a decrease in energy efficiency and an increase in the emission of
harmful gases into the atmosphere. According to [20, 21], the excess air coefficient ranges from 1.4
to 1.6 during optimal straw combustion. The ratio between the amount of air supplied to the process
and the theoretically required one is called the excess air coefficient.

The amount of NO> ranged from 30 to 65 mg/m>. In principle, it can be said that in the process
of burning biomass (straw) a high value of these oxides is not obtained due to the lower combustion
temperatures and the straw contains a small percentage of nitrogen. The upper limit value of NO>
emissions is 400 mg/m?, according to [13 - 15].

The content of solid particles in flue gases ranged from 10 to 28 mg/m>. The amount of these
particles did not exceed the standard prescribed value of 150 mg/m?, according to [13 - 15].

From an ecological point of view, the fact that wheat straw does not contain sulfur in its ele-
mental composition is particularly significant, or its content is at least ten times lower than the content
in fossil fuels.

4, Conclusion

The paper presents the results of research into the efficiency and emissions of combustion prod-
ucts of boilers with a thermal power of 50 - 700 kW. Wheat straw bales were used as fuel. Based on
the results of the examination and discussion, the following conclusions can be drawn:

The primary advantage of biomass as an energy source is not in its significant potential, but in
its renewability. Renewable energy gives biomass a substantial advantage over fossil fuels. Given
these facts, as well as the fact that the price of biomass is still significantly lower than the price of
fossil fuels, biomass can be classified as a group of energy sources of the future.

In the case of small and medium boilers on baled straw, thermal power 50 - 700 kW, the degree
of energy efficiency is low and ranges from 55 - 70%.
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As the heat power of the boiler increases, so does the flue gas temperature. At a boiler heat
power of 50 - 700 kW, the flue gas temperature was in the range of 150 - 250 °C.

Emission of pollutant gases is correlated with energy efficiency. A low degree of efficiency
results in an unfavorable composition of combustion products.

Low energy efficiency is closely correlated with increased emissions of pollutants such as
carbon monoxide (CO) and others.

The carbon monoxide (CO) emission level has increased and is in the range of 2270 - 6930
mg/m>, due to the lower energy efficiency of the boilers and low combustion temperatures in the
range of 570 - 598 °C.

By using straw as fuel, significant savings of conventional (fossil) fuels are achieved. The
advantages in favor of biomass exploitation are the relative purity of exploitation and the fact that
biomass is a renewable source of energy, as opposed to fossil fuels, which are non-renewable and
limited.

When burning biomass, polluting substances are emitted, but not to the same extent as when
burning fossil fuels. Combustion of biomass does not produce polluting substances (pollutants) such
as sulfur compounds, which participate in the process of acid rain.

The type and amount of emissions of combustion products depends on the fuel used, on the
energy efficiency of the boiler, as well as on the design of the firebox and the automation of the
combustion process.

It is a significant fact that wheat straw does not contain sulfur in its elemental composition, or
its content is at least ten times lower than the content in fossil fuels. The use of biomass as biofuel
pollutes the environment less than fossil fuels.

The presented results can be useful for determining the optimal operating parameters of boilers
for burning biomass (straw). Based on the analyzes performed in the paper, it can be concluded that
it is necessary to continue research to increase the efficiency of thermal plants (boilers), with the aim
of improving the combustion process and reducing the emission of harmful substances.

5. References

[1] Alimpic, M., Energy from agriculture, Modern agricultural technology, Volume 9 (1983), Issue
1-2, pp. 1-7.

[2] Demirbas, A., Bio-fuels from agricultural biomass, Energy Sources, Part A: Recovery, Utiliza-
tion, and Environmental Effects, Volume 31 (2009), Issue 17, pp. 1573 — 1582.

[3] Tolmac, D., Prulovic, S., Lambic, M., Tolmac, J., Radovanovic, Lj., Global Trends on Pro-
duction and Utilization of Biodiesel, Energy Sources, Part B: Economics, Planning and Policy,
Volume 9 (2014), Issue 2, pp. 130-139.

[4] Balat, M., Ayar, G., Biomass energy in the world, use of biomass and potential trends, Energy
Sources, Volume 27 (2005), Issue 10, pp. 931-940.

[5] Balat, M., Biomass Energy and biochemical conversion processing for fuels and chemicals, En-
ergy Sources, Part A: Recovery, Utilization, and Environmental Effects, Volume 28 (2006), Issue
6, pp. 517-525.

[6] Demirbas, A., Biofuels sources, biofuel policy, biofuel economy and global biofuel projections,
Energy Conversion and Management, Volume 49 (2008), Issue 8, pp. 2106-2116.

[7] Brkic, M., Janic, T., Efficiency and emission of gases from biomass boilers, Journal of Agro-
nomic Knowledge, Volume 5 (2007), pp. 14-18.



38. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 207

[8] Nakomcic-Smaragdakis, B., Cepic., Z, Dragutinovic, N., The process of burning wheat straw
and its impact on air pollution, Modern agricultural technology, Volume 40 (2014), Issue 1, pp.
55-62.

[9] Perunovic, P., Pesenjanski, 1., Timotic, U., Biomass as fuel, Contemporary agricultural ma-
chinery, Volume 9 (1983), Issue 1-2, pp. 9-13.

[10] Lasselsberger, L., Wood combustion systems in future, state of the art and type testing of bio-
mass combustion systems, Federal Institute for Agricultural Engineering (BLT), Wieselburg,
1999.

[11] Prvulovic, S., Tolmac, D., Brkic, M., Radovanovic Lj., The analysis of energetic and eco-
nomic parameters during the utilization of corn grain as a fuel for cereal dryers, Energy Sources
Part B: Economics Planning and Policy, Volume 8 (2013), Issue 4, pp. 412-419.

[12] Tolmac, J., Tolmac, D., Prvulovic, S., Brkic, M., Kossuth, Z., Rational use of agricultural
biomass for heat production, pp.231-235, International Conference Bioenergy and Other Ren-
wable Technologies and Systems, Krakow, Poland, 2013.

[13] FNR, Bioenergy guidelines - planning, operation and economic efficiency of bioenergy, Plants
agency for renewable resources, Guzlow, 2000.

[14] Rulebook on emission limit values, manner and deadlines for measuring and recording data,
Official Gazette of RS, No. 30/97 and 35/97.

[15] Decree on limit values for emissions of pollutants into the air from combustion plants, Official
Gazette of RS, No. 6/2016 and 67/2021.

[16] Tolmac, D., Blagojevic, Z., Prvulovic, S., Tolmac, J., Radovanovic, Lj., Experimental study
on drying kinetic and energetic characteristics of convection pneumatic dryer,
Facta Universitatis - Mechanical Engineering, Volume 8 (2010), Issue 1, pp. 89-96.

[17] Bojic, M., Raskovic, P., Radojkovic, N., An Influence of boiler-recovery-heat exchanger to
boiler size - a tool-shop example, Facta Universistatis — Mechanical Engineering, Volume 1
(1997), Issue 4, pp. 447-457.

[18] Prvulovic, S., Tolmac, D., Lambic, M., Radovanovic, Lj., Effects of heat transfer in a hori-
zontal rotating cylinder of the contact dryer, Facta Universistatis — Mechanical Engineering,
Volume 5 (2007), Issue 1, pp.47-61.

[19] Brkic, M., Janic, T., Gobor, Z., Efficiency and emission of gases of biomass thermal plants,
Journal of Process Technique and Energy in Agriculture (PTEP), Volume 8 (2004), Issue 1-2,
pp. 14-18.

[20] Vidakovic, M., Analysis of flue gases from the process of straw combustion, Archives of Tech-
nical Sciences, Volume 5 (2011), Issue 1, pp.79-84.

[21] Radic, D., Jovovic, A., Stanojevic, M., Obradovic, M., Todorovic, D., Emissions of Air Pollu-
tions from Small Combustion Installations Fired by Solid Fuel Biomass, Processing Technique,
Volume 1 (2014), pp.40-46.


http://apps.webofknowledge.com.proxy.kobson.nb.rs:2048/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=V1w8P5naOyqKcSpDJTm&page=1&doc=6
http://apps.webofknowledge.com.proxy.kobson.nb.rs:2048/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=V1w8P5naOyqKcSpDJTm&page=1&doc=6
javascript:;
javascript:;




Struénirad  https://doi.org/10.24094/ptk.025.1.209

Kijuéne reci: - GISTEM U OBLAKU ZA PRACENJE 1 UPRAVLJANJE

web aplikacija;

React.js; JavaScript; P ROCESOM SUSENJA BAZIRAN NA
HTML; susenje MIKROKONTROLERU I VEB APLIKACLJI

Keywords:THE CLOUD-BASED SYSTEM FOR MONITORING

web application;

React js: Javascrip:  AND MANAGEMENT OF THE DRYING PROCESS BASED
HIML; drying— ON MICROCONTROLLER AND WEB APPLICATION

Zeljko EREMIC*  Visoka tehnicka Skola strukovnih studija u Zrenjaninu, Zrenjanin, Srbija
* zeljko.eremic@vts-zr.edu.rs ~ ORCID: 0009-0003-3310-3081
Aleksandar DEDIC  Univerzitet u Beogradu, Sumarski fakultet, Beograd
ORCID: 0000-0001-6120-6414
Matilda LAZIC  Visoka tehnicka Skola strukovnih studija u Zrenjaninu, Zrenjanin, Srbija
ORCID: 0009-0000-9174-554X
Dragan HALAS  Visoka tehnicka skola strukovnih studija u Zrenjaninu, Zrenjanin, Srbija
ORCID: 0009-0005-1426-0326

Ovaj rad predstavija sistem za suSenje integrisan sa web aplikacijom za daljinsko pracenje i
upravljanje procesom u maloj laboratorijskoj susari. Aplikacija omogucava korisnicima da podese i
prilagode kriticne parametre suSenja i cuvaju podatke u odgovarajucem formatu za dalju analizu.
Dat je pregled relevantne literature i prethodnog rada autora. Detaljno su razmotreni kljucni aspekti
procesa susenja, zajedno sa njegovim kriticnim parametrima, nakon cega sledi pregled hardverskih
i softverskih komponenti sistema. Objasnjen je interfejs i funkcionalnosti web aplikacije, i prikazani
rezultati provedenih eksperimenata. Rad se zavrSava rezimeom rezultata koji pokazuju da je glavni
cilj, koristenje modernih tehnologija kao sto su React.js, JavaScript, CSS i HTML za razvoj korisnic-
kog interfejsa za daljinsko pracenje i upravljanje procesima, uspesno postignut.

This paper introduces a drying system integrated with a web application for the remote moni-
toring and management of the drying process in a small laboratory dryer. The application enables
users to set and adjust critical drying parameters and store data in an appropriate format for further
analysis. An overview of the relevant literature and previous works of the author is provided. Key
aspects of the drying process, along with its critical parameters, are discussed in detail, followed by
an overview of the system's hardware and software components.The interface and functionalities of
the web application are explained, and the results of the conducted experiments are presented. The
paper concludes with a summary of the findings, demonstrating that the main goal, utilizing modern
technologies such as React.js, JavaScript, CSS, and HTML to develop a user-friendly interface for
remote monitoring and process management, has been successfully achieved..

1. Introduction

This paper introduces a drying system integrated with a web application for the remote moni-
toring and management of the drying process.The drying process was selected for testing and deve-
lopment of this cloud-based system due to its importance and complexity.
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Previous research in the field of drying has explored several directions. One focus has been the
study of food drying using laboratory dryers. The thin layer drying of celery leaves was tested under
various conditions of air temperature and relative humidity in a laboratory dryer [1]. In another study,
the authors developed their own equipment to test the effects of four different drying methods on
drying kinetics and the physical-chemical properties of American ginseng. This equipment was used
for three of the four tested methods, ensuring consistency in the experimental conditions among these
methods [2]. In a laboratory convective dryer with an acrylic chamber and a metal bed, the changes
in carotenoid content and colorimetric properties of pumpkin flowers were investigated under differ-
ent temperatures, air flows, and flower shapes [3]. The kinetics of color changes of unripe slices of
buckwheat dried at different temperatures were also investigated [4]. Along with these researches,
mathematical models were set up that predicted drying kinetics and were suitable for automatic con-
trol. [5,6] In a laboratory simulation of a solar dryer, the process of drying coffee at different tempe-
ratures and air flows was examined. The obtained results were compared with theoretical results based
on mathematical models of drying agricultural products [7]. Also, the effect of air temperature on the
temperature and moisture distribution during the drying of red chilies was analyzed through numeri-
cal simulation in the COMSOL Multiphysics software package. These results were compared with
experimental data from previous research. This represents another direction of research [8]. Another
study involved using computer simulation with the Ansys 2020 software package to redesign the
current cocoa dryer, aiming to better match the drying characteristics of cocoa beans and reduce en-
ergy consumption. The influence of temperature was investigated, and the results from the new design
were compared with experimental data from the existing dryer [9]. In regions where food spoils
quickly and solar energy is available, traditional solar dryers are used to extend the shelf life of vari-
ous agricultural and culinary products. However, due to weather conditions and other factors, this
method is not always reliable or cost-effective. Consequently, research has focused on improving
drying conditions through improved monitoring, notification capabilities, and efficient data collection
and display via remote monitoring. To solve issues of reliability and cost-effectiveness, the Internet
of Things (IoT) was implemented in the Sardinella (Tamban) solar fish drying system by integrating
a web data logger and SMS notification system using Arduino Uno and ESP-32 [10]. Reliability and
cost-effectiveness were also tested in a simulation experiment related to the porous media burner
control system. System software and hardware (embedded ARM processor 1s1043a, FPGA data ac-
quisition card, power supply circuit, reset circuit and audible and visual alarm module) were used
[11]. One study confirmed the hypothesis that the energy consumption of production-related equip-
ment is usually not constant over time, but is dynamic and conditioned and is influenced by the non-
linearity of the production process and the actual state of the machine. On this basis, an efficient
solution has been proposed, designed and developed, which aims to monitor the energy consumption
of fast-reactive energy systems in industrial environments [12]. Microcontrollers and sensors have
been used extensively in research to control, manage, and monitor various processes [7]. This also
represents another direction of research.

The authors, in the previous studies have significant experience in developing similar web ap-
plications, such as one that displays air quality results measured by the View Plus radon detector,
with data downloaded from the cloud [13].

2. Material and methods

This paper explores the capability of continuous monitoring of temperature and relative humid-
ity within a laboratory dryer, two critical parameters in the drying process. It examines the real-time
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display of these measurements, the control of heater and fan operations based on this data, and the
storage of the recorded values in a database. The solution was implemented using Internet technolo-
gies and microcontrollers, employing advanced programming techniques. A custom user interface
was developed through web design tools to enhance user interaction. Both hardware and software
components were integrated to optimize the drying process, ensuring it adheres to established rules
and principles.

Drying is a complex technological process aimed at removing excess moisture from solid ma-
terials. The requirements for drying, particularly in the case of food products, are highly specific, and
the process cannot always be optimized solely for efficiency. In many cases, the dried product must
retain certain qualities that may be compromised if the drying process is conducted in a manner that
minimizes energy consumption or reduces drying time. Key product attributes such as nutritional
quality, texture, aroma, and the retention of vitamins, proteins, and microbiological balance are sig-
nificantly influenced by both the temperature and the duration of exposure during drying. As a result,
temperature and relative humidity emerge as critical factors in ensuring the quality and effectiveness
of the drying process.

The primary motivation behind this work was to leverage existing hardware components and
and cutting edge software solutions to enhance the drying process. The integration of Internet of
Things (IoT) technologies was a logical choice, given the advanced capabilities it offers, such as real-
time data monitoring, remote control, and enhanced automation. By utilizing modern [oT frameworks
alongside readily available hardware, the authors aimed to develop an innovative and efficient solu-
tion for improving the control and optimization of drying processes. Adopting the Internet of Things
(IoT) for this system was a logical decision due to the additional capabilities it offers. IoT enhances
traditional automation concepts by enabling seamless information exchange over networks and al-
lowing remote control via commands. This approach also emphasizes device-to-device communica-
tion, often without human intervention, which is a fundamental aspect of 10T systems [14].

In this system, input data is collected through the NodeMCU microcontroller, which has sensors
connected to it. The NodeMCU is similar to the popular Arduino microcontroller but distinguishes
itself by having a built-in WiFi module, a crucial feature for this system's networked capabilities [15].
The sensors used to measure temperature and relative humidity are the well-known DHT22, Digital-
output relative humidity & temperature sensor/module DHT22 (DHT22 also named as AM2302).
One DHT22 sensor records measurements from inside the dryer, while the other records measure-
ments from outside the dryer. To control the drying process, relays are used. A relay functions as a
switch that is operated electromagnetically, allowing a low-power control signal to manage high-
power, high-voltage devices. In this system, the low-power current from the NodeMCU microcon-
troller operates relays that control the fan and heater. The relays used are traditional electromechanical
relays, which are accessed by the NodeMCU through a custom-written C++ class. One relay manages
the fan's operation, and the other controls the heater.

Additionally, recording the time of each measurement was necessary, and this was accom-
plished using a Network Time Protocol (NTP) server. NTP is a protocol that synchronizes time across
devices connected to a network. Figure 1 illustrates the hardware connection diagram, showing how
the sensors, relays, and other components interact with the NodeMCU.

