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PREDGOVOR

Procesna industrija ulazi u period velikih promena, u kome se od kompanija ocekuje da proizvode efikasnije,
smanje emisije, uvode obnovljive izvore energije i koriste digitalne alate.

Pred Vama je zbornik radova 39. Medunarodnog kongresa o procesnoj industriji - Procesing °26,
kongresa koji ve¢ tradicionalno predstavlja kljucnu tacku preseka naucne misli, tehnoloskog razvoja i
inZenjerske prakse u procesnoj industriji.

39. Medunarodni kongres o procesnoj industriji Procesing 26, u organizaciji Drustva za procesnu tehniku,
pri Savezu masinskih i elektrotehnickih inZenjera i tehnicara Srbije (SMEITS), u saradnji sa Katedrom

za procesnu tehniku MasSinskog fakulteta u Beogradu i pod generalnim pokroviteljstvom kompanije Elixir
Prahovo - Elixir Group, odrzan je 3. i 4. juna 2026. u svecanoj sali La Moara u Negotinu, gde se uspesno
organizuje drugu godinu zaredom. Kompanija Elixir Group je po tre¢i put pokazala da je pouzdan partner

u organizaciji Procesinga, ove i prethodne godine u Negotinu, a prvi put u Sapcu 2023. godine. Kompanija
Elixir Group nije samo formalno bila pokrovitelj vec je uzela ucesce u kreiranju programa Procesinga i
predloZila teme, moderatore i ucesnike panela. Pomo¢ u organizaciji Procesinga "26 dali su predstavnici
drugih fakulteta i instituta iz Srbije, medu kojima su predstavnici Tehnolosko-metalurskog fakulteta
Univerziteta u Beogradu, Fakulteta organizacionih nauka i predstavnici Institut za nuklearne nauke "Vinca".

Pored generalnog pokroviteljstva od strane Elixir Prahovo - Elixir Group, finansijsku podrsku skupu
obezbedile su sledece institucije i kompanije:

o Ministarstvo nauke, tehnoloskog razvoja i inovacija, Republika Srbija
o InZenjerska komora Srbije,

o Institut za nuklearne nauke ,Vinca$,

» Beo Cista energija, Beograd,

o Numikon, Zagreb,

« Geotaur, Beograd,

« Grundfos Srbija, Beograd,

o Kazantrade Srbija, Beograd i

« Wilo Beograd.

Osnovni ciljevi Procesinga °26 su uspesno realizovani spajanjem nauke i industrije, kroz umrezavanje

i strucno usavrsavanje inZenjera i istraZivaca u oblastima procesne tehnike, energetike, inZenjerstva

zastite zivotne sredine i menadzZmenta kvaliteta i standardizacije. Pored tradicionalne podrske razvoju
novih inZenjerskih resenja, teziste ovogodisnjeg skupa usmereno je ka odrZivosti, primeni obnovljivih
izvora energije, smanjenju Stetnih emisija i implementaciji principa cirkularne ekonomije. Uz jasnu viziju
potpunog zatvaranja ciklusa od otpada do novog proizvoda, kongres trasira put ka ostvarivanju ciljeva
odrzivog razvoja u procesnoj industriji. Ovakva razmena iskustava i definisanje pravaca daljih istrazivanja
predstavljaju direktan doprinos modernizaciji postojecih kapaciteta i zelenoj tranziciji domace privrede.

Ovakav sveobuhvatan pristup stvara kljucne preduslove za podizanje tehnoloskog razvoja nase zemlje i
uvodenje naprednih, ekoloski odgovornih tehnologija. Da su ovi preduslovi ve¢ uveliko u fazi realizacije,
svedoce upravo radovi sabrani u ovom Zborniku. Publikovana istraZivanja jasno pokazuju da domaca
naucna zajednica uspesno ide u korak sa globalnim trendovima, nudeci konkretna resenja za transformaciju



tradicionalnih procesa i optimizaciju raspolozivih resursa. Ujedno, ovi tekstovi donose jasnu viziju o tome
kako oblikovati novi inzenjerski kadar, sposoban da iznese teret ove kompleksne zelene i tehnoloske tranzicije.