After each measurement, the recorded values and corresponding measurement time were stored
in a Firebase database. Firebase Realtime Database was used for this purpose. As described by the
official documentation, "The Firebase Realtime Database is a cloud-hosted database. Data is stored
as JSON and synchronized in real-time to every connected client. When building cross-platform apps



212 38 INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

with Apple platforms, Android, and JavaScript SDKs, all clients share a single Realtime Database
instance and automatically receive updates with the latest data." [16]. One of the key advantages of
Firebase is its capability to retrieve data in JSON format from designated endpoints. JSON (JavaS-
cript Object Notation) is a widely used data format, particularly for web applications, due to its sim-
plicity and ease of use. As noted by other sources, "JSON is a data format that has gained popularity
in recent years for data exchange on the Internet. Its main advantage is that it organizes data in a way
that is easily understandable by both humans and machines" [17]. In this study, the web application
utilized Firebase’s endpoints to communicate with the rest of the system, functioning as both a real-
time database and a web service. Firebase's distinctive feature is its ability to store data in a tree-like
structure, where each node can contain subnodes, facilitating hierarchical data organization. All data
generated by the system is stored and managed within these nodes, allowing for efficient storage and
retrieval of real-time measurements.

The web application presented in this paper is designed to monitor and remotely adjust critical
drying parameters. The software components utilized include React.js, JavaScript, CSS, and HTML.
React, commonly referred to as React.js, is a JavaScript library developed by Facebook and released
as open-source in 2013 to aid the development community in building user interfaces [18]. React.js
serves as both a JavaScript framework and an open-source library. The structure and styling of the
web application are implemented using HTML and CSS. The web application interface is presented
in Serbian, as depicted in Figure 2.

v Upravljanje susenjem x 4+ = O X

< C @ 2% upravijanje-susenjemwebapp G W o 3

Poslednje merenje:
Utorak u 16:42:34

Spoljna temp.: 26.2(°C)
v

~ R.VI?‘A)) -

0 100 S
N

7 60

Spoljna r. viazn.: 39.9(%)

RO

Parametri:
Ciljna temp.: 40(°C)

Ciljna rel. vlazn.: 20(%)
Serijski broj merenja: 1 (N2)
Vreme izmedu dva merenja: 0(s)
[ Urediti |

Autor aplikacije: Zeljko Eremi¢, PhD

Autor koncepta upr. sudenjem.: Dragan Halas, PhD

verzija. 1.1.0.
fritzing

Figure 1. Hardware connection diagram Figure 2. Web application interface

The explanations for each element in the interface are as follows:
— Drying management (serb. Upravljanje suSenjem)
— Last measurement Tuesday at 15:42:51(serb. Poslednje merenje utorak u 16:42:34)
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— Temperature (serb. Temp.(°C))

— Temperature outside the dryer (serb. Spoljna temp.(°C))

— Relative air humidity (serb. R.Vlazn)

— Relative air humidity outside the dryer (serb. Spoljna r. vlazn)

— Fan-on and heat-on icons

— Parameters (serb. Parametri)

— Target temperature (serb. Ciljna temp.)

— Target relative humidity (serb. Ciljna rel. vlazn.)

— Measurement serial number (serb. Serijski broj merenja)

— Time between two measurements (serb. Vreme izmedu dva merenja)

— Edit (serb. Urediti)

— Archive of existing measurement (serb. Arhiva postoje¢eg merenja)

— Author of the application (serb. Autor aplikacije)

— Author of the concept of drying management (serb. Autor koncepta upr. suSenjem.)

The temperature and relative humidity inside the dryer are critical parameters in this study and
are displayed using a gauge for real-time monitoring. The outside temperature and relative humidity
are shown in text format. The operational status of the fan and heater is represented by icons, indicat-
ing whether these components are active or inactive. In the "Parameters" section, the current process
settings can be modified by selecting the "Edit" button. After clicking "Edit," a PIN must be entered
to authorize any changes. Once the desired adjustments have been made, the user can either update
(Serbian: AZzurirati) or cancel (Serbian: Odustati) the changes. These actions are depicted in Figure
3. The modified parameter values are then saved to the system’s database The web application can
be accessed through the following link: https://upravjanje-susenjem.web.app via any standard web

browser.
Parametri: Parametri:
Cilina temp.: 40(°C) Cilina temp.:[40  |°C
Ciljna rel. vlazn.: 20(%) Ciljna rel. vlazn.: \E‘(%]
Serijski broj merenja: 1 (N9) Serijski broj merenja:[1 | (N9
Vreme izmedu dva merenja: 0(s) Vreme izmedu dva merenja: [0 s)

PIN: | |
Arhiva postojeceg merenja
Autor aplikacije: Zeljko Eremi¢,_PhD

Autor koncepta upr. susenjem.: Dragan Halas, PhD

[ Azurirati | Odustati |
Arhiva postojeeg merenja

Autor aplikacije: Zeljko Eremi¢,_PhD
Autor koncepta upr. susenjem.: Dragan Halas, PhD

verzija. 1.1.0. i
erzija. 1.1.0. verzija. 1.1.0.

Figure 3. Login mode (left) and edit mode (right)

3. Results and discussion

To test this system, an experiment was conducted in a small laboratory dryer, specifically de-
signed for these purposes. The dryer consists of a chamber with dimensions of 620 x 560 x 490 (mm)
(width x height x depth). The framework is constructed from steel profiles, while the sides are made
of plexiglass. Openings equipped with fans are positioned on opposite sides of the chaber, one for air
intake and the other for air exhaust. Inside the chamber, a heater and a DHT?22 sensor are installed,
while a second DHT22 sensor is positioned outside the dryer. The heater and fans are connected to a
relay controlled by a microcontroller. The heater operates on 220 V alternating curent, and the fans
on 9 V direct current. Additionally, a container of water is placed inside the dryer to simulate the
process of moisture evaporation from material. This container is heated by the heaer, causing steam
to evaporate from it.


https://upravjanje-susenjem.web.app/
https://upravjanje-susenjem.web.app/
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During the experiment, data were collected at predefined time intervals using the system illus-
trated in Figure 1. Each measurement recorded the following data:

* Day of the week (0-6, where it is 0 Sunday and 6 Saturday)

— Relative humidity inside the dryer (%)

— Relative humidity outside the dryer (%)

— Fans activity (1 — on; 0 — ofY)

— Heater activity (1 — on; 0 — off)

— Temperature inside the dryer (°C)

— Temperature outside the dryer (°C)

— Time (HH-MM-SS format)

The dryer operated as follows: based on the measured data, when the internal temperature fell
below the target value, the heater was activated to raise the temperature inside the dryer. Once the
temperature reached the target value, the heater would automatically turn off. The heater would be
reactivated if the internal temperature dropped below the set threshold again. Simultaneously, the
fans would be activated when the relative humidity inside the dryer exceeded the designated set point,
replacing the humid air inside the dryer with dry air from the external environment. The fans would
turn off once the relative humidity inside the dryer reached the target value. This process ensured the
maintenance of the target drying temperature and effectively removed moisture from the dryer.

All experimental data was stored in a database located at https://vtszr-9¢108.fire-
baseio.com/drier_temp_keeping/20.json, following the structure outlined in listing. The results from
three measurements in JSON format are listed below:

[{"dayofweek":3,"h _sp":36.9,"h_un":41.4,"is_fan _on":1,"is_heat on":1,"t sp":21.3,"t un":20.8,"time":"14:59:12"},
{"dayofweek":3,"h sp":38.3,"h_un":42.7,"is_fan on":1,"is_heat on":1,"t sp":21.3,"t un":20.8,"time":"14:59:34"},
{"dayofweek":3,"h_sp":38.4,"h_un":42.7,"is_fan _on":1,"is_heat on":1,"t sp":21.3,"t un":20.8,"time":"15:00:34"},

These results can easily be converted into other formats suitable for data processing, such as
MS Excel. In this paper, the online tool "Convert JSON to CSV," accessible at https://www.con-
vertcsv.com/json-to-csv.htm, was utilized for data conversion. Figure 4 presents the measurement
results, which were downloaded in .xIsx format and subsequently converted for use in Microsoft Ex-
cel, facilitating further processing and analysis.

1 - Ji

A B C D E F G H
dayofweek h_sp h_un is_fan_on is_heat_on t sp t un time

3 36,9 414 1 1 213 20,8 14:59:12

3 383 427 1 1 213 20,8 14:59:34

3 384 427 1 1 213 20,8 15:00:34

~N OO R W N

Figure 4. The measurement results converted into MS Excel

By processing this data, a graph can be generated to illustrate the relationship between internal
and external dryer temperatures over time, as depicted in Figure 5.

Among the various analytical possibilities, one option is to display the correlation between the
relative humidity of the air inside and outside the dryer and the drying time, as shown in Figure 6.


https://vtszr-9e108.firebaseio.com/drier_temp_keeping/20.json
https://vtszr-9e108.firebaseio.com/drier_temp_keeping/20.json
https://vtszr-9e108.firebaseio.com/drier_temp_keeping/20.json
https://www.convertcsv.com/json-to-csv.htm
https://www.convertcsv.com/json-to-csv.htm
https://www.convertcsv.com/json-to-csv.htm
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Figure 5. Dependence of temperature on measurement time for measurement SN205
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Figure 6. Dependence of relative humidity on measurement time for measurement SN205

Analyzing Figures 5 and 6 enables effective monitoring of both the drying process and the
performance of the dryer. Figure 5 facilitates an assessment of the time required to achieve the target
internal dryer temperature, as well as any deviations from this target. Additionally, the external dryer
temperature, which is critical for efficiency calculations, can be examined. Figure 6 provides insights
into the relative humidity of the air inside and outside the dryer. Furthermore, it is possible to combine
temperature and relative humidity data over time into a single graph. The operating time of the heater,
as a function of drying time, can also be incorporated into this graph for a more comprehensive anal-
ysis.

4, Conclusion

The paper provides a detailed description of a system and web application designed for remote
monitoring of the drying process, allowing for the adjustment of important parameters. It begins with
an introduction and a review of related papers and influences. The paper then explains the key objec-
tives of the drying process and the important parameters involved. It also describes the hardware and
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software components used, as well as the structure of the database. The interface of the web applica-
tion, which allows for changing essential drying parameters, is then detailed. Finally, the paper pre-
sents the results of the conducted experiment, along with graphics and a discussion. The proposed
solution in this work has practical applications in the drying process, and it has been concluded that
the initial goals were achieved.

This paper makes a significant contribution in several domains, including drying technology,
IoT, and Internet technologies, by integrating them into a cohesive system. Its value lies in bridging
these fields to enable remote monitoring and control of the drying process. The proposed solution is
not only applicable to drying technology but also extends to other related fields where precise control
of temperature and humidity is essential.

There are many opportunities for further improvements. It is possible to add new sensors and
actuators in order to further improve the possibilities of the drying process. Also in terms of the user
interface, it is possible to add new features such as graphs related to all previous measurements of the
drying process and connection to artificial intelligence.
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Ovaj rad predstavlja inovativan sistem za osmotsko vakuumsko suSenje, osmisljen radi
poboljsanja efikasnosti i kvaliteta dehidratacije voca i povrca. Tradicionalni susaci na atmosferskom
pritisku, koji koriste zagrejani vazduh, cesto su neefikasni zbog visoke potrosnje energije i ogranice-
nih perioda rada tokom sezone berbe. Pored toga, neadekvatna kontrola temperature i vlaznosti u
konvencionalnim susacima moze dovesti do ostecenja proizvoda, kao Sto su ocvrsc¢avanje povrsine,
nepotpuna dehidratacija ili mikrobna kontaminacija. PredloZeni osmotski vakuumski susac resava
ove izazove integracijom kontrolisane osmotske dehidratacije sa vakuumskim susenjem, cime se
omogucava bolje uklanjanje viage uz ocuvanje organoleptickih svojstava proizvoda. Ovakav pristup
povecava energetsku efikasnost, smanjuje vreme susenja i minimizuje degradaciju proizvoda. U radu
su predstavljene kljucne karakteristike dizajna, operativne prednosti i potencijalne primene ove
tehnologije u prehrambenoj industriji.

This paper presents an innovative osmotic vacuum drying system designed to improve the effi-
ciency and quality of fruit and vegetable dehydration. Traditional atmospheric pressure dryers using
heated air streams are often inefficient due to high energy consumption and limited operational pe-
riods during harvest seasons. Additionally, inadequate temperature and humidity control in conven-
tional dryers can lead to product defects such as surface hardening, incomplete dehydration, or mi-
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crobial spoilage. The proposed osmotic vacuum dryer addresses these challenges by integrating con-
trolled osmotic dehydration with vacuum drying, ensuring better moisture removal while preserving
organoleptic properties. This approach enhances energy efficiency, reduces drying time, and mini-
mizes product deterioration. The study highlights key design features, operational advantages, and
potential applications of this technology in the food industry.

1. Introduction — Literature overview

The challenges associated with conventional drying methods, particularly those involving hot
air at atmospheric pressure, have led researchers to explore alternative and more efficient dehydration
technologies. In this context, several studies have focused on osmotic dehydration, vacuum drying,
and their combined application to improve energy efficiency and product quality in dried fruits and
vegetables. Dermesonlouoglou et al. (2019) investigated osmotic pretreatment as a method to enhance
the quality of dehydrated tomatoes and cucumbers. Their study demonstrated that osmotic dehydra-
tion, when properly controlled, not only reduces the drying time but also improves the color, texture,
and nutritional value of the final product. The research highlighted the potential of this method to
serve as a valuable pre-treatment before further drying processes. In a similar study, Dermeson-
louoglou et al. (2018) applied osmotic dehydration to goji berries and confirmed that the technique
preserves bioactive compounds while minimizing structural damage during drying. Their work un-
derlined the importance of adjusting osmotic conditions (concentration, time, and temperature) to
maintain the sensory and nutritional qualities of delicate fruits. Mandala et al. (2005) focused on
apples and analyzed how various osmotic dehydration conditions affect subsequent air-drying kinet-
ics and quality parameters. They found that osmotic pretreatment can significantly modify the drying
rate and final moisture content, influencing the texture and rehydration capacity of the dried apples.
This study contributed important insights into how process optimization can lead to improved product
performance during storage and consumption. Fernandes et al. (2006) explored the optimization of
osmotic dehydration followed by air-drying in bananas. They employed response surface methodol-
ogy to determine optimal process conditions and found that combining both techniques can enhance
drying efficiency while retaining desirable product attributes such as flavor and color. Their work
emphasized the industrial relevance of integrating osmotic treatment with conventional drying. Gar-
cia et al. (2007) investigated the dehydration kinetics of pumpkins through osmotic treatment fol-
lowed by air-drying. The study revealed that the process leads to significant water loss with minimal
solid gain, indicating a favorable mass transfer rate. This enhances the overall efficiency of dehydra-
tion and offers potential for energy savings in industrial applications. Cranberries are widely appre-
ciated not only for their unique taste but also for their high nutritional and antioxidant value. Due to
their high moisture content, cranberries are highly perishable and thus require preservation methods
such as drying. The drying technique significantly affects the final quality of the dried product. In her
thesis, Beaudry (2001) evaluated several drying methods applied to osmotically dehydrated cranber-
ries, including hot air drying, freeze-drying, vacuum drying, and a combination of hot air and micro-
wave drying. Her study highlights the impact of drying techniques on the quality parameters of cran-
berries, such as texture, color, and rehydration capacity. Collectively, these studies establish a strong
foundation for advancing hybrid drying technologies. The integration of osmotic dehydration with
vacuum drying presents an attractive approach to address the limitations of conventional methods,
offering benefits such as reduced drying time, improved energy utilization, and better preservation of
nutritional and sensory qualities.
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Despite the promising results of previous research, there remains a need for further innovation
in the design and implementation of drying systems that are both economically viable and capable of
preserving product quality. Traditional hot air dryers, commonly used in the fruit and vegetable pro-
cessing industry, are often inefficient and costly, requiring large amounts of energy and functioning
optimally only during short seasonal windows, typically limited to a few weeks during harvest time.
As aresult, their cost-effectiveness is significantly reduced due to underutilization throughout the rest
of the year. Moreover, conventional dryers demand precise temperature and humidity control. High
drying temperatures can cause excessive surface drying, crust formation, and incomplete moisture
removal, especially in fruits with dense skins, such as plums. On the other hand, low temperatures
result in prolonged drying times, reduced energy efficiency, and a higher risk of microbial spoilage.
Humidity also plays a crucial role—when the air becomes saturated with water vapor, its ability to
absorb additional moisture diminishes, thus slowing down the dehydration process. To address these
limitations, this paper proposes a hybrid osmotic vacuum drying system that integrates controlled
osmotic pretreatment with vacuum drying technology. This approach allows for enhanced moisture
removal at lower operating temperatures, better preservation of organoleptic properties, and a more
consistent product quality. Additionally, it offers greater flexibility and potential for year-round uti-
lization, thereby increasing overall system profitability.

The following sections of the paper present the design concept of the proposed system, discuss
its technical and operational advantages, and outline its potential applications in the food processing
industry.

2. Challenges of conventional drying systems and the potential of
osmotic dehydration in fruit processing

Conventional atmospheric pressure dryers that utilize heated humid air streams are often not
economically viable due to their high energy demands. The conversion of fuel or electricity into heat
for drying purposes is costly and inefficient, especially considering that such dryers are typically in
operation only during short harvesting periods—usually not more than two months per year. For the
remainder of the year, the equipment remains unused, significantly reducing its overall cost-effec-
tiveness. Another critical issue is the need for precise control of the drying air's temperature and
humidity, as these parameters significantly influence the quality of the dried product. Excessively
high temperatures can lead to the rapid drying of surface layers, causing burning, hardening, or the
formation of a crust that inhibits moisture removal from the inner parts of the fruit. This phenomenon
is particularly evident in fruits with dense skins and low porosity, such as plums, especially when
they are dried whole and uncut. A lower humid-
ity air stream can intensify this undesired sur-
face hardening effect. On the other hand, dry-
ing with insufficient temperatures also nega-

Vacuum
tively impacts product quality. Low-tempera- e g
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amount of water vapor in the air and the maximum amount it can hold at saturation is known as
relative humidity. As water vapor is released from fruit during drying, it increases the air’s relative
humidity. The higher the air’s humidity, the lower its capacity to absorb additional moisture, which
in turn slows down the dehydration process. As an alternative, osmotic dehydration presents a more
manageable approach in terms of process control, particularly regarding syrup concentration and tem-
perature. While commonly used in food processing, this method does have limitations. The dehydra-
tion process typically spans several days, leading to slower production rates and lower economic
efficiency. Furthermore, elevated temperatures during the osmotic treatment can adversely affect the
organoleptic properties of the final product.

An enhanced osmotic fruit dryer has been developed to significantly reduce processing time
and energy consumption while maintaining high product quality. The system uses trays immersed in
glucose-fructose syrup, which is continuously circulated and heated to intensify mass and energy
exchange between the syrup and the fruit. A heat pump system recovers and reuses the energy from
water vapor condensation, minimizing additional heating requirements. Automation via PLC controls
ensures the process operates within optimal parameters. Compared to conventional osmotic drying,
which can take several days, this improved design reduces the drying time to as little as 4—8 hours.
The system is compact, modular, and suitable for both small- and large-scale applications, offering a
reliable and energy-efficient solution for fruit and vegetable dehydration (Figure 1).

3. Materials and methods

The osmotic vacuum drying system described in this study was developed to address the limi-
tations of traditional atmospheric dryers. The experimental setup includes a multi-chamber unit
equipped with a vacuum pump, heat exchanger, osmotic bath, and programmable control units for
precise regulation of pressure, temperature, and solution concentration. Fresh fruit samples, primarily
plums and apples, were selected due to their relevance in the regional agricultural context and their
known challenges in traditional drying processes. The fruits were first subjected to osmotic dehydra-
tion using sucrose-based solutions (50-65% concentration) at controlled temperatures (40-50°C) for
periods ranging from 2 to 6 hours. Subsequently, the pre-treated samples were transferred to the vac-
uum chamber for final moisture removal under reduced pressure (20-50 kPa) and moderate temper-
atures (40—60°C). Key process parameters such as weight loss, moisture content, drying rate, energy
consumption, and sensory quality (color, texture, taste) were monitored and recorded throughout the
procedure. Analytical methods were aligned with standard food engineering protocols (AOAC 2019;
Rahman, 2020).

4. Energy management strategies in drying processes

Optimization of Process Parameters. Key parameters like temperature, vacuum pressure, and
osmotic solution concentration influence energy consumption. Dynamic temperature control ensures
efficient energy use, while optimizing vacuum pressure minimizes energy waste. Osmotic solution
concentration affects moisture removal efficiency, requiring careful balance to avoid excess energy
use.

Use of Waste Heat Recovery. Heat recovery systems, like heat exchangers, capture waste heat

from drying air or vacuum systems to preheat incoming air or solutions, reducing the need for addi-
tional heating. Regenerative systems can recycle heat, lowering external energy demand.
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Energy-efficient Equipment. Modern vacuum pumps with variable frequency drives (VFD)

provide precise energy control. Low-energy fans and motors optimize airflow, reducing power con-
sumption. Combined Heat and Power (CHP) systems can also recover waste heat for electricity gen-
eration, further improving efficiency.

Thermal Energy Storage (TES). TES systems store excess heat during low demand and release
it when needed, helping manage fluctuating energy requirements. Time-of-use energy management
can reduce operational costs by using stored heat during off-peak hours.

Energy Monitoring and Control. Real-time monitoring systems track energy consumption, al-
lowing for adjustments to optimize the drying process. Automation via advanced control systems

dynamically adjusts parameters like temperature and pressure, ensuring energy efficiency without
compromising product quality.
Integration of Renewable Energy Sources. Solar thermal systems can provide heating in sunny

regions, while photovoltaic panels generate electricity, reducing reliance on traditional energy sources
and improving sustainability.

Energy-efficient Drying Scheduling. Scheduling drying operations during periods of low-cost
or renewable energy availability can optimize energy use. Load distribution across multiple units or
batch processing based on moisture content further enhances efficiency.

5. System description and case study

The core innovation of the system lies in the sequential integration of osmotic pre-treatment
and vacuum drying in a compact unit, allowing for semi-continuous operation with high energy effi-
ciency. The osmotic bath reduces initial water activity and preserves structural integrity, while vac-
uum drying ensures gentle, low-temperature dehydration, minimizing nutrient loss and preventing
surface hardening (case hardening). In a pilot trial, the system was tested in a rural fruit processing
facility in central Serbia during the plum harvest season. Compared to conventional hot-air drying,
the new system reduced total drying time by 30—40%, improved product texture, and achieved a 25%
reduction in energy usage. Feedback from local producers indicated high satisfaction with product
quality, especially in terms of color retention and aroma preservation.

Table 1: Comparison of Drying Time, Energy Consumption, Product Quality, Process Efficiency

Parameter New System (Osmotic Conventional System
Pre-treatment + Vacuum Drying) (Hot Air Drying)

Drying Time Reduced by 30-40% Standard drying time

Energy Consumption Reduced by 25% Standard energy consumption

Product Color Better color retention Possible color changes (loss of color)

Product Texture Preserved texture, soft Possible surface hardening (case hard-
ening)

Product Aroma Better aroma retention Aroma loss due to high temperatures

Efficiency in Preserving Nutrients |Higher (minimizes nutrient loss) Lower (higher nutrient loss due to
high temperatures)

User Satisfaction High (especially regarding product Lower (issues with texture and aroma

quality) retention)
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The Table 1 presents a clear comparison between the two drying systems in terms of time,
energy use, product quality, and process efficiency.

6. Results and Discussion

The results of the comparative trials between conventional atmospheric drying and the proposed
osmotic vacuum system demonstrate significant improvements in drying efficiency, energy savings,
and product quality. The drying curves revealed that osmotic pre-treatment significantly accelerated
moisture removal during the vacuum drying phase. Total drying time for plum samples was reduced
from an average of 18 hours (in hot-air dryers) to approximately 10—12 hours in the new system. This
reduction is attributed to the lowered initial moisture content after osmotic dehydration and the en-
hanced mass transfer under vacuum conditions.

Table 2: The comparative trials between conventional atmospheric drying
and the proposed osmotic vacuum system

Parameter Traditional Drying Osmotic Vacuum Drying
Total Drying Time (h) 18 10-12
Energy Consumption (kWh/kg) 4.8 3.2
Texture (firmness score) 3.4/5 4.6/5
Color Retention (AE) 12.7 6.3
Rehydration Ratio 2.1 33

Energy consumption was evaluated using specific energy consumption (SEC), defined as en-
ergy required per kilogram of water removed. The osmotic vacuum system achieved an SEC of 3.2
kWh/kg, compared to 4.5-5.0 kWh/kg in traditional systems, resulting in a 25-30% reduction in en-
ergy use. This aligns with findings by Fito et al. (2001) and recent studies on hybrid drying systems
(Omolola et al, 2017). Sensory analysis showed improved color retention, texture, and taste in sam-
ples dried using the proposed system. Particularly for plums, the avoidance of case hardening (com-
mon in hot-air drying) preserved the fruit’s rehydration capacity and maintained a soft, chewy texture.
Colorimetric measurements indicated lower AE values, suggesting less browning and pigment deg-
radation. These results demonstrate that combining osmotic dehydration and vacuum drying lever-
ages the benefits of both processes: the former reduces free water content and enhances shelf life,
while the latter ensures gentle, uniform drying (Table 2). The improved process also allows for better
control over drying parameters, offering scalability and flexibility for small-to-medium food proces-
sors. Moreover, reduced energy demand and improved product acceptability make this technology a
promising candidate for sustainable food preservation, especially in areas with seasonal surpluses of
fruits and vegetables.

7. Conclusion

Energy management in the drying process is crucial for both cost-effectiveness and sustaina-
bility. By optimizing process parameters, using energy-efficient equipment, recovering waste heat,
incorporating energy storage, and utilizing renewable energy sources, hybrid osmotic-vacuum drying
systems can achieve significant reductions in energy consumption. Combining these strategies with
real-time energy monitoring and smart control systems will ensure that energy is used efficiently,
helping to balance the technical and economic demands of the drying process while minimizing the
environmental impact.
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Pneumatski transport je Siroko koris¢en metod prenosa rasutih materijala u industriji, zahva-
ljujuci svojoj fleksibilnosti i mogucnosti automatizacije. Ipak, izbor odgovarajuceg rezima tran-
sporta, razredenog ili ugusc¢enog, zavisi pre svega od karakteristika samog materijala. Kako bi se
omogucio efikasan i pouzdan transport, neophodno je pravilno klasifikovati materijale, uzimajuci u
obzir karakteristike kao Sto su velicina i oblik cestica, fizicka i nasipna gustina, permeabilnost i spo-
sobnost zadrzavanja vazduha. Tokom vremena razvijene su razlicite klasifikacije koje pomazu u iz-
boru rezima transporta. Geldartova klasifikacija deli materijale na Cetiri grupe prema ponasanju
tokom fluidizacije, dok Dixonova klasifikacija dodatno analizira njihovo ponasanje u vertikalnim ce-
vima. Kasnije su se pojavile i klasifikacije koje prepoznaju znacaj faktora permeabilnosti i deaera-
cije, Sto je omogucilo detaljnije predvidanje ponasanja materijala u toku pneumatskog transporta.
Pan-ova klasifikacija pojednostavljuje izbor na osnovu nasipne gustine i velicine cestica, dok Jones-
ova korelacija permeabilnosti i gustine pruza jos preciznije smernice. Millsov dijagram dodatno po-
vezuje minimalnu potrebnu brzinu vazduha sa osobinama materijala, nudeci praktican alat za pro-
jektovanje sistema. Ipak, i pored odredenih smernica koje su dale razlicite klasifikacije, izbor reZima
transporta nije uvek jednostavan, narocito za materijale sa Sirokom raspodelom velicine Cestica,
izrazenom kohezivnoscu ili nestandardnim oblicima. U takvim slucajevima, Cesto se pribegava pri-
meni inovativnih reSenja, kao Sto su pulsni sistemi, bajpas linije i sistemi za ubrizgavanje vazduha,
koji omogucavaju stabilno strujanje i sprecavaju zagusenja. U radu su prikazani, opisani i detaljno
analizirani razliciti klasifikacioni dijagrami koji mogu dati odgovarajuce smernice za projektovanje
i optimizaciju sistema pneumatskog transporta.

Pneumatic conveying is a widely used method for transporting bulk materials in industry, con-
sidering its flexibility and automation potential. However, selecting the appropriate conveying re-
gime, dilute or dense phase, primarily depends on the properties of material. To ensure efficient and
reliable transport, it is essential to classify and characterize materials by considering properties such
as particle size and shape, particle and bulk density, permeability, and air retention capacity. Over
time, various classification schemes have been developed as guidelines for regime selection.
Geldart’s classification divides materials into four groups based on their fluidization behavior, while
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Dixon’s classification further analyzes their behavior in vertical pipes. Subsequently, classifications
that consider factors such as permeability and deaeration emerged, enabling more detailed predicti-
ons of materials behavior while being pneumatically conveyed. Pan’s classification simplifies se-
lection based on bulk density and particle size, whereas Jones’s correlation of permeability and den-
sity offers even more precise guidelines. Mills’s diagram additionally links the minimum required air
velocity to material properties, providing a practical tool for system design. Nevertheless, despite
these efforts, regime selection is not always straightforward, especially for materials with wide par-
ticle size distributions, emphasized cohesiveness, or irregular shapes. In such cases, innovative solu-
tions such as pulsed plug systems, bypass lines, and air injection systems are often employed to ma-
intain stable flow and prevent blockages. The paper presents, describes and analyzes in detail various
classification diagrams that can provide appropriate guidelines for the design and optimization of
prneumatic transport systems.

1. Uvod

U brojnim industrijskim procesima, komprimovani vazduh se koristi kao efikasno sredstvo za
brz prenos razliCitih vrsta praskastih i sitnozrnih materijala. Prema dostupnim izvorima, pneumatski
transportni sistemi su u upotrebi vise od jednog veka [1], odlikuju se velikom raznovrsnoscéu, tehnic-
kom jednostavno$éu i operativnom pogodnosti. Adekvatan rad postrojenja za pneumatski transport u
potpunosti zavisi od karakteristika materijala, i to ne samo od razli¢ite vrste, vec i od same Sarze istog
materijala [2, 3]. Pored jednostavnog koncepta i napretka u razvoju opreme, brojne poteskoce prate
razvoj pneumatskog transporta, zadajuéi probleme inzenjerima uvec¢anom potro$njom energije, pre-
visokim brzinama transporta, erozijom i abrazijom sistema, nezadovoljavaju¢om pouzdanoscu,
Cestim otkazima delova opreme, degradacijom proizvoda, neadekvatnim kapacitetom, stvaranjem
naslaga materijala duz cevovoda ili ¢ak potpunom blokada, vlagom u liniji [3]. Zbog Siroke primene
i raznovrsnih fizicko-mehanickih svojstava materijala, razvijen je Citav spektar sistema za pneumatski
transport, prilagoden specificnim zahtevima transporta. Sistemi pneumatskog transporta mogu biti
otvoreni ili zatvoreni, potisni ili vakuumski, fiksni ili mobilni, nisko-pritisni ili visoko-pritisni, kon-
vencionalni ili inovativni, Sarzni ili kontinualni, sa jednom 1ili viSe jedinica, 1 razredeni ili ugusceni
[3]. Da li se opredeliti za konvencionalni razredeni ili uguSceni rezim, ili pak za neki nekonvencio-
nalni pristup koji veStacki poboljSava permeabilnost i sposobnost materijala da zadrzi vazduh, pitanje
je koje 1 dalje ostaje otvoreno. Brojne smernice su i dalje nedovoljne za izbor optimalnog rezima
pneumatskog transporta. Projektovanje sistema pneumatskog transporta i dalje se naj¢eS¢e zasniva
na empirijskim iskustvima iz postojecih primena, §to moZe uzrokovati poteSkoce u radu, posebno
kada se radi o zahtevnim, heterogenim materijalima. Mnogo je zabuna i nejasnoca prilikom definisa-
nja terminologije koja se odnosi na nacin na koji se materijal transportuje kroz cevovod, a autori su
uveli svoje nazive za razliCite rezime strujanja [3]. U brojna istrazivanja, usmerena na ispitivanje
uticaja karakteristika materijala na pogodnost za odredeni rezim pneumatskog transporta [4—11], u-
loZen je znacajan trud. Ipak, nijedna od postojecih klasifikacija ne omogucava uspostavljanje jasne i
kriti€ne veze izmedu protoka vazduha, protoka materijala i gradijenta pritiska, $to predstavlja jednu
od kljuénih prepreka za razvoj univerzalno primenljivog modela. Jo§ uvek nije precizno definisano u
kojim sluc¢ajevima je za odredene materijale prikladnija razredena, a u kojim uguscena faza, niti bilo
koja klasifikacija sa sigurno$¢u predvida ponasanje materijala na granicama izmedu kategorija [3]. U
praksi to dovodi do Cestih odstupanja izmedu projektovanih i stvarnih rezima transporta, Sto moze
imati negativne posledice po efikasnost sistema, stabilnost protoka i habanje opreme. Potpuno razu-
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mevanje uticaja osobina Cestica, kao $to su njihova veli¢ina, raspodela velicina, oblik i1 gustina, pred-
stavlja klju¢ za konacno reSavanje problema efikasnog pneumatskog transporta [3]. Do tog trenutka,
aeracione karakteristike materijala, a pre svega permeabilnost, u kombinaciji sa razli¢itim klasifika-
cionim pristupima ostaju najpouzdanije raspolozive alatke koje mogu, makar delimi¢no, pomo¢i pri
izboru odgovarajuéeg rezima transporta. U radu su predstavljene neke od osnovnih i lako primenljivih
klasifikacija materijala za potrebe brzog odredivanja rezima pneumatskog transporta nekog materi-
jala.