Kongres Procesing 26 je organizovan prema pravilima definisanim za medunarodne skupove sto odreduje
svrstavanje i kvantifikaciju radova autora. U Naucnom i Organizacionom odboru Procesinga 26 bili su
ukljuceni predstavnici masinskih, tehnoloskih i drugih fakulteta iz Srbije (Beograda, Novog Sada, Nisa,
Leskovca, Kragujevca, Kraljeva i Zrenjanina), kao i iz zemalja regiona i sveta, u okviru kojih je oblast
procesne tehnike zastupljena u nastavi i istrazivanjima (Podgorica, Sarajevo, Tuzla, Skoplje, Zagreb,
Temisvar, Maribor, Trondhajm, Madrid, Vankuver).

Pored naucnih i strucnih radova, program skupa su obogatili i paneli posvecena najaktuelnijim pitanjima
procesne industrije, Industrija i vestacka inteligencija: od digitalne spremnosti do Industrije 5.0, zatim
Industrija i klimatski zahtevi: smanjenje emisija gasova sa efektom staklene baste, monitoring i regulatorni
okvir, kao i tradicionalni panel posvecen opremi pod pritiskom, kao jednoj od najvaznijih i najzahtevnijih
oblasti procesne industrije. Ucesnici su kroz pazljivo odabrane teme dobili konkretna znanja i jasne preporuke
za unapredenje rada. Na ovim dinamicnim platformama za otvoreni dijalog, razmenu iskustava i kreiranje
smernica za dalji razvoj sektora, ucestvovali su vode(i strucnjaci iz industrije, predstavnici akademske
zajednice, nadleznih ministarstava i vodecih domacih i medunarodnih kompanija.

Kao i na prethodnom Procesingu, ovogodisnji skup je obogatio i sajamski prostor, gde je u izlozbenom delu
bio organizovan sajam opreme koja se koristi u procesnoj industriji, i koji je okupio brojne izlagace i ucesnike.

Kongres je zavrsen stru¢nom posetom ucesnika skupa Industrijskom kompleksu Eliksira u Prahovu, odnosno
Ogranku Eco Energy - Postrojenju za energetsko iskoriscenje otpada u Prahovu, gde su imali priliku da se
upoznaju sa skorim pocetkom rada postrojenja, savremenim procesima upravljanja i energetskog iskoriséenja
otpada, kao i o standardima zastite Zivotne sredine koji se u njemu primenjuju. Takode, ucesnici skupa su
imali priliku da obidu i muzej, jedinstven u Srbiji, jer predstavlja svedocanstvo o izgradnji i razvoju jedne
hemijske industrije od 1960. do danas.

U Beogradu,
jula 2026.
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Modeliranje pogonske sile za razmenu toplote u plamenocevnim toplovodnim kotlovima sa tri
prolaza gasa predstavlja kljucni korak za razumevanje, projektovanje i analizu ovakvih sistema. Na
ovaj nacin dobija se matematicki opis transporta toplote sa jasnim uvidom u temperaturne profile
dimnih gasova sa cevne i vode sa meducevne strane. Analiticko modeliranje daje mogucnost da se u
odsustvu preciznih modela i eksperimentalnih rezultata dobiju okvirni trendovi, identifikuju parame-
tri i granice sistema bez kompleksnih i dugih simulacija. Dobijeni rezultati pruZaju osnovu za procenu
efikasnosti kotla, odredivanje potrebnog protoka vode i optimizaciju konstrukcije za razlicite kapa-
citete. Ovaj pristup se pokazuje kao pogodan alat za unapredenje energetske efikasnosti, sigurnosti i
pouzdanosti toplovodnih kotlova, kao i za razvijanje kriterijuma koji olakSavaju projektovanje i kon-
trolu rada u praksi.

Modeling the driving force for heat exchange in fire-tube hot-water boilers with three gas
passes represents a key step in understanding, designing, and analyzing such systems. In this way, a
mathematical description of the heat transfer process is obtained, providing clear insight into the
temperature profiles of flue gases on the tube side and water on the shell side. Analytical modeling
makes it possible, even in the absence of precise models and experimental results, to determine ge-
neral trends, identify parameters, and establish system boundaries without complex and time-consu-
ming simulations. The obtained results form the basis for assessing boiler efficiency, determining the
required water flow, and optimizing the design for different capacities. This approach proves to be a
suitable tool for improving the energy efficiency, safety, and reliability of hot-water boilers, as well
as for developing criteria that facilitate practical design and operational control.

1. Teorijski uvod

Cilj ovog rada je razvoj matematicCkog modela pogonske sile za razmenu toplote u
plamenocevnom toplovodnom kotlu sa tri prolaza gasa. Model se zasniva na postavljanju bilansa
energije na elementarnoj zagrevnoj povrsini dS za svaki prolaz posebno. Pretpostavke za ovaj model
su u skladu sa pretpostavkama koje su uveli Fischer (1938) i Hausen (1983): konstantan koeficijent
prolaza toplote, konstantna vrednost specifi¢nih toplotnih kapaciteta toplijeg i hladnijeg fluida 1
stacionarnost strujanja. Analitickim reSavanjem dobijenog sistema linearnih diferencijalnih jednacina
izvedeni su izrazi za temperaturne profile produkata sagorevanja (topliji fluid) - t'(S), t"(S) i t"*(S) duz
razmenjivacke povrsine. Dobijeni model omogucava direktno odredivanje izlaznih temperatura iz

39. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 15
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svakog prolaza (oznaceni kao t', t" i t'"), raspodele toplotnog opterecenja i lokalne pogonske sile kao
funkcije bezdimenzionog parametra povrsine.

Plamenocevni toplovodni kotlovi sa tri prolaza gasa Siroko su zastupljeni u sistemima
daljinskog grejanja i industrijskim postrojenjima zbog kompaktnosti konstrukcije i visokog stepena
iskori$¢enja goriva[1]. Na slici 1, prikazan je kotao sa svojim elementima.

L G T LA LR

T G TR

M

Slika 1. 3D model kotla Magno-SR 999 proizvodaca ,, Hargassner* sa oznacenim delovima
(1 - sistem za pneumatsko ciséenje cevi; 2 — multiciklon; 3 — izlaz dimnih gasova; 4 — dovod pri-
marnog vazduha za sagorevanje; 5 — dovod sekundarnog vazduha za sagorevanje; 6 — puzni doz-
irator goriva; 7 — kontejner za pepeo; 8 — vrata za ulaz u loziste; 9 — cevni snop za razmenu toplote
konvekcijom; 10 — loZiSte kotla sa ozracenim povrsinama; 11 — sistem za odvod pepela;
12 — sigurnosna klapna za zastitu od povratnog plamena; 13 — odvod propadnog pepela ispod
reSetke; 14 — automatsko paljenje goriva; 15 — rezervni cevni snop u konvektivnhom delu;
16 — sistem za vodeno hladenje resetke.) [2]

2. Postavka modela

Razmatrani sistem je plamenocevni toplovodni kotao u kome produkti sagorevanja (Strana cevi)
1 voda (meducevna strana) razmenjuju toplotu preko zagrevne povrsine cevi ve€eg promera u prvom
prolazu i povrsine cevnih snopova u preostala dva prolaza.

Osnova modela zasnovana je na bilansiranju energetskih tokova po uzoru na pristup koji je
postavio Fisher [3], ¢iji je cilj bio uspostavljanje analitickog reSenja za korekcioni faktor razmen-
jivaca sa vise od jednog prolaza sa strane cevi i u meducevnom prostoru.

U njegovom radu prikazan je postupak modeliranja i pocetne pretpostavke, dok je u ovom radu
fokus dat na proSirenje Fisherovog modela sa ciljem dobijanja temperaturnog profila u funkciji
bezdimenzionog parametra & koji se definiSe kao odnos povrsSine u bilo kom delu razmenjivaca S i
ukupne povrsine Suk(1).
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S
$=g 1)
uk
gde su:
Suk, M? — ukupna povrsina za razmenu toplote,
S,m? —povrsina za razmenu u bilo kom delu razmenjivada toplote,
g — bezdimenziona veli¢ina koja predstavlja odnos povrsine S ukupne povrsine za razmenu

toplote Syk.

Produkti sagorevanja ulaze u kotao na temperaturi ¢ i prolaze kroz tri uzastopna prolaza pre
nego $to napuste kotao, menjajuci smer strujanja u skretnim komorama (sa prednje i zadnje strane
kotla). Voda ulazi u kuciste kotla na temperaturi 77 i napusta ga na temperaturi 7>, zagrevajuéi se
preko celokupne zagrevne povrsine.