2. Razlicite klasifikacije materijala za odgovarajuci rezim pneumatskog transporta

2.1. Geldartova klasifikacija

Fluidizacija je nezamenljiv proces u mnogim granama savremene industrije gde se tretiraju
¢vrsti praskasti 1 sinozrni materijali [3]. Pre pocetka bilo kakvog ispitivanja ili projektovanja u ovoj
oblasti, moraju se istraziti fluidizacione karakteristike materijala [12]. Geldart [5] je prvi istrazivao
fluidizacione karakteristike materijala. Ispitujuci zavisnost dimenzija Cestica i fizicke gustine materi-
jala 1 gasa kojim se vrsi fluidizacija, odnosno ponaSanje materijala u koloni za fluidizaciju, klasifiko-
vao je materijale u 4 grupe (slika 1). U grupu A (Aerable) spadaju materijali koji se lako fluidizuju.
Imaju malu gustinu cestica i malu koheziju, a tokom transporta formiraju glatku, stabilnu fluidnu
povrsinu. Kod materijala koji pripadaju grupi B (Bubble) ostvaruje se fludizacija u obliku mehurova,
tj. tokom fluidizacije dolazi do stvaranja mehurica gasa koji se probijaju kroz sloj materijala. Grupa
C (Cohesive) obuhvata materijale koje karakteriSe velika kohezivnost, koji se lepe, formiraju grudve,
tesko se fluidizuju 1 mogu izazvati probleme prilikom pneumatskog transporta. U grupu D (Domi-
nantly inertial) spadaju materijali koje Cine krupne i teSke Cestice, zbog ¢ega je potrebna veca brzina
gasa kako bi se postigla fluidizacija.

10000

1000 \

Razlika gustina [kg/m?]

100

10 100 1000 10000
Srednji preénik [pm]

Slika 1 Geldartova klasifikacija materijala [5, 13] - preuzeto iz [3]

Zakljucio je da upravo fluidizacione osobine u najvecoj meri odreduju fluidno-dinamicko po-
naSanje praSkastih materijala, $to je potvrdeno i kroz prakti¢nu primenu. lako su njegova ispitivanja
bila fokusirana iskljuc¢ivo na fluidizacione karakteristike, bez razmatranja aspekata pneumatskog
transporta, ispostavilo se da je time definisao jedan od najpouzdanijih pristupa za brzo predvidanje
ponasanja praskastih materijala tokom pneumatskog transporta, pri ¢emu je dovoljno poznavati sred-
nji precnik Cestica ¢vrste faze 1 fizicke gustine ¢vrste 1 gasovite faze (odnosno njihovu razliku). U
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slucajevima kada se kao gas koristi vazduh, postupak se dodatno pojednostavljuje, jer se gustina gasa
moze zanemariti. lako je izuzetno korisna, ova klasifikacija ipak ima odredena ogranicenja, §to je
takode potvrdeno u praksi [3].

Geldartova klasifikacija ima odredena ogranicenja, pre svega zbog neprecizno definisanih gra-
ni¢nih vrednosti i moguée dvosmislenosti, posebno u slu¢ajevima materijala sa Sirokom raspodelom
veliCina Cestica ili kada Cestice znacajno odstupaju od sfernog oblika [14]. Zbog toga dolazi do izve-
snih razlika u interpretaciji ove klasifikacije, medutim, veéina autora se slaze da materijali iz grupe
C nisu pogodni za fluidizaciju. Nasuprot tome, materijali koji pripadaju grupama A, B i D mogu
ostvariti odredeni stepen fluidizacije, §to ima znac¢ajan prakti¢ni znacaj u inZzenjerskoj primeni [3].

Grupu A ¢ine materijali sa Sesticama male gustine (pp < 1,4 g/cm?®) [15, 16] i/ili malog pre¢nika
cestica (30 - 100 um) [14], odnosno (30 - 150 um) prema [17]. Ovu grupu karakteriSe brza, glatka i
homogena fluidizacija [15, 17], odnosno dobro zadrzavanje vazduha [13], §to utice na njihovu sklo-
nost ka nastavku strujanja ¢ak i nakon iskljucivanja dovoda vazduha, a mogu formirati ¢epove [3].
Te karakteristike ih ¢ine najprikladnijim za transport u uguscéenoj fluidizovanoj fazi [13], a osim toga
smatraju se najpovoljnijim slobodno-padaju¢im materijalima za transport u razredenoj fazi [18].
FCC-katalizator se ¢esto navodi kao tipi¢an predstavnik materijala iz grupe A [14].

Grupa B obuhvata materijale ¢ije estice imaju srednju gustinu (1,4 - 4,0 g/cm®) [16, 17] i sred-
nju veli¢inu Cestica [15, 17]. Usled razli€itih tumacenja u literaturi, doslo je do odredenih neslaganja,
te raspon precnika Cestica za ovu grupu nije jednoznacno definisan, zbog ¢ega se navode razliciti
opsezi 40 - 500 pm [16, 17], 100 - 800 um u [14], odnosno 150 - 1000 um [19]. Materijali iz grupe
B postizu dobru fluidizaciju pri velikim protocima gasa, a nakon prekida dovoda gasa, deaeracija se
odvija izuzetno brzo, pri ¢emu se strujanje momentalno zaustavlja [13]. Zbog nedovoljne ili potpuno
odsutne sposobnosti zadrzavanja vazduha, ovi materijali se ne mogu efikasno transportovati u ugusée-
noj fazi koris¢enjem konvencionalnih pneumatskih sistema, §to dovodi do toga da se kod materijala
koji pripadaju polju B karakteristi¢no javlja oteZan zgusnuti rezim transporta. [14]. Pri transportu
materijala, posebno kroz cevovode vece duzine, moze do¢i do razdvajanja Cestica prema veli¢ini 1
gustini, $to u krajnjim sluc¢ajevima dovodi do formiranja naslaga, suZavanja protoka i potpunog
zastoja. Kao tipican predstavnik materijala iz grupe B navodi se obi¢an morski ili re¢ni pesak.

Grupu C €ine izrazito kohezivni, fini prahovi uske granulacione raspodele, sa pre¢nikom Cestica
manjim od 30 pm [16, 17, 19]. Materijali iz grupe C karakteriSu se oteZanom fluidizacijom [17, 19] 1
izrazenom tendencijom ka formiranju kanala prilikom isticanja iz bunkera [19], $to ih ¢ini krajnje
nepogodnim za transport u uguscéenoj fazi u okviru konvencionalnih pneumatskih sistema. Kao tipi-
¢an predstavnik ove grupe najcesce se navodi brasno [14].

Grupu D ¢ine veoma veoma gusti i krupni praSkasti materijali, sa preCnikom cestica ve¢im od
500 um prema [17] odnosno ve¢im od 800 um prema [14]. Ove materijale karakteriSe dobra perme-
abilnost 1 formiranje krupnih mehurova [19], koji se kroz sloj podiZu znatno sporije od brzine struja-
nja gasa kroz ¢vrstu fazu [15, 16]. Fluidizacija je oteZana, neuniformna [17] i zahteva velike koli¢ine
gasa za odrZavanje [19]. Tipicni predstavnici materijala iz grupe D uklju€uju Zitarice, grasak, kafu,
ugalj za gasifikaciju i granulisane rude metala [3].

Jedna od dodatnih otezavajucih okolnosti, proistekla iz neprecizno definisanih granica izmedu
grupa, jeste mogucénost da se usled promene pritiska gasa promeni 1 ponasanje samog materijala.
Naime, materijali koji pripadaju grupi B mogu pri izloZenosti viSim pritiscima ispoljavati karakteri-
stike tipi¢ne za materijale iz grupe A [19]. Ova pojava dodatno komplikuje postupak klasifikacije
materijala u cilju odabira odgovarajuceg reZima pneumatskog transporta.



38. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 231

Geldartov dijagram, uspesno odoleo vremenu. I dalje se koristi za procenu ponasanja praskastih
materijala pri fluidizaciji, uprkos tome Sto prema [13] pokazuje ogranic¢enu pouzdanost kada je rec o
proceni tipa pneumatskog transporta za materijale koji se nalaze u blizini grani¢nih oblasti dijagrama,
Sto je potvrdeno eksperimentalnim ispitivanjima odredenih materijala [3].

2.2. Dixonova klasifikacija

Dixon je kroz istrazivanja usmerena na ponaSanje materijala u vertikalnim cevima potvrdio
izuzetnu vaznost uticaja tipa materijala na izbor rezima pneumatskog transporta [7, 8]. Po uzoru na
Geldartov dijagram [5], preuzeo je ose i podele materijala, i razvio klasifikaciju (slika 2), sa fokusom
na brzu procenu pogodnosti materijala za konkretan rezim pneumatskog transporta.

10000 [

1000 |

Razlika gustina [kg/m3]

100

10 100 1000 10000
Srednji pre¢nik [pm]

Slika 2 Dixonova klasifikacija materijala [7, 8, 13] - preuzeto iz [3]

Dixonova klasifikacija [7, 8], odnosno dijagram, poput Geldartovog, podeljena je na Cetiri obla-
sti (A, B, C, D), pri ¢emu svaku oblast ¢ine materijali sli¢nih karakteristika u pogledu ponasanja
prilikom transporta. Materijali iz grupe A, prema Dixonovoj klasifikaciji, odlikuju se dobrom sposo-
bnosc¢u fluidizacije 1 najcesce se transportuju u uguséenoj fazi, pri ¢emu se strujanje materijala odvija
u vidu pokretnog sloja duz cevovoda. Materijali grupe B su hrapaviji i ne pogoduju transportu u gustoj
fazi pri primeni konvencionalnih pneumatskih sistema. U praksi se za njih najcesce koristi razredena
faza, jer pri ve¢im koncentracijama dolazi do nestabilnosti toka, segregacije 1 zastoja. Materijali iz
grupe C su kohezivni, fini materijali koji se slabo se fluidizuju. Iako mogu kratkoro¢no zadrzavati
vazduh, njihova kohezivnost otezava stabilan tok. Moguce ih je transportovati u uguséenoj fazi, ali
pod strogo kontrolisanim uslovima (vibracije, dodatno uvodenje vazduha). Ako se dogodi deaeracija,
dolazi do sabijanja i zaCepljenja, Sto ih ¢ini nepredvidivim. Grupa D obuhvata materijale koje ¢ine
teske, krupne Cestice. Oni se mogu transportovati u vidu cepa (slug flow), ali uslov je uska granula-
cija. Ako postoji Sirok raspon veli¢ina Cestica, dolazi do segregacije, Sto destabilizuje tok i moze
izazvati zastoje ili abraziju cevi.

Za razliku od klasifikacija koje su predlozili Geldart [5] 1 Dixon [7, 8] autori radova [9, 10]
ukazali su na znacCaj parametara kao $to su permeabilnost 1 deaeracija, odnosno sposobnost sloja ma-
terijala da zadrzi vazduh u meducesticnom prostoru tokom odredenog vremenskog intervala. Na
osnovu ovih pokazatelja pokusSali su da procene pogodnost materijala za ugus¢eni rezim pneumatskog
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transporta. U radu [9] razvijena su dva dijagrama za klasifikaciju materijala. Prvi prikazuje odnos
izmedu permeabilnosti i jedini¢nog pada pritiska, dok drugi osvetljava vezu izmedu deaeracione kon-
stante 1 jedini¢nog pada pritiska.

Istrazivanja su pokazala da je klasifikacija koju je predlozio Geldart [5] suviSe Siroka za procenu
transportnih karakteristika materijala, previse opSta za pouzdanu procenu transportnih karakteristika
materijala, kao i1 da su pojedini materijali iz klasifikacija prema Geldartu [5] i Dixonu [7, 8] svrstani
u neodgovarajuce kategorije [10]. Na osnovu toga razvijena je empirijska klasifikacija koja ocenjuje
sposobnost materijala za pneumatski transport u zavisnosti od faktora deaeracije i permeabilnosti.
Prema ovom modelu [10], materijali koji imaju nisku permeabilnost i visoku sposobnost zadrzavanja
vazduha (odnosno nisku deaeracionu konstantu) mogu se efikasno transportovati u uguséenoj fazi
kao pokretni sloj. Materijali sa visokom permeabilnos$cu i slabijom sposobnoscu zadrzavanja vazduha
pogodniji su za ugusceni transport u vidu ¢epa, dok su ostali materijali ograni¢eni na transport u
razredenoj fazi. Primenom ove klasifikacije postignuti su zadovoljavajuéi rezultati u predvidanju
transportne sposobnosti razli¢itih materijala, a njena klju¢na prednost u odnosu na druge pristupe
ogleda se u direktnoj povezanosti interakcije izmedu materijala i vazduha sa konkretnim rezZimom
pneumatskog transporta.

Na osnovu aeracionih karakteristika materijala, kao $to su vreme deaeracije i faktor permeabil-
nosti zakljuceno je da su materijali iz Geldartovih grupa C i D pogodni za ugusc¢eni transport u vidu
¢epa [20]. Medutim, problem kod klasifikacija zasnovanih na tim parametrima leZi u tome $to metode
za odredivanje faktora deaeracije nisu precizno definisane u literaturi, §to otezava uporedivost rezul-
tata [9, 10]. U radu [21] dat je sveobuhvatan pregled reZima transporta prema svojstvima materijala,
gde je pokazano da zamena fizicke gustine nasipnom gustinom blago poboljSava ta¢nost proracuna,
ali i potvrduje otezanu primenu podataka o aeracionim karakteristikama do kojih su dosli drugi autori.
Za razliku od slozenog i neujednacenog odredivanja faktora deaeracije, parametri kao $to su nasipna
gustina 1 permeabilnost jasno su definisani i pouzdano merljivi.

2.3. Panova klasifikacija

Pan [6] je, na osnovu baze podataka koja obuhvata vise desetina razlic¢itih materijala, predlozio
uproSc¢eni dijagram (slika 3) za procenu pogodnosti materijala za odredeni reZim pneumatskog tran-
sporta, koriste¢i isklju¢ivo podatke o vrednostima nasipne gustine u nasutom stanju i srednjeg prec-
nika Cestica.

Dijagram je podeljen na tri klase materijala PC1, PC2 1 PC3, koje odgovaraju razli¢itim rezi-
mima pneumatskog transporta. Materijali svrstani u grupu PC1 pokazuju najvecu pogodnost za tran-
sport u ugusc¢enoj fluidizovanoj fazi.

Za materijale koji pripadaju grupi PC2 preporucuje se transport u vidu ¢epa, dok se materijali
iz grupe PC3 mogu transportovati isklju¢ivo u razredenoj fazi. Ipak, grupa autora [21] je ukazala na
to da materijali iz grupe PC2, ¢iji je precnik Cestica manji od 1000 mikrometara, pokazuju nestabilno
ponasanje u uguséenim rezimima transporta, zbog ¢ega se ne moze jasno odrediti odgovarajuéi rezim.
Zakljuceno je da materijali koji se nalaze u prelaznoj zoni izmedu grupa mogu stabilno da se tran-
sportuju iskljucivo u razredenoj fazi, Sto je potvrdeno eksperimentalnim ispitivanjima.
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Slika 3 Panova klasifikacija materijala [6] - preuzeto iz [3]

2.4. Jonesova klasifikacija
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Jones je u [21], na osnovu korelacije faktora permeabilnosti i nasipne gustine materijala, izradio
dijagram (slika 4) koji pruza smernice za izbor reZima pneumatskog transporta. Granice izmedu re-
zima odredene su empirijski i mogu se prilagodavati u skladu sa dostupnim podacima.
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Slika 4 Rezimi transporta prema Jonesu [21] - preuzeto iz [3]
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Prednost ovog dijagrama je u tome $to se oslanja na podatke o nasipnoj gustini i u jasno defi-
nisanoj preporuci za razredeni transport. Grani¢na vrednost izmedu razredene faze i transporta u vidu
epa postavljena je oko vrednosti permeabilnosti 20-10¢ m?/(Pa-s).

2.5. Millsova klasifikacija

Minimalna brzina vazduha, svedena na poprecni presek i potrebna za transport materijala u
formi Cepa, prvi put je razmatrana u radu [22]. Na osnovu eksperimentalnih istrazivanja u kojima su
korelisane vrednosti minimalne brzine transporta i permeabilnosti za razli¢ite materijale, razvijen je
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Millsov dijagram (slika 5) [13] koji pruza smernice za izbor odgovaraju¢eg rezima pneumatskog
transporta [3].
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Slika 5 Millsov dijagram - uticaj permeabilnosti na rezim transporta [13] - preuzeto iz [3]

Na osnovu vizuelnog posmatranja rezima pneumatskog transporta kroz revizione otvore na ce-
vovodu i njihovog poredenja sa Millsovim dijagramom, identifikovane su tri grupe materijala. Prvu
grupu ¢ine materijali sa slabom permeabilnos$¢u, odnosno dobrom sposobnos¢u zadrzavanja vazduha,
koji se mogu transportovati u uguscenoj fazi u vidu pokretnog sloja, pri ¢emu je za neke moguce
ostvariti stabilan transport i pri brzinama manjim od 5 m/s. Drugu grupu predstavljaju grubi i hrapavi
materijali, kao $to je polietilenski pelet, sa vrlo dobrom permeabilnos¢u, koji takode mogu biti tran-
sportovani u ugus¢enom rezimu, ali u vidu ¢epa 1 pri malim brzinama vazduha. Tre¢u grupu Cine
materijali koji ne poseduju ni zadovoljavaju¢u permeabilnost ni sposobnost zadrzavanja vazduha, sa
vrednostima permeabilnosti u rasponu priblizno 10-10 - 120-10° m?/(Pa-s). Ovi materijali nemaju
prirodnu sposobnost za ugusceni transport u konvencionalnim sistemima 1 mogu se transportovati
iskljucivo u razredenoj fazi. Zaklju€eno je da su materijali sa dobrom permeabilnos¢u ili sa sposo-
bno$¢u da zadrze vazduh pogodni za ugu$ceni transport u vidu ¢epa pri malim brzinama. Ukoliko
materijal ne ispunjava nijedan od ova dva kriterijuma, razredeni transport ostaje jedina opcija. lako
to jo$ uvek nije u potpunosti dokazano, navodi se da je upravo permeabilnost dominantan parametar
koji odreduje da li je materijal pogodan za ugusceni rezim transporta, bilo u formi pokretnog sloja ili
u formi ¢epa. Takode je primeceno da se materijali koji su skloni degradaciji tokom transporta, imaju
Siroku raspodelu veli¢ina Cestica ili ne pokazuju Gausovu raspodelu, loSe uklapaju u Millsov dijagram
1 smatraju se posebno problemati¢nim za izbor adekvatnog rezima pneumatskog transporta [3].

3. Zakljudak

Odgovarajuci izbor rezima pneumatskog transporta ima presudnu ulogu u postizanju efikasno-
sti, pouzdanosti 1 energetske optimizacije sistema za prenos rasutih materijala. Pravilna klasifikacija
1 karakterizacija materijala daje mogucnost da se unapred proceni njihovo ponasanje u toku pneumat-
skog transporta, ¢ime se smanjuje rizik od zaguSenja, segregacije i degradacije proizvoda, kao i oSte-
¢enje opreme. Prikazani klasifikacioni pristupi, pocevsi od Geldartove i Dixonove podele, pa sve do
novijih modela koji ukljucuju parametre kao Sto su permeabilnost i sposobnost zadrzavanja vazduha,
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pruzaju razli¢ite nivoe preciznosti u identifikaciji pogodnog rezima pneumatskog transporta. lako su
ove klasifikacije znac¢ajno doprinele razumevanju odnosa izmedu osobina materijala 1 rezima tran-
sporta, u praksi i dalje postoji niz izazova, narocito pri radu sa heterogenim, kohezivnim ili netipi¢nim
materijalima. U takvim slucajevima neophodno je kombinovati teorijske pristupe sa eksperimental-
nim ispitivanjima i uz primenu naprednih tehnickih reSenja obezbediti stabilan 1 kontrolisan proces
pneumatskog transporta. Sveobuhvatna analiza i pravilna interpretacija klasifikacionih dijagrama i
empirijskih pokazatelja predstavlja osnovu za dalji razvoj univerzalno primenljivih metodologija koje
¢e unaprediti projektovanje i eksploataciju sistema pneumatskog transporta sistema u savremenim
industrijskim uslovima.
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U ovom radu predstavijeni su rezultati numerickih simulacija generisanja pare u velikim zapre-
minama tecnosti kao i razvoj odgovarajcih modela generisanja pare u uslovima bazenskog kljucanja
i modela generisanja pare u uslovima kljucanja na spoljasnjoj povrsini cevnog snopa nuklearnog
generatora pare. Oba razvijena modela generisanja pare su zasnovana na trodimenzijskoj numeric-
koj simulaciji kretanja dvofazne mesavine na zagrejackom zidu/na povrsini cevnog snopa i reSena su
modelom dva fluida. Pri modeliranju bazenskog kljucanja posebna paznja je posvecena sprezanju
razmene toplote sa zagrejackog zida na dvofaznu mesavinu. Model bazenskog kljucanja je validiran
za eksperimentalne uslove kljucanja pri uslovima sa razlicitim zagrejackim zidovima i sledstveno
razlicitim brojem mesta nukleacije. Model generisanja pare u uslovima kljucanja na spoljasnjoj povr-
Sini cevi je validiran na osnovu dostupnih podataka za dve eksperimentalne instalacije. Oba modela
su se pokazala pouzdana kako u predvidanju krive kljucanja za razlicite vrste zagrejackog zida, tako
i za uslove kljucanja na spoljasnjoj povrsini cevi nuklearnog generatora pare. Rezultati imaju znacaj
pri projektovanju razlicitih razmenjivaca toplote, kao i analizama sigurnosti kod nuklearnih genera-
tora pare.

This paper presents the numerical simulation results of vapour generation in large volumes of
liquid, as well as the development of appropriate models for vapour generation under pool boiling
conditions and on the outer surface of a tube bundle in a nuclear steam generator. Both developed
vapour generation models are based on three-dimensional numerical simulations of two-phase flow
along the heated wall or tube bundle surface and are solved using a two-fluid model. In modelling
pool boiling, special attention was given to the coupling of heat transfer from the heated wall to the
two-phase mixture. The pool boiling model was validated under experimental boiling conditions u-
sing different heater configurations and, consequently, different numbers of nucleation sites. The
steam generation model under boiling conditions on the outer surface of the tube boundle has been
validated based on available data from two experimental installations. Both models have proven re-
liable in predicting the boiling curve for different types of heating wall, as well as for boiling condi-
tions on the outer surface of the nuclear steam generator tube. The results are significant for the
design of various heat exchangers, as well as for safety analyses of nuclear steam generators.
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1. Uvod

Kljucanje je fenomen koji nalazi primenu u razli¢itim procesnim, termoenergetskim i hemij-
skim postrojenjima. Kljucanje nastaje kada se te¢nost dovoljno pregreje iznad temperature zasicenja,
medutim moZe nastati i u adijabatskim uslovima strujanja te¢nosti gde dolazi do naglog opadanja
pritiska (naglo zatvaranje ventila, suzenje strujnog poprecnog preseka, praznjenje rezervoara i posuda
pod pritiskom, itd). Precizno predvidanje koeficijenta prelaza toplote pri klju¢anju je veoma vazno sa
stanovista sigurnosti i pouzdanosti rada opreme u kojoj se kljucanje odvija. DanasSnja istrazivanja
klju¢anja su usmerena ka pronalazenju nacina za odvodenje sve vecih koli¢ina toplote po jedinici
povrsine, kao i obezbedivanju §to nizih pregrevanja materijala zagrejackog zida. Ova potreba je
nastala iz zahteva za razvojem sve kompaktnijih razmenjivaca sa sve ve¢im gustinama snage. lako je
fenomen kljucanja izuc¢avan intenzivno prethodnih devedeset godina i dalje ne postoji sveobuhvatan
pristup kao ni jedinstveni model ni korelacija koja bi opisala sve mehanizme i pojave pri ovom pro-
cesu. Pravilno modeliranje interakcije izmedu faza, prenosa toplote sa zagrejackih zidova na radni
fluid, kao 1 modeliranje uticajnih parametara kljucanja i dalje predstavljaju izazov za istrazivace u
ovoj oblasti. Zbog jednostavnosti i1 uslova u kojima se odvija, bazensko kljucanje je po sloZenosti
jednostavniji fenomen od kljuc¢anja u strujnim uslovima. 1z tog razloga velika paznja se posvecuje
razvoju modela bazenskog kljucanja i teznji za sagladavanju mehanizama koji se pri tome odvijaju
na zagrejackom zidu kao i istrazivanju procesa razmene mase, koli¢ine kretanja i energije. Razvoj
pomenutih modela je od vaznosti, kako za istrazivanje fundamentalnih mehanizama procesa ispara-
vanja u velikim zapreminama stagnantnih tecnosti (bazensko kljucanje), tako i za precizno modelira-
nje procesa u opremi i uredajima u kojima se odvija klju€anje (kljuanje na spoljasnjoj povrSini cevi
generatora pare) [1].

Kompjuterske simulacije klju¢anja se trenutno mogu podeliti na tri grupe u zavisnosti od toga
da 1i obuhvataju efekte na makro, mikro/mezo ili nano domenu [2]. Trenutno ne postoje numericke
simulacije koje obuhvataju sva tri domena, niti postoje modeli koji uzimaju mikro parametre kljuca-
nja 1 simuliraju makro veli¢ine u dvofaznoj meSavini. Kao alternativa postoje¢im pristupima, u ovom
radu predstavljeni su rezultati numerickih simulacija kljucanja kao 1 razvoj odgovarajuc¢ih modela
generisanja pare u uslovima bazenskog kljucanja i modela generisanja pare u uslovima kljuc¢anja na
spoljaSnjoj povrSini cevnog snopa nuklearnog generatora pare. Model bazenskog kljucanja je validi-
ran za eksperimentalne uslove klju¢anja pri uslovima sa razli¢itim zagreja¢kim zidovima i sledstveno
razli¢itim brojem mesta nukleacije. Pri modeliranju klju€anja u strujnim uslovima na znac¢ajnije visSim
vrednostima pritiska, posebna paznja posvecena je modeliranju procesa na razdelnim povrSinama.
Model je validiran za dve eksperimentalne instalacije generatora pare koje rade sa razli¢itim radnim
fluidima (voda/vodena para, freon). Kao rezultati numericke simulacije dobijeni su pouzdani rezultati
u vidu kriva kljucanja za razli€iti broj mesta nukleacije. U slu¢aju klju¢anja u nuklearnom generatoru
pare prikazani rezultati zapreminskog udela pare, brzina tecne i parne faze 1 promene pritiska koji
imaju znacaj pri projektovanju i analizama sigurnosti kod nuklearnih generatora pare.

2. Matematicki model kljucanja u uslovima bazenskog kljucanja

Ponasanje dvofazne meSavine koja se nalazi i krece se u uslovima prirodne konvekcije na za-
grejackom zidu se moze opisati zakonima odrZanja mase, koli¢ine kretanja i energije, primenom mo-
dela dva fluida, prema kojem se zakoni odrZanja formiraju za svaku fazu pojedinacno. Bilansne jed-
nacine u vektorskoj formi i obliku pogodnom za reSavanje ponaSanja dvofazne meSavine pri razlici-
tim uslovima su koriS¢ene prema literaturi [3].
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Bilansne jednac¢ine modela bazenskog kljucanja:
bilans mase za te¢nu fazu

—+V: alplﬁl =-T, +Fk0nd (1)

isp

T _'_ V : a2p2ﬁ2 - Fisp - Fkond (2)
— Dbilans koli¢ine kretanja za te¢nu fazu
0 0P G oot ——aV G+F —F —T —T . i 3
T‘I' Cupuy =—oVptop gty —ry— L =L, uy, 3)
— Dbilans koli¢ine kretanja za parnu fazu
J a,p,u. . [ -
% +V- apuyu, =—o,Vpt+apg—F, —F,+ I, =L, , u, 4
— bilans energije za te¢nu fazu
0 ap - .
Tlhl_'_ v alplhlul =- Fisp - Fkond h” + q3l (5)

Desne strane bilansnih jednacina (1-5) sadrzZe izvorne ¢lanove kao $to su brzina isparavanja
L', brzina kondenzacije I, , sila medufaznog trenjan F,,, sila trenja izmedu zida i faza F}; i
zapreminski toplotni fluks ¢,,. Ovi izvorni ¢lanovi se modeliraju konstitutivnim korelacijama za

uslove bazenskog klju¢anja [1], dok je dopunska jednacina bilansa zapreminskih udela
a +a, =1 (6)

Za opisivanje promene temperature u zagrejatkom zidu koristi se jedna¢ina za nestacionarno
provodenje toplote u obliku

8_T — avZT_ qh _ qb (7)

ot (pcp )W (pcp )W

Izvornim ¢lanovima u jednacini (7) obuhvaceni su mehanizmi razmene toplote na grejnoj povr-

$ini 1 to zapreminski toplotni fluks usled konvektivne razmene toplote ¢, i zapreminski toplotni fluks
usled faznog prelaza g, .

Pretpostavke koje su koriS¢ene pri reSavanju bilansnih jednacina:

i) Strujanje dvofazne meSavine u bazenu je trodimenzijsko, kao i temperatursko polje u zagre-
jackom zidu, pa se bilansne jednacine projektuju na tri ose Descartes-ovog koordinatnog sistema i
reSavaju u tom obliku,

ii) Parna faza koja nastaje pri bazenskom kljucanju je u stanju zasi¢enja pa se ne reSava jedna-
¢ina bilansa energije za parnu fazu, takode nema prenosa toplote sa zagrejackog zida na paru,

iii) Pritisak je isti za obe faze u okviru jedne kontrolne zapremine.

2.1. Geometrija bazena i zagrejackog zida

Model bazenskog klju¢anja se sastoji od dva proracunska domena gde su mikro parametri klju-
¢anja kao $to su broj mesta nukleacije, precnik mehura pri odvajanju, ugao kvasenja i duzina kapilare
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uzeti u obzir. Prvi proracunski domen je domen je posuda kvadratne osnove koje je u pocetnom tre-
nutku ispunjena te¢nos$¢u u stanju zasi¢enja na atmosferkskom pritisku (slika 1). Drugi proracunski
domen je zagrejacki zid koji se sa donje strane greje povrSinskim ili zapreminskim doplotnim fluk-
som. Domen bazena je podeljen na N, x N, . x N_ kontrolnih zapremina, a domen zagrejackog zida

podeljen na N, x N, xN_ kontrolnih zapremina. Usvojen je isti broj kontrolnih zapremina u x i z
praveu N xN._. Sirina bazena u x i z pravcu je obeleZena sa a na slici 1. Gornja povrsina zagreja¢kog
zida je podeljena na N, x N, kvadratnih zona nukleacije. Broj kontrolnih zapremina u jednoj zoni
nukleacije je odreden kao (N, /N, )x(N,/N,). Sirina bazena je odredena kao a=N,b gde se Sirina

v . .. -0.5 . . .. .
zone b raduna na osnovu gustine mesta nukleacije b=n"". U svakoj zoni nukleacije raste jedan
mehur. Lokacija na kojoj ¢e rasti mehur je odredena generatorom slucajnih brojeva.

Bazen
J\Yf
AT Zid
H| [ X
v > T
[ | |
Z AY, TATEEAT .
) X, q4 q4
61‘ I f P a q
4 Ga,b

w b qa.b
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Slika 1. Domen zagrejackog zida i bazena koriséen u numerickoj simulaciji (gore) i nacini grejanja

zagrejackog zida: povrsinsko grejanje (dole levo) i zapreminsko grejanje (dole desno).

2.2. Primena metode kontrolnih zapremina i metode SIMPLE
na reSavanje bazenskog kljucanja

Sistem eliptiC¢kih diferencijalnih jednacina formiraju projekcije jednacina kolic¢ine kretanja na tri
ose Descartes-ovog koordinatnog sistema, jednacine bilansa mase za parnu i te¢nu fazu i energije za
zagrejacki zid. Sistem diferencijalnih jednacina reSen je metodom kontrolnih zapremina. Skalarne kon-
trolne zapremine su primenjene za entalpiju te¢ne faze, zapreminski udeo pare, pritisak fluida i tempe-
raturu zagrejackog zida, dok su brzine faza odredene za kontrolne zapremine koje su u odnosu na ska-
larne kontrolne zapremine pomerene u x, y 1 z pravcu prema SIMPLE metodi [4]. Primenjena je potpuno
implicitna Sema za racunanje vremenskih promena zavisno promenljivih veli¢ina, dok je polje pritiska
za dvofazni region racunato koris¢enjem SIMPLE metode. Jednacine su prevedene u diskretizovanu
formu i reSene primenom TDMA (trodijagonalni matricni algoritam) za odgovarajuce grani¢ne uslove.
Procedura trodimenzijskog numerickog modeliranja klju¢anja obuhvata sledece korake:

1) Zadavanje pocetnih vrednosti za dvofazni domen, domen zida i mikro parametre (zadavanje
termofizickih osobina fluida i zagrejackog zida, zadavanje pocetnih vrednosti brzina za obe faze,
zadavanje pocetne entalpije tecnosti, pocetnog nivoa vode u bazenu, pocetnih vrednosti temperatura
zida, nacina grejanja, dimenzija skalarnih kontrolnih zapremina zida i bazena, ugla kvasenja, koraka
integracije 1 greSke reSavanja bilansnih jednacina),
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2) Aktivacija generatora slucajnih brojeva i odredivanje kontrolnih zapremina u kojima nastaju
mehurovi (mehur moZe nastati samo u kontrolnoj zapremini u kojoj je temperatura vode veca od
temperature zasi¢enja i u kojoj je zapreminski udeo tecnosti ve¢i od nule),

3) SraCunavanje entalpije tecnosti i zapreminskog udela pare na osnovu jednacina (5) 1 (2),

4) Sracunavanje temperaturskog polja u zagrejackom zidu na osnovu jednacine (7),

5) Sracunavanje brzina tecne i parne faze za pomerene kontrolne zapremine na osnovu jedna-
¢ine (3) 1 (4), (brzine obe faze se racunaju za sve tri projekcije Descartes-ovog koordinatnog sistema),

6) Resavanje polja pritiska (pretpostaviti polje pritiska, resiti bilansne jednacine kolicine kreta-
nja i dobiti odgovarajuée brzine parne i tecne faze u sva tri pravca faze za pretpostavljeno polje priti-
ska, resiti jednacinu korekcije pritiska, resiti stvarno polje pritiska, resiti stvarne vrednosti brzina,
novodobijeno polje pritiska usvojiti kao pocetno 1 ponoviti postupak dok reSenje ne konvergira,

7) Ponoviti korake 3), 4), 5) 1 6) sve dok suma desnih strana bilansnih jednac¢ina mase (1) 1 (2)
ne bude manja od unapred zadate greske.

8) Vreme simulacije se povecava. Novi vremenski korak integracije poc¢inje uz dodeljivanje
novih srac¢unatih veli¢ina pocetno zadatim. Kvazistacionarno stanje je dostignuto kada srednja tem-
peratura povrSine zagrejackog zida dostigne priblizno istu vrednost u vise uzastopnih vremenskih
trenutaka.