Model se razvija uz sledece pretpostavke[3][4]:

— ukupni koeficijent prolaza toplote k konstantan je duz celokupne povrsSine za razmenu,

— specifi¢ni toplotni kapacitet produkata sagorevanja Cp1 i vode Cp2 Su konstantne vrednosti,

— svaki fluid je idealno izmeSan, temperatura je uniformna po popre¢nom preseku,

— fluidi (voda i produkti sagorevanja) stacionarno struje,

— toplotni gubici u okolinu su zanemarljivi,

— transport toplote izmedu pojedinih prolaza kroz skretne komore je zanemarljiv,

— ne dolazi do isparavanja vode,

— zagrevna povrsina jednako je rasporedena izmedu sva tri cevna prolaza.

Slika 2 prikazuje Sematski presek plamenocevnog kotla sa tri prolaza gasa i graficku osnovu
matematickog modela. Bezdimenzioni parametar razmenjivacke povrsine (&) je definisan kao odnos
povrsine u bilo kom delu aparata i ukupne povrsne. Vrednosti koje & uzima su &= 0 ¢ime je pred-
stavljen uslov za temperature gasa i vode na ulazu, T1 i t1, dok je za ¢ = 1 definisana ukupna povrsina
razmenjivaca toplote ali i duzinu na kojoj se javlja promena smera strujanja, odnosno vrednosti tem-
perature gasa i vode na izlazu, t2 i To.

Slika 2. lustrovan prikaz vrelovodnog kotla sa tri prolaza produkata sagorevanja
kroz cevni deo i prolaza vode kroz meducevni prostor

Na slici 2 su prikazane sve relevantne termicke veliCine sistema. Temperatura vode na strani
meducevnog prostora oznacena je sa T, a njena vrednost na elementu povrsine dé menja se za dT,
dostizu¢i vrednost T + dT na izlaznoj strani elementa. Produkti sagorevanja prolaze kroz tri odvojena
prolaza ¢ije su temperature oznacene redom ¢/, " i ¢:""" u zavisnosti od prolaza. Na ulazu u posmatrani
element, temperature gasa u pojedinim prolazima iznose #', t:" i t."", dok su izlazu iz posmatranog
bilansnog elementa te veli¢ine oznadene ¢, + dt/', t," + d¢," i ;™ + dt,™". [3]

Posebno je vazno uociti razliku u smerovima strujanja dimnih gasova izmedu prolaza, §to je na
slici prikazano strelicama unutar cevi.
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Gas u prvom prolazu (#:') i treCem prolazu (#:"") teCe u smeru porasta parametra ¢ [0>1] s leva
na desno. Gas u drugom prolazu (¢:") te€e u suprotnom smeru, s desna na levo.

2.1. Izvodenje diferencijalnih jednacina iz energetskog bilansa

Pisanjem bilansa energije na elementarnoj razmenjivackoj povrsini dS za svaki prolaz posebno,
uz pretpostavku stacionarnog strujanja fluida i zanemarljivih toplotnih gubitaka, dobija se sistem
diferencijalnih jednacina.

Bezdimenzioni parametar d¢ definiSe odnos elementarne povrsine dS prema ukupnoj povrsini
Suk, definisan je izrazom (2), ¢cime se omogucava jedinstveno skaliranje i poredenje temperaturnih
profila po prolazima. Diferencijalne jednacine za svaki prolaz date su u izrazima (3) - (5).

dS
dé=— 2
¢ s, 2)
Za prvi prolaz, gas struji u smeru porasta &, temperatura se snizava predajuci toplotu vodi:
dt’ ,
melE:kSuk(T(g)_t) 3)

Za drugi prolaz, gas struji u smeru opadanja & (protivstrujni tok), Sto uvodi negativan predznak
na levoj strani jednacine:

dt” ”
Cor gz : =kS, (T () -t") (4)

Za treci prolaz, gas ponovo teCe u smeru porasta ¢, te je jednacina oblika istog kao za prvi
prolaz:

) dt!” "

MCp gz : = kS, (T(£)-t") (5)
gde su:
ty, °C — temperatura gasa (produkata sagorevanja) na ulazu u kotao,
m1, kg/s — maseni protok gasa,