3. Matematicki model klju¢anja u uslovima klju¢anja
na spoljaSnjoj povrsini cevnog snopa

Vertikalno strujanje dvofazne meSavine u generatoru pare se opisuje pomoc¢u modela dva fluida
koji se zasnovan na jednacinama bilansa mase, kolicine kretanja i energije, za svaku fazu pojedinacno.
Koristi se koncept poroznosti pri ¢emu se u kontrolnoj zapremini mogu nalaziti te€na faza, parna faza
1 cevi.

Bilansne jednacine modela kljucanja na spoljasnjoj povrsini cevnog snopa:

— bilans mase za te¢nu fazu

0% |G apii =—T, +T,  +i
T—'— ) alplul — Ly + kond —I—ml,ul (8)
— bilans mase za parnu fazu
0 a,p -
# + v a2p2u2 = Pisp - Fkond (9)
— bilans koli¢ine kretanja za te¢nu fazu
8 alplﬁl V - - V - Fv F T I — s
T+ Cpiy == Np o gty — by — L =L w (10)
— bilans koli¢ine kretanja za parnu fazu
d aph, . .
#—I—V‘ oy, =— Fisp —La "+ 45 (11)
— bilans energije za te¢nu fazu
0
a]—p]}q_l_v. a,phii, =— Fl.sp—F,wnd h”+qzl (12)

ot
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o +a,+a, =1 (13)

gde indeksi 7, 2 i 3 u jednacinama (8-13) oznacavaju sledstveno te¢nu, parnu fazu i cevi u snopu.
Izvorni ¢lanovi sa desne strane bilansnih jednacina su maseni protok uticanja tecne faze m, , , brzina

ispravanja I, , brzina kondenzacije I, , sila medufaznog trenja F,,, sila trenja izmedu zida cevi i

te¢ne faze F,,, sila trenja izmedu zida cevi i parne faze 1332. Entalpija pare u stanju zasi¢enja je

31

oznaCena sa h", brzina kretanja razdelne povrsine i, zapreminski udeo «, zapreminski toplotni

fluks koji se prenosi sa zida cevi na te¢nu fazu g, .

3.1. Geometrija generatora pare bazena i zagrejackog zida

Numeric¢ke simulacije strujanja na sekundarnoj strani generatora pare su sprovedene za uslove
dvofaznog strujanja u eksperimentalnoj instalaciji MB2 (Model Boiler 2-slika 2), koja predstavlja
umanjenu verziju vertikalnog generatora pare tipa Model F, koji se koristi u nuklearnim elektranama
sa vrelovodenim reaktorom. Na umanjenoj verziji instalacije su zadrzane geometrijske karakteristike
generatora pare koji se koristi u nuklearnoj elektrani, dok generacija pare iznosi 1% od proizvodnje
pare realnog generatora pare u nuklearnoj elektrani na nominalnom rezimu rada. Detaljan prikaz
instalacije sa radnim i geometrijskim parametrima je predstavljen u [5]. Primarni fluid je voda koja
uti¢e kroz toplu granu i nakon ulazne komore struji kroz U-cevi, predaje toplotu sekundarnom fluidu
1 isti¢e preko izlazne komore u hladnu granu. Sekundarni fluid je pothladena te¢nost koja predstavlja
mesavinu napojne vode i recirkulisane vode. Radni parametri generatora pare su prikazani u tabeli 1.
Radni parametri i fizicke osobine primarnog i sekundarnog fluida u eksperimentalnoj instalaciji MB2,
prikazani su u tabelama 2 1 3 sledstveno.

Tabela 1. Radni parametri eksperimentalne instalacije generatora pare MB2 [5].

Naziv parametra Vrednost
Termicka snaga 6,63 MW
Pritisak u parnom domu 6,96 MPa
Recirkulacioni broj 3,0

Tabela 2. Radni parametri i fizicke osobine primarnog fluida (voda)
u eksperimentalnoj instalaciji MB2.

Naziv parametra Vrednost
Maseni protok primarnog fluida 36,06 kgs™!
Pritisak u primarnom cirkulacionom krugu 15,5 MPa
Ulazna temperatura primarnog fluida 598,25 K
Izlazna temperatura primarnog fluida 566,45 K
Specifi¢ni toplotni kapacitet 6419,2 Jkg'K'!
Dinamicka viskoznost 7,84-107° m?s!
Prandtl-ov broj 0,98
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Tabela 3. Radni parametri i fizicke osobine sekundarnog fluida (voda-vodena para)
u eksperimentalnoj instalaciji MB2.

Naziv parametra Vrednost
Maseni protok sekundarnog fluida u jednoj grani 3,76 kgs™!
Ulazna temperatura sekundarnog fluida 542 K
Entalpija sekundarnog fluida na ulazu 1178,3 kJkg!
Gustina sekundarnog fluida na ulazu 843,1 kgm™
Specifi¢ni toplotni kapacitet 4671,6 Jkg'K!
Toplotna provodljivost sekundarnog fluida 0,64 Wm™'K"!
Dinami¢ka viskoznost 1,15-10* m?s’!
Prandtl-ov broj 0,84
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Slika 2. Izgled MB2 generatora pare [5] (levo) i Sematski prikaz njegovih dimenzija
koriscenih u simulaciji (desno).
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Drugi tip eksperimentalne instalacije odabran za simulaciju je model generatora pare tipa 51F koju je
razvila NUPEC korporacija u Japanu [6] (slika 3). Jedan od ciljeva pri izradi ove instalacije vertikal-
nog generatora pare je istraZivanje vibracija U-cevi koje nastaju pri strujanju dvofazne meSavine u
cevnom snopu. Primarni fluid je voda, dok je sekundarni fluid freon R123. Prilikom izrade eksperi-
mentalne instalacije generatora pare vodilo se racuna da se dimenzije i materijal cevi izrade na isti
nacin kao kod generatora pare tipa 5S1F.
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Slika 3. Izgled modela generatora pare [6] (levo) i Sematski prikaz njegovih dimenzija
koriscenih u simulaciji (desno).

Radni parametri modela generatora pare 51F prikazani su u tabeli 4. Radni parametri primarnog
1 sekundarnog fluida i njihove fizicke osobine prikazane su u tabelama 5 1 6 sledstveno. Izbor radnih
parametara na sekundarnoj i primarnoj strani je izveden u cilju zadrzavanja istog odnosa gustina na
eksperimentalnoj 1 stvarnoj instalaciji. PoSto stvarna instalacija generatora pare 51F radi sa mnogo
ve¢im parametrima na sekundarnoj strani, u modelskoj instalaciji je izabran freon R123 kao radni
fluid, koji sa odgovaraju¢im istim odnosom gustina treba da pokaze efekat opstrujavanja prepeka na
sekundarnoj strani kao $to je to slucaj u originalnoj instalaciji generatora pare.
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Tabela 4. Radni parametri modela generatora pare tipa 51F [6].

Naziv parametra Vrednost
Termicka snaga 2,0 MW
Pritisak u parnom domu 0,73 MPa

Tabela 5. Radni parametri primarnog fluida (voda) koriséeni u simulaciji.

Naziv parametra Vrednost
Brzina primarnog fluida na ulazu u cevni snop 4 mgs!
Pritisak u primarnom cirkulacionom krugu 1,5 MPa
Ulazna temperature primarnog fluida 378 K
Izlazna temperature primarnog fluida 376,7K
Specifiéni toplotni kapacitet 4220.7 Jkg'K!
Dinamicka viskoznost 2,68-10* m?s’!
Prandtl-ov broj 1,67

Tabela 6. Radni parametri sekundarnog fluida (freon R123) koriséeni u simulaciji.

Naziv parametra Vrednost
Maseni protok sekundarnog fluida 240,0 kgs'!
Ulazna temperatura sekundarnog fluida 371,4K
Entalpija sekundarnog fluida na ulazu 101,2 klJkg!
Pritisak sekundarnog fluida na ulazu 0,86 MPa
Gustina sekundarnog fluida na ulazu 1257,9 kgm™
Specifi¢ni toplotni kapacitet 1138,8 Jkg'K'!
Toplotna provodljivost sekundarnog fluida 0,06 Wm'K-!
Dinamicka viskoznost 1,94-10* m?s!
Prandtl-ov broj 3,77

4. Prikaz rezultata numericke simulacije bazenskog klju¢anja

Razvijeni model bazenskog kljucanja je primenjen na simulaciju eksperimentalnih uslova pred-
stavljenih u radovima [7,8]. Ovi radovi predstavljaju detaljna istrazivanja bazenskog kljuc¢anja spro-
vedena u okviru "BETA eksperimenta", gde su merena mesta nukleacije mehurova na novim zagre-
jacima sa glatkom povrs$inom i grejac¢ima koji su manje ili vise izloZeni starenju. Kao primer dobijenih
numerickih rezultata na slici 4 je prikazana trodimenzijska raspodela zapreminskog udela pare u ba-
zenu (levo), dvodimenzijska raspodela zapreminskog udela pare na zagrejackom zidu (sredina) i dvo-
dimenzijska raspodela temperature zagrejackog zida (desno). Rezultati prikazani na slici 4 su prika-
zani za uslove toplotnog fluksa od 76,8 kWm™, gustinu mesta nukleacije 7,32 cm™ i ugao kvasenja
90°. Naslici 5 (levo) prikazane su krive kljucanja za zagrejace koji su obeleZeni sa A3 1 A4 uradovima
[7,8]. Na slici 5 (desno) prikazani su rezultati numeric¢ke simulacije kroz krivu klju¢anja, gde se vidi
zadovoljavajuce slaganje za oba tipa zagrejackih zidova.
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Slika 4. Trodimenzionalna raspodela zapreminskog udela pare (levo), dvodimenzionalna raspodela
zapreminskog udela pare na samom zidu (sredina) i dvodimenzionalna raspodela temperature na
samom zagrejackom zidu (desno)
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Slika 5. Gustina mesta nukleacije koriscena kao ulazni podatak za numericke simulacije (levo), i
sracunata kriva kljucanja za A3 i A4 tipove zagrejackih zidova (desno)

5. Prikaz rezultata numericke simulacije kljuc¢anja
na cevnom snopu generatora pare

Razvijeni model kljucanja na sekundarnoj strani generatora pare primenjen je prvo na simula-
ciju strujanja u eksperimentalnoj instalaciji MB2 opisanoj u potpoglavlju 3.1. Rezultati simulacije su
uporedeni sa izmerenim podacima dostupnim u literaturi.

Naslici 6 predstavljeni su rezultati simulacije - sracunato polje zapreminskog udela pare (levo),
brzinsko polje tecne faze (sredina) i brzinsko polje parne faze (desno). Sa slike 6 (levo) se vidi da
sekundarni fluid utice sa donjih bo¢nih strana u generator pare gde se protok simetri¢no rasporeduje
na toplu granu (levo) i hladnu granu (desno). Pothladena voda se preko usmerivaca protoka na visini
0,1 m ravnomerno raspodeljuje 1 na viSim kotama zagreva na racun hladenja cevi kroz koje struji
topliji primarni fluid. Na visini od 1 m u toploj grani dolazi do zasi¢enog mehurastog kljucanja, dok
je ta visina u hladnoj grani priblizno na 1,8 m. Nakon ove visine sekundarni fluid isparava §to se
ogleda u povecanju zapreminskog udela parne faze. Idu¢i ka vrhu snopa U-cevi javlja se asimetricnost
u polju zapreminskog udela parne faze u toploj i hladnoj grani, da bi njegova vrednost na izlazu iz
generatora pare na visini od 9 m bila priblizno 0,9. Analiza polja brzine te¢ne faze na slici 6 (sredina)
pokazuje da se sekundarni fluid u pothladenom stanju simetri¢no i horizontalno uvodi u generator
pare, a zatim se ravnomerno rasporeduje usmerivacem protoka nakon ¢ega struji vertikalno navise.
Na mestima lokalnih otpora kao §to su usmeriva¢ protoka (visina 0,1 m) 1 horizontalni drzaci cevnog
snopa (visine 1 m, 2 m, 3 m, 4 m, 5 m i 6 m), moze se primetiti da strujanje tecne faze dobija bo¢ni
karakter. Na izlazu iz cevnog snopa i mestu suzZenja podiznog kanala javlja se vrtlozno strujanje tecne
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faze. Na slici 6 (desno) je prikazano je polje brzine parne faze. U donjim delovima generatora pare,
do visine 1 m na toploj strani i do 1,8 m na hladnoj strani, vektori brzine parne faze se ne vide jer jos
nije doslo do generacije pare. Vektori brzine parne faze imaju slican karakter kao i vektori tecne faze,
pri ¢emu imaju vedi intenzitet zbog klizanja izmedu faza. Kao 1 kod tecne faze, na izlazu iz cevnog
snopa i na mestu suzenja podiznog kanala, javlja se vrtlozno strujanje.
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Slika 6. Raspodela zapreminskog udela pare (levo), brzine tecne faze (sredina)
i brzina parne faze (desno).

Drugi tip eksperimentalne instalacije odabran za validaciju modela klju¢anja koristi freon R123
kao sekundardni fluid. Instalacija predstavlja umanjenu verziju vertikalnog generatora pare Model
51F. Na slici 7 predstavljeni su rezultati numericke simulacije koji predstavljaju polje zapreminskog
udela pare (levo), brzinsko polje te¢ne faze (sredina) i brzinsko polje parne faze (desno). Na slici 8
predstavljena je izmerena i sraunata promena pritiska sekundarnog fluida duz cevnog snopa
generatora pare za dva tipa mreze (gruba 1 fina). Sa slike 8 se vidi da su ostvarena zadovoljavajuca
slaganja izmerenih 1 sracunatih vrednosti.
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Slika 7. Raspodela zapreminskog udela pare (levo), brzine tecne faze (sredina) i parne faze (desno).
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Slika 8. Promena pritiska sa promenom visine snopa U-cevi.

6. Zakljucak

Kroz rad su prikazana dva razvijena modela generisanja pare, prvi u uslovima bazenskog klju-
¢anja, a drugi u uslovima klju€anja na spoljasnjoj povrsini cevnog snopa generatora pare. Model ba-
zenskog kljucanja je validiran za eksperimentalne uslove kljuc¢anja, gde su za razlicite vrednosti mesta
nukleacije dobijene pouzdane krive kljucanja. Takode, kroz rezultate se vidi pouzdanost modela u
predvidanju pregrejanja za uslove razli¢itih vrsta zagrejackog zida. Prednost razvijenog pristupa se
ogleda u moguénosti da predvidi neuniformnu raspodelu temperature ispod mehura koji raste, ali
istovremeno pouzdano moze da predvidi oblik dvofaznog toka kao i nivo dvofazne mesavine u ba-
zenu. Model generisanja pare na spoljasnjim cevima generatora pare je validiran na dve eksperimen-
talne instalacije generatora pare koje rade sa dve vrste radnog medijuma (voda/vodena para i freon).
Za razliku od modela bazenskog klju€anja koji je fundamentalni pristup pri reSavanju kljucanja, mo-
Zeno reSenje za modeliranje kljucanja u raznim energetskim ispariva¢ima i opremi. Oba modela raz-
vijena u ovom radu su prakti¢na i upotrebljiva sa malim vremenima ra¢unanja, a istovremeno ostva-
ruju detaljan uvid u sloZene uslove koji vladaju pri razli¢itim uslovima klju¢anja. Sa stanovista inze-
njerske prakse, razvijeni modeli omogucavaju predvidanje koeficijenta prelaska toplote pri klju¢anju
u velikim zapreminama te¢nosti, $to je od posebnog znacaja za projektovanje 1 analize sigurnosti
nuklearnih i drugih industrijskih generatora pare i isparivaca.
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Leteci pepeo je glavni industrijski nusproizvod sagorevanja uglja, i predstavlja ekoloski izazov,
ali i resurs sa visokim potencijalom za valorizaciju. Tradicionalno odlaganje leteceg pepela na
deponijama narusava kvalitet zemljista, i dovodi do povecanja rizika od zagadenja Zivotne sredine.
U cilju smanjenja negativnog ekoloSkog uticaja leteceg pepela u danasnje vreme se sve vise paznje
poklanja njegovoj ponovnoj upotrebi u razlicitim sektorima.
materijal u proizvodnji betona i drugih gradevinskih kompozita. Ovakav pristup obezbeduje znacajno
smanjenje kolicine leteceg pepela na deponijama, kao i dobijanje gradevinskih materijala poboljsane
mehanicke cvrstoce, i dugorocne izdrzljivosti i otpornosti na hemijsku degradaciju. Ponovno
koriscenje leteceg pepela u proizvodnji gradevinskih materijala u skladu je sa principima cirkularne
ekonomije i odrzivog razvoja.

Pored svoje primene u oblasti gradevinarstva, letec¢i pepeo sve vise nalazi primenu u zastiti
Zivotne sredine, kao adsorbent za uklanjanje zagadujuéih materija u tretmanu voda. Zbog svog
hemijskog sastava i porozne strukture, sirovi leteci pepeo pokazuje umereni kapacitet za adsorpciju.
Medutim, razlicite tehnike modifikacije, kao sto su alkalni tretman, hidrotermalna karbonizacija,
hemijska aktivacija, polimerizacija, primenjuju se kako bi se poboljsale adsorpcione osobine leteceg
pepela. Modifikovani leteci pepeo pokazao je znacajnu efikasnost u uklanjanju organskih (npr. boje,
pesticidi, farmaceutski proizvodi) i neorganskih (npr. teski metali, arsen) zagadujucih materija iz
otpadnih voda. Ovako dobijeni materijali predstavijaju jeftine i efikasne adsorbente, koji su pogodni
za koriscenje u sistemima za precis¢avanje vode.

Upotreba leteceg pepela u oblasti gradevinarstva i kao adosrbenata, ne samo da ublazava
ekoloske rizike povezane sa njegovim odlaganjem, vec i poveceva isplativost tehnologija za kontrolu
zagadenja Zivotne sredine. Buduli napreci u modifikaciji materijala mogu dodatno doprineti
bezbednoj i sirokoj primeni leteceg pepela u cilju zastite Zivotne sredine.

Fly ash, a major industrial byproduct of coal combustion, presents both an environmental
concern and a resource with high valorization potential. Traditionally disposed of in landfills, fly ash
contributes to land degradation and pollution risks. However, innovative strategies for its reuse
significantly reduce environmental waste while enabling sustainable solutions across various sectors.
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One of the most established uses of fly ash is in the construction industry, where it serves as a
supplementary cementitious material in concrete and other building composites. This approach
significantly lowers the environmental impact by reducing the amount of landfilled fly ash and
improves the mechanical strength, long-term durability, and resistance of building materials to
chemical degradation. Incorporating fly ash into construction materials is in line with the principles
of circular economy and sustainable development.

Beyond its structural applications, fly ash is gaining attention for its role in environmental
remediation, particularly in water treatment. Due to its chemical composition and porous structure,
raw fly ash exhibits moderate adsorption capacity. However, various modification techniques, such
as alkaline and hydrothermal treatments, chemical activation, polymerization, and surface coating,
have been employed to enhance the adsorptive properties of fly ash. Modified fly ash has shown
significant efficiency in removing organic (e.g., dyes, pesticides, and pharmaceuticals) and inorganic
(e.g., heavy metals, arsenic) pollutants from wastewater. These modified forms act as low-cost,
efficient adsorbents, suitable for integration into water purification systems.

Utilizing fly ash in these dual roles not only mitigates environmental hazards associated with
its disposal but also increases the cost-effectiveness of technologies applied for pollution control.
Future advancements in material modification and policy frameworks can further promote fly ash's
safe and widespread application in sustainable environmental management.

1 Uvod

Uprkos globalnoj tendenciji prelaska na obnovljive izvore energije, sagorevanje uglja i dalje
ostaje dominantan nacin proizvodnje elektri€ne energije u mnogim zemljama, ukljucujuéi i Srbiju,
gde udeo uglja u ukupnoj proizvodnji elektricne energije iznosi oko 65%. Termoelektrane na ugalj
generiSu znacajne koli¢ine pepela, od kojih se lete¢i pepeo 1 §ljaka izdvajaju kao glavni nusproizvodi
sagorevanja. Lete¢i pepeo predstavlja finu frakciju pepela koja se iz dimnih gasova izdvajaja u
elektrostatiCkim filterima, mada se manji deo moZe zadrzati i u drugim delovima postrojenja. Ovaj
materijal je uglavnom sastavljen od neorganskih, nesagorelih Cestica uglja, koje se pod uticajem
visokih temperatura tokom sagorevanja pretvaraju u staklastu, amorfnu fazu. Hemijski sastav leteeg
pepela znacajno varira u zavisnosti od mineralnog i hemijskog sastava uglja, kao 1 uslova sagorevanja,
Sto direktno uti¢e na njegove fizicko-hemijske osobine i potencijalnu primenu [1].

Dominantne komponente leteceg pepela ukljucuju silikate, okside trovalentnih metala kao Sto
su aluminijum 1 gvoZde, okside kalcijuma i magnezijuma, kao i karbonate, sulfide 1 sulfate [2,3].
Osim ovih glavnih sastojaka, lete¢i pepeo moze sadrzati i elemente u tragovima sa toksi¢nim
svojstvima, poput arsena, hroma, kadmijuma, mangana, kobalta, olova i berilijjuma, kao 1 organske
zagadujuce supstance, pre svega policiklicne aromati¢ne ugljovodonike (PAH) [1-3]. Ove
karakteristike Cine lete¢i pepeo znacajnim ekoloskim problemom, jer se otpad najces¢e deponuje na
otvorenim deponijama, gde moze dovesti do kontaminacije zemljista, vode 1 vazduha, ugrozavajuci
lokalne ekosisteme 1 ljudsko zdravlje.

S obzirom na sve vece ekoloSke zahteve i regulative, postoji hitna potreba za pronalazenjem
odrzivih naina upravljanja lete¢im pepelom. Jedan od najperspektivnijih pravaca jeste njegova
primena u industriji, naro¢ito u gradevinarstvu. Lete¢i pepeo se koristi kao dodatni materijal u
proizvodnji betona i drugih gradevinskih kompozita, ¢cime se ne samo smanjuje koli¢ina otpada koja
ide na deponije, ve¢ 1 poboljSavaju mehanicke osobine i dugotrajnost gradevinskih materijala [4,5].
Ugradnja leteCeg pepela u betonske meSavine doprinosi povecanju otpornosti na hemijsku koroziju,
smanjenju propustljivosti 1 povecanju trajnosti konstrukcija, Sto ima direktan uticaj na odrzivost 1
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ekonomicnost gradevinskih projekata. Pored toga, istrazivanja su pokazala da lete¢i pepeo,
zahvaljujuc¢i svom hemijskom sastavu i poroznoj strukturi, moze biti efikasan adsorbent za uklanjanje
zagadujucih materija iz vode [6-8].

2 Upotreba leteceg pepela u precis¢avanju vode

Prisustvo zagadujuc¢ih materija u zivotnoj sredini postaje sve ve¢i problem usled rasta svetske
populacije, intenziviranja poljoprivrednih i industrijskih aktivnosti, kao i ispustanja otpadnih voda u
zivotnu sredinu. Sve otpadne vode uglavnom sadrze razliite organske i neorganske zagadujuce
materije (boje, pesticide, lekove, teSke metale i1 dr.), Cije prisustvo u zivotnoj sredini moze
predstavljati ozbiljan problem. Teski metali su trajni zagadivaci zivotne sredine zbog nemogucnosti
razgradnje i sposobnosti bioakumulacije, dok pesticidi i lekovi kontinuirano dospevaju u Zivotnu
sredinu, ¢ime predstavljaju perzistentne zagadivace. Stoga je jedna od aktuelnih tema pronalazenje
optimalnih metoda za precis¢avanje zagadene vode.

Medu mnogobrojnim razvijenim tehnikama za preciS¢avanje vode (fotokataliticka degradacija,
aerobna degradacija, ozonizacija, hemijska talozenje, hemijska oksidacija 1ili redukcija,
elektrohemijska obrada, filtracija, reversna osmoza, jonska razmena i membranske tehnologije),
adsorpcija se smatra jednostavnom i brzom metodom sa niskim energetskim i operativnim
troSkovima, koja ne stvara toksi¢ne nusproizvode koji bi mogli izazvati sekundarno zagadenje.
Takode, koris¢enje jeftinih i obnovljivih materijala kao alternativa za konvencionalni aktivni ugalj
dodatno povecava ekonomsku efikasnost procesa adsorpcije.

Poslednje tri decenije obelezene su razvojem novih adsorbenata zasnovanih na otpadnim
materijalima za uklanjanje organskih i neorganskih zagaduju¢ih materija u adsorpcionim procesima.
Primena adsorbenata dobijenih iz razlicitih vrsta otpada za preciS¢avanje vode moze se posmatrati
kao koriS¢enje jednog otpada za sanaciju drugog. Brojne studije su sprovedene o upotrebi leteceg
pepela kao adsorbenata za uklanjanje razli¢itih zagadujucih materija iz vode.

U cilju poboljSanja adsorpcionih karakteristika leteceg pepla primenjene su razli¢ite metode
modifikacije. Metode modifikacije koje se koriste su alkalni tretman, hidrotermalna karbonizacija,
hemijska aktivacija, polimerizacija i druge [3,9-11]. Modifikovani lete¢i pepeo ima bolje adsorpcione
osobine 1 vecu selektivnost prema organskim (boje, lekovi, pesticidi) 1 neorganskim zagaduju¢im
materijama (teski metali, retki elementi Zemljine kore) [6-8]. Ovako dobijeni materijali su se pokazali
kao ekonomski isplativi i ekoloski prihvatljivi za primenu u tehnologijama preciS¢avanja voda, Sto je
posebno znacajno za zemlje sa ograni¢enim resursima i visokim stepenom industrijske zagadenosti.
Tabela 1 daje pregled literaure upotrebe modifikovanog lete¢eg pepela kao adsorbenta za uklanjanje
razli¢itih zagadujucih materija iz vode.
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Tabela 1. Adsorpcioni kapacitet i efikasnost uklanjanja razlicitih modifikacija leteceg pepela za
uklanajnje zagadujucih materija iz vode

Adsorpcioni | Efikasnost
Materijal Modifikacija Analit kapacitet, uklanajnja, Literatura
mg/g %
Sinteticki zeolit na
bazi leteceg p.ePela Hidrotermlana sinteza | Eritormicin 314.7 94-99 12
Kompozit 363,0
ugljenik-zeolit
Fe,03-TiO2/FA Metilensko
. Sol gel proces - 86,81 13
fotokatalizator plavo
ZFA/HIO Zeolit Hidrot Ini tret Metilensko 100 ”
) idrotermalni tretman - ~
ZFA/HZ Zeolit plavo
D Metilensko
FAG Alkalna aktivacija - 98,5 15
plavo
D Metilensko
FA-Geo Alkalna aktivacija - ~65 16
plavo
. . . Kristalno
MZSB Zeolit Hidrotermalni tretman 1y - 52 17
ljubicasta
ZFA-600 Alkalni tretman fuzijom Ccd* - 84 18
: . Cd* 60
FA-Z Hidrotermalni tretman 72t - 20 19
ZCFA Hidrotermlana sinteza Pb** - 98,1 20
Leteci pepeo sa
(3-aminopropil)
trietoksisilanom 1 | Hidrotermlana sinteza Gd 28,9 - 21
dietilenetri-
aminpentasiréetna

U ovom radu ispitana je upotreba leteceg pepela kao adsorbenta, i kao polazne sirovine za
dobijanje efikasnih adosrbenata primenom razli¢itih tehnika modifikacije. Nemodifikovani i
modifikovani lete¢i pepeo koriS¢eni su kao adsorbenti za uklanjanje boja, lekova, teSkih metala i
retkih elemenata Zemljine kore iz vode. U Tabeli 2 prikazane su koris¢ene modifikacije.
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Tabela 2. Modifikacije uzoraka leteceg pepela, oznake i uslovi modifikacija

Masa leteé
Uzorak asa feteceg Modifikacioni agens Uslovi modifikacije Literatura
pepela, g
FAsz00 2,0 3,2 g &vrstog NaOH 300 °C, 3 h, elekti¢na peé 22
FArer 2,0 20 ml 2M NaOH 5 h, refluks na temperaturi kljuéanja 22
FAgr . Susenje 2 h na 195 °C ' ”
B ] ] Starenje 7 dana na sobnoj temperaturi
4,2 g dijatomejske zemlje Smrono 15 d o
.. . t t -
FAgis 9,8 10 g natrijum silikata arenje 1> dana Tlrsio roj fempera 23
Nekoliko kapi 16 M NaOH
FAso Starenje 30 dana na s.obnoj tempera- 3
turi
FA, 2.0 6 ml 2M NaOH Muckanje (12.0 o/min), 7 .dana na ”
sobnoj temperaturi
FAac 9,0 100 ml 2 mol/dm*NaOH Hidrotermalni tretman na 96 °C, 8 h 9
Rastvor hitozana (1,0 g Muckanie (150 o/min. 24 & b
FAac/Ch | 5,0 g FAac |hitozana u acetatnom puferu uckanje (130 o/min), 1 A SOBHol 9
temperaturi
pH=4,5)
1,0 g hitozana, . . . o
t t
FA/Chunag 1.0 3,90 g FeCls 6H;0 mpregnacvlja itozanom v1 magnetinim 9
Cesticama gvozda
2,70 g FeCl-4H,0O
Odnos FA
1 tecne faze
FA Ikal 6 M NaOH Alakalno aktiviranj 1
dl alkalno . akalno aktiviranje
ne nes Si0,/Na;0=3,1 )
aktivatora
1:1
80 %1 24 h na sobnoj temperaturi
20% . 48 hna 60 °C J
FAmod2 ’ NaOH/Na;SiO; 40 hna 68 % ped 1
drvenog Starenje 28 dana na sobnoj tempera-
pepela turi

Adsorpciona efikasnot nemodifikovnih i modifikovanih uzoraka leteceg pepela za uklanjanje
katjonskih (kristalno ljubicasta (CV) i metilensko plavo (MB)) i1 anjonskih (alizarin crvena (ARS) i
metil oranz (MO)) boja prikazana je na slici 1. Primenjene modifikacije povecavaju efikasnost
adsorpcije katjonskih boja, dostizu¢i do 92 % za adsorpciju CV na uzorku FAg7. S druge strane,
alkalni tretmani nemaju uticaj ili cak smanjuju efikasnost adsorpcije anjonskih boja. Generalno, svi
ispitivani uzorci pokazuju najvecu adsorpcionu efikasnost za uklanjanje boje kristalno ljubic¢asto. Na
osnovu dobijenih rezultata moZe se zakljuciti da primenjene modifikacije pozitivno uti€u na
adsorpcionu efikanost leteCeg pepela za uklanjanje katjonskih boja.
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Slika 1. Adsorpciona efikasnost uzoraka modifikovanog leteceg pepela za uklanjanje odabranih
boja

U cilju kori$¢enja uzorka FA3zpo u vise uzastopnih ciklusa adsorpcija/desorpcija ispitani su
razliCiti rastvaraci, kao $to su metanol, etanol, etil-acetat, kao desorpciona sredstva (Slika 2a).
Najbolja efikasnost desorpcije MB sa povrSine modifikovanog adsorbenta postignuta je primenom
etanola. Na slici 2b prikazana je adsorpciono/desorpciona efikasnost uzorka FA3zgo u tri uzastopna
ciklusa u procesu uklanjanja katjonskih boja (metilensko plavo, kristalno ljubi€asto i brilijantno
zeleno (BQ)). I pored relativno niske efikasnosti desorpcije, rezultati ispitivanja su pokazali da se
alkalno-termic¢ki modifikovan lete¢i pepeo, FA300, moze koristiti kao visoko-efikasan adsorbent za
uklanjanje metilensko plavog, kristal violet i brilijantno zelene iz vode.

a) 25 b) I 1 Adsorpcija [/ Desorpcija
) = I v [ 348G [ dcv

§ EJOO __ — e —
@ 20- g 80 1 n H [ I_l
= 3
2 &£ 2 AV
151 ® . L
2 S 7
310 8

7 o
[2]) ]

5 c
2 s
5 s

0' T T 2 T ﬁ 0

Metanol Etanol Eti-acatat 1. ciklus 2. ciklus 3. ciklus

Slika 2. Efikasnost a) desorpcije MB primenom razlicitih desorpcionih sredstava, i b)
adsorpcije/desorpcije sa povrsine uzorka FAszoo

Nasslici 3 su prikazane adsorpcione efikasnosti uzoraka FA, alkalno tretiranog FA i geopolimera
dobijenih polazeé¢i od FA u procesu uklanjanja teskih metala (Cd*" i Zn*") iz vodenog rastvora. Na
osnovu dobijenih rezultata moze se zakljuciti da modifikovani uzorci leteceg pepela pokazuju bolju
adsorpcionu efikasnot od nemodifikovanog leteceg pepela, §to je izraZenije kod adsorpcije jona Zn>".
Geopolimerni uzorci koji su aktivirani sa ve¢om koncentracijom NaOH pokazali su se kao efikasniji
adsorbenti u procesu uklanjanja jona Cd** i Zn>". Ovo moze biti i posledica uvodenja polimernih veza
u strukturu materijala tokom alkalne aktivacije, prilikom ¢ega dolazi do povecanja broja aktivnih
mesta za vezivanje metalnih jona [23].
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Slika 3. Adsorpciona efikasnost nemodifikovanih i modifikovanih materijala u procesu uklanjanja
jona Cd?* i Zn**

U sklopu istrazivanja upotrebe modifikovanog lete¢eg pepela kao adsorbenta, ispitana je 1
mogucnost upotrebe alkalno-aktiviranog lete¢eg pepela (FAmod1i 1 FAmoa2) kao adsorbenta za
separaciju odabranih retkih elemenata Zemljine kore (REE) iz vodenog rastvora, s obzirom na to da
primena ovih neorganskih polimernih materijala za uklanjanje gadolinijuma, itrijuma i skandijuma
do sada nije zabelezena u literaturi. Kompeticija i medusobni uticaj jona REE u rastvoru ispitana je
na osnovu dobijenih efikasnosti materijala za adsorpciju REE iz pojedinacih rastvora i iz rastvora
smese jona (Slika 4).

100

E dcdf AYE dsc

o4 [E_J Pojedinacni rastvor

Smesa rastvora

Adsorpciona efikasnost [%]
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A

7
FAmod I FAmod2

Slika 4. Adsorpciona efikasnost uzoraka FAmoa1 i FAmodz iz pojedinacnog rastvora i iz rastvora
smeSe REE

Uzorak FAmod2 pokazao je vecu adsorpcionu efikasnost za sve ispitivane jone REE, kako iz
pojedinacnih rastvora, tako i iz rastvora smeSe. MozZe se primetiti da prisustvo drugih REE jona
povoljno uti¢e na proces adsorpcije, budu¢i da su modifikovani uzorci pokazali veéu adsorpcionu
efikasnost iz smesSe rastvora REE. Poveéana adsorpciona efikasnost u smesi moze se pripisati ve¢em
broju prisutnih jonskih vrsta i ve¢em koncentracionom gradijentu, koji predstavlja pokretacku silu za
proces adsorpcije. Sinergisticki efekat, primecen izmedu REE jona tokom adsorpcije iz rastvora
smese, ukazuje na to da se ovi joni mogu adsorbovati na razli¢ita aktivna mesta ili da adsorpcija moze
da se odvija razli¢itim mehanizmima.
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Alkalno aktiviran lete¢i pepeo modifikovan hitozanom i magnetnim ¢esticama gvozda koris¢en
je za uklanjanje odabranih lekova iz vodenih rastvora. Prema dobijenim rezultatima moze se zakljuciti
da primenjena modifikacija dovodi do povecanja adsorpcione efikasnosti (Slika 5). Ovo povecanje
adsorpcione efikasnosti moze se pripisati povecanju hrapavosti povrsine modifikovanih uzoraka, a
samim tim i prisustvu veceg broja funkcionalnih grupa na povrsini koje poti¢u od hitozana koris¢enog
za modifikaciju [9]. Uzorak FA/Chmae, koji sadrzi hitozan i magnetne Cestice gvozda pokazao je
najvecu adsorpcionu efikasnost (preko 80 %) za vecinu odabranih lekova.

Il Doksicikiin [l Cilazapril Il Eritromicin

I Bromazepam [l Lorazepam [[1] Diazepam
100 4[| Atorvastatin[_]Klopidogrel[__| Simvastatin

E ()] o]
o o o
1 1 1

Adsorpciona efikasnost [%]
S
]

FA FA, FACh  FA /Ch  FA

ref

Slika 5. Uticaj primenjene modifikacije na adsorpcionu efikasnost ispitivanih uzoraka u procesu
uklanjanja odabranih lekova

3 Zakljucak

Rezultati ovog istraZivanja pokazali su da letec¢i pepeo, kao otpadni materijal iz termoelektrana,
ima znacajan potencijal za primenu u tretmanu otpadnih voda, kako u uklanjanju organskih, tako i
neorganskih zagadujuc¢ih materija. Njegova dostupnost, niska cena 1 moguénost modifikacije ¢ine ga
atraktivnim adsorbentom za Siroku primenu u zastiti zivotne sredine. Modifikacija leteceg pepela,
posebno alkalna aktivacija, kao 1 dodatna modifikacija hitozanom 1 magnetnim Cesticama gvozda,
znacajno poboljSava njegove adsorpcione karakteristike. KoriS¢enje modifikovanog leteCeg pepela
ne samo da omogucava efikasno uklanjanje Stetnih materija iz vode, ve¢ doprinosi 1 odrzivom
upravljanju industrijskim otpadom. Ovakav pristup predstavlja primer implementacije principa
cirkularne ekonomije, gde se industrijski otpad pretvara u vredan resurs, ¢cime se smanjuje potreba za
eksploatacijom prirodnih sirovina i minimalizuje negativan uticaj na Zivotnu sredinu. Reciklaza i
ponovna upotreba leteceg pepela ne samo da doprinosi zastiti ekosistema ve¢ 1 podrzava razvoj
odrzivih industrijskih procesa i proizvoda. Ove strategije su u skladu sa globalnim naporima za
smanjenje emisija ugljenika 1 prelazak na zelenu ekonomiju, naglasavaju¢i znacaj integrisanog
pristupa upravljanju industrijskim otpadom. Dalja istrazivanja treba usmeriti ka primeni ovih
materijala u realnim uslovima, kao 1 ka razvoju kompozitnih adsorbenasa sa visefunkcionalnim
svojstvima za ciljanu eliminaciju specificnih zagadujuc¢ih materija.

Zahvalnica: Ova istrazivanja podrzana su od strane Ministarstva nauke, tehnoloskog razvoja i
inovacija Republike Srbije (Contract No. 451-03-136/2025-03/200287).
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65 godina industrije hemijskih proizvoda Prahovo

ELIXIR GRUPA - CUVAMO VREDNOSTI PROSLOSTI
I STVARAMO RESENJA ZA BUDUCNOST

Elixir Grupa (Elixir Group) je porodi¢na kompanija, aktivna u oblasti hemijske industrije 1 ag-
robiznisa ve¢ tri i po decenije. Razvila se u poslovni sistem sa preko 2.000 zaposlenih, medu kojima
je svaki peti inzenjer. Elixir Grupa posluje na Cetiri lokacije, sa dva kompleksa hemijske industrije u
Prahovu i Sapcu.

Uspes$nim privatizacijama i investicijama, Elixir Grupa je nastavila tradiciju hemijske industrije
u Srbiji, koja datira od 1937. godine u Sapcu i od 1960. godine u Prahovu. Time je postala lider u
proizvodnji mineralnih dubriva i fosforne kiseline u Jugoistocnoj Evropi. Elixir Prahovo osnovano je
najpre kao fabrika superfosfata, u okviru nastavka tehnoloskog lanca metalurskog kompeksa RTB
Bor. Strateski poloZaj na tromedi Rumunije, Bugarske i Srbije, na samoj obali Dunava samo je jedna
od prednosti ovog industrijskog kompleksa.

,Prahovo je vise od centra industrijsko-hemijske pro-
izvodnje u regionu, ono je simbol trajanja, znanja i
prilagodavanja kroz decenije. Danas, kada obelezavamo 65
godina hemijske industrije u Prahovu, zadovoljstvo mi je da
istaknem da Elixir Grupa ve¢ tri 1 po decenije predstavlja
most izmedu industrijskog nasleda 1 savremenog pristupa
zasnovanog na inovacijama, novim tehnologijama i prin-
cipima odrzZivog razvoja. Nasa snaga je u ljudima, u znanju
koje neprestano unapredujemo i u odgovornosti koju
pokazujemo prema prirodi i1 zajednici. Ulaganjem u sa-
vremene procese 1 odgovornim poslovanjem, ¢uvamo vred-
nosti proslosti 1 stvaramo reSenja za buducnost®, porucuje
Zorica Popovi¢, generalna direktorka Elixir grupe.

Kao ¢lanica Elixir Grupe, Elixir Prahovo je jedan od
Sest proizvodaca fosforne kiseline u Evropi. Zahvaljujuci
inovativnim reSenjima 1 ulaganju u najsavremenije
tehnologije zasnovane na konceptu cirkularne ekonomije i
odrzivog razvoja, ova kompanija je postala pokretac razvoja
Isto¢ne Srbije.

Lidersku poziciju u hemijskoj industriji potvrduje 1 realizacijom ambicioznog investicionog ci-
klusa ,,Prahovo 2027%, usmerenog na razvoj novih proizvodnih, energetskih i infrastrukturnih ka-
paciteta. Kroz ovaj investicioni ciklus, vredan viSe od 300 miliona evra, pocela je izgradnja Cetiri
nova greenfield postrojenja sa kompletnom industrijskom infrastrukturom. Kroz realizaciju ovog ci-
klusa, Prahovo ¢e dobiti savremeni, tehnolo§ki integrisani, resursno i energetski efikasni industrijsko-
hemijski kompleks. U okviru kompleksa ¢e se na¢i nova fabrika fosforne kiseline, fabrika za pro-
izvodnju kristalnog dubriva mono-amonijum fosfat tehni¢kog kvaliteta (TMAP), fabrika tecnih
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dubriva 1 postrojenje za energetsko iskoriS¢enje otpada. U postrojenjima ¢e biti primenjene najsa-
vremenije tehnologije, usaglaSene sa evropskim standardima i najboljim dostupnim tehnikama
(BAT), u skladu sa referentnim dokumentima Evropske unije (BREF) koji predstavljaju osnovu za
definisanje dobre industrijske prakse u EU, kako bi osigurali odrzivost proizvodnje, ocuvanje zivotne
sredine 1 dobrobit zaposlenih i lokalne zajednice.

Primena najsavremenijih tehnologija, inovacija i odrzivih praksi bila bi nezamisliva bez inzen-
jera koji vode razvojne projekte Elixir Prahova i onih koji upravljaju kompleksnim postrojenjima za
proizvodnju. Njihova strucnost i vestine su klju¢ne u svim fazama poslovanja, od projektovanja i
izgradnje postrojenja, preko efikasnog vodenja i odrzavanja proizvodnih procesa, do primene inova-
tivnih tehnologija i optimizacije proizvodnje. InZenjeri doprinose produktivnosti, profitabilnosti i rep-
utaciji kompanije kao lidera u regionu.

Strucnost, posvecenost i razli¢itosti zaposlenih srz je razvoja i uspeha, kao i pokretacka snaga
Elixir Prahova. To je uticalo da kao osnovni postulat poslovanja kompanija odredi dobrobit i razvoj
zaposlenih, kao i podrzavajuce radno okruzenje zasnovano na najvisim poslovnim i eti¢kim stand-
ardima. Posvecenost inovacijama i odrzivosti predstavlja temelj na kojem Elixir gradi svoju reputa-
ciju i garantuje kvalitet svojih proizvoda. Kljuénu ulogu u tom procesu ima i procesing.

Da je savremena hemijska industrija
nezamisliva bez procesinga, potvrduje Ljuba
Stojci¢, direktor Elixir Prahova, kao 1 da se
njegova uloga ogleda u transformaciji siro-
vina u proizvode bez kojih bi savremeni nacin
zivota bio nezamisliv. Procesing doprinosi
kvalitetu i Cisto¢i proizvoda hemijske indus-
trije, omogucava masovnu proizvodnju,
doprinosi smanjenju troSkova i efikasnosti, uz
ocuvanje zivotne sredine.

»Ova industrija je prolazila kroz
razliCite faze razvoja i razlicite tehnologije.
Zivimo u vreme interneta i Getvrte indus-
trijske revolucije, a nama je vazno da budemo
u toku. Zato smo podrzali Medunarodni kongres o procesnoj industriji. Nadamo se da ¢e nasi inzenjeri

nauciti nesto novo 1 to primeniti u praksi. Nezamislivo je da se neka industrija razvija bez pomoci
nauke. Svet i industrija se ubrzano razvijaju, neke tehnologije se menjaju na dve do pet godina. Neo-
phodno je da budemo u toku kako bismo, pre svega, bili konkurentni i nasim ljudima omogucili da
lakSe, brze 1 efikasnije rade. I na kraju, vazno je da to $to radimo bude na dobrobit lokalne zajednice.
Trend su cirkularna ekonomija i karbon neutralna industrija, a mi to bez pomo¢i nauke sami ne
mozemo ostvariti®, istice Ljuba Stoj¢ié, direktor Elixir Prahova.

Poslovna i razvojna strategija Elixir Grupe oslanja se na uspostavljanje principa odrzivosti kroz
projekte koji doprinose razvoju cirkularne ekonomije, dekarbonizacije, energetske efikasnosti, kao 1
brizi o pojedincima, zaposlenima, okruZenju 1 lokalnoj zajednici. OdrZivo, ekolosko 1 druStveno od-
govorno poslovanje 1 finansijski aspekti su neodvojivi 1 moraju se razvijati zajedno. Odrzivost je
integrisana u samu misiju i viziju kompanije.

Svest o o¢uvanju zivotne sredine uz integrisanje postulata cirkularnosti duboko je ukorenjena
u poslovanje Elixir Grupe. Integrisanim pristupom klju¢nim aspektima Zivotne sredine, kompanija
cuva planetu, pokazujuéi spremnost ka ispunjavanju kljucnih zahteva Zelene Agende. Elixir Grupa
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pokazuje ¢vrstu opredeljenost ka odrzivom razvoju i tezi da upravlja svojim razvojem kao ekoloski
odgovorna, energetski efikasna i ekonomski snazna organizacija.

Svojom ESG strategijom Elixir Grupa definisala je kao tri klju¢na cilja ugljeni¢no neutralno
poslovanje do 2050. godine uz neutralisanje emisija Opsega 1 1 2 do 2040. godine, dugoro¢nu sta-
bilnost 1 razvoj ljudi i lokalne zajednice, uz minimum 30 odsto ukupnih donacija u odrzive projekte
koji doprinose kvalitetu zivota u lokalnoj zajednici i 30 odsto u¢es¢a premium proizvoda u ukupnim
prihodima do 2035. godine.

Sa ciljem ostvarenja ovih planova, a s obzirom na globalne izazove koje donose klimatske
promene, kao Sto su ekstremni vremenski uslovi, zagadenje 1 gubitak biodiverziteta, Elixir Grupa
prepoznaje znacaj prelaska na odrzive prakse u proizvodnji i poslovanju. Kroz ulaganja u odrzive
tehnologije 1 prakse, Elixir Grupa teZi da postane uzor u hemijskoj industriji regiona, pokazuju¢i da
briga o zivotnoj sredini i drustvena odgovornost mogu i¢i ruku pod ruku sa ekonomskim uspehom.

Planirana su ulaganja i u obnovljive izvore energije, solarne i vetro elektrane. Povoljna lokacija
Prahova, blizu Dunava, sa odli¢nim potencijalom za generaciju energije vetra i broj sunc¢anih dana
negotinskog kraja pogoduje za investiranje u solarni park. Sve navedeno ¢e doprineti da Elixir
Prahovo postigne energetsku nezavisnost sa povoljnim uticajem na zivotnu sredinu kao najvazniji
strateski cilj kompanije.

Sa jasnom poslovnom vizijom oli¢enoj u re€enici ,, stvaramo naslede kroz odrzivi razvoj, na
dobrobit zajednice i uspeh svakog pojedinca*, $to podrazumeva implementaciju principa cirkularne
ekonomije, brigu o Zivotnoj sredini i zaposlenima, kao i aktivno prac¢enje globalnih trendova i1 poSto-
vanje standarda, Elixir Grupa ne samo da nastavlja da jaca svoju lidersku poziciju ve¢ i1 postavlja
standarde za odgovorno i odrzivo poslovanje u regionu.
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BAXI Hibridni sistemi
(Gasni Kotlovi + Toplotne Pumpe)
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Bosch industrijski kotlovi
i postrojenja
Kompetencija | poverenje

Bosch Industriekessel je u svetskim razmerama renomirani proizvodac toplotnih i
vrelovodnih kotlova, parnih kotlova, kotlovskih sistema i opreme za kotlarnice.

PocevSi od naseg osnivanja 1865. godine, specijalizovani smo za industrijsku
kotlogradnju, te nasim klijentima mozZzemo ponuditi sveobuhvatni specijalizovani
Know-how. Merila naseg proizvodnog programa i nasih servisnih usluga su snaga
inovacija, svest o kvalitetu proizvoda i efikasnost.

Vise od 100.000 isporucenih kotlovskih sistema u vise od 140 zemalja, dokaz su
visoke pouzdanosti nasih industrijskih kotlova. Nasa kotlovska postrojenja mozete
naci gotovo u svakoj grani industrije -izmedu ostalog i u industriji pi¢a, prehrambenoj
industriji, industriji gradevinskog materijala, hemijskoj industriji, tekstilnoj industriji i
industriji papiraitd. Globalne kompanije kao $to su Coca Cola, BASF, Siemens,Ytong,
Michelin, Heineken, Carlsberg, Nestle ili Esso, poklonile su poverenje nasim
inovativnim parnim i vrelovodnim kotlovskim postrojenjima.

4 Kazantrade

Kazantrade Solution d.o.o.
Kneza Viseslava 61A

11090 Beograd
www.kazantrade.rs

Mail: dejan.dotlic@kazantrade.rs

https://www.bosch-thermotechnology.com/global/en/commercial-industrial/home/

BOSCH

Tehnologija za zivot




S U PE R / A R ®  Sirok asortiman laboratorijske i nau¢no tehnicke
opreme, potrosnog materijala, laboratorijskog

namestaja i sigurnosnih sistema

Your lab — Our passion

READERI, WASHERI,
TERMO-SEJKERI

LAMINARNE
AAS, ICP-OES, GC-MS | MIKROBIOLOSKE KOMORE
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Experts in Thermostatics

INKUBATORI, SUSNICE,
KLIMA KOMORE,
VODENA KUPATILA
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Milutina Milankoviéa 25, 11070 Novi Beograd, Tel./Fax 011 22 22 222 P
www.super-lab.com E-mail: dridjic@super-lab.com, dikocic@super-lab.com & _.ﬁt
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Organizator
Drustvo za procesnu tehniku
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Katedra za procesnu tehniku
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Elixir Prahovo
Prahovo

@ ElixirPrahovo




	Nulti
	Blank Page

	02 Nestić
	Blank Page

	04 Aleksić
	Blank Page

	05 Živković
	06 Nišić
	07 Rajković
	Blank Page

	08 Miladinović
	Blank Page

	09 Stankov
	11 Dimitrijević
	Blank Page

	12 Gak
	13 Dajić
	14 Aničić
	Blank Page

	15 Aničić
	16 Aničić
	17 Aničić
	18 Aničić
	Blank Page

	19 Aničić
	Blank Page

	20 Aničić
	22 Gajić
	23 Besenyo
	24 Tolmač
	Blank Page

	25 Eremić
	Blank Page

	26 Trišović
	Blank Page

	27 Karličić
	28 Petrović
	Blank Page

	29 Maletić
	30 Elixir
	Blank Page

	rep