Cp1, J/(kg-K) — specifi¢ni toplotni kapacitet gasa,
k, W/(m?-K) — ukupni koeficijent prelaza toplote,
Suk, M? — ukupna povrsina za razmenu toplote,
g — bezdimenziona veli¢ina koja predstavlja odnos povrsine S ukupne povrsine za
razmenu toplote Suk.
Ukupna koli¢ina toplote predata vodi na povrsini d¢ jeste zbir doprinosa iz sva tri prolaza, Sto
odgovara Semi datoj na slici 2 sa strelicama dQ.
Bilans energije na strani vode je prikazan jednacinom (6):

dT

mz%zE: kS, [(l' )+ (T -t)+(T _ti”)] (6)
gde su:
t', t"it", °C — temperatura produkata sagorevanja u svakom prolazu,
Ty, °C — temperatura vode na ulazu u kotao,
Ty, °C — temperatura vode na izlazu iz kotla,
my, kg/s — maseni protok vode,

Cp2, J/(kg-K) — specifi¢ni toplotni kapacitet vode,
k, W/(m?-K) — ukupni koeficijent prenosa toplote,
Suk, M? — ukupna povrsina za razmenu toplote.
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Sistem od Cetiri spregnute linearne diferencijalne jednacine (3) — (6), Cini matematicku osnovu
modela. ReSavanjem ovog sistema uz odgovarajuce grani¢ne uslove dobijaju se analiticki izrazi za
temperaturne profile ¢'(¢), #:"(©), t:"(&) i T(&), koji su predmet narednog poglavlja. [3]

3. Postupak modeliranja

Polazni sistem od Cetiri spregnute diferencijalne jednacine (3) — (6) nije moguce reSavati izolo-
vano po prolazima, jer sve Cetiri jednacine sadrze temperaturu vode T(¢) kao nepoznatu funkciju.
Metoda reSavanja pocinje eliminacijom temperatura gasa, a zatim se sabiranjem jednacina za sva tri
prolaza dobija jednacina koja sadrzi samo T(&). Na ovaj nacin se dobija diferencijalna jednac¢ina dru-
gog reda (7).

2 2¢g2 2¢2
de—3 kS, dT | kSukz(l—RlJTz kSukz[t_z_Tl} ™
dé® mye, d& (mcy)"\ R (mey)” | R
gde su:
tz, °C — temperatura gasa (produkata sagorevanja) na izlazu iz kotla,
Ty, °C — temperatura vode na ulazu u kotao,
Ty, °C — temperatura vode na izlazu iz kotla,
my, kg/s — maseni protok produkata sagorevanja (gasa),
my, kg/s — maseni protok vode,

Cp1, J/(kg-K) — specifi¢ni toplotni kapacitet produkata sagorevanja,
Cp2, J/(kg-K) — specifiéni toplotni kapacitet vode,
k, W/(m?-K) — ukupni koeficijent prelaza toplote,
Suk, M? — ukupna razmenjivacka povrsina.
Sabiranjem levih i desnih strana jednacina za sva tri prolaza, uz uvodenje toplotnog ekvivalenta
R1 (8):

mZCpZ
mlcpl

R = (8)

Uzimajuéi u obzir da promena temperature vode duz razmenjivacke povrSine mora biti
konzistentna sa ukupno predatom toplotom, dobija se linearna diferencijalna jednac¢ina drugog reda
za T(9).

Ova jednacina ima karakteristi¢ne korene r1 i r2 koji su dati izrazom (10) dok je homogeno i
partikularno reSenje prikazano izrazima (11) i (12) respektivno:

A kS, o
m,C,,
o= (3% 8- 4R (A-R)) (10)
T,(&) = Clerl‘f + Czerzé (11)
_ tl — R1T2
TRt (12)

Fizi¢ki smisao korena ry i r2 predstavlja koliko brzo se odvija promena temperature duz razmen-
jivacke povrsine.
Opste resenje diferencijalne jednacine drugog reda za T(¢) jeste:
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T,(&) =Ce™ +C,e™ + —tll_ RFETZ (13)
M

Konstante integracije C1 i Cz odreduju se iz poznatih grani¢nih uslova ulazne temperature vode
T1na & =01 izlazne temperature vode T2 na & =1.

Resenje diferencijalne jednacine (13) za promenu temperature vode u meducevnom prostoru
T(%), uvrstava se u diferencijalne jednacine za svaki prolaz (3) — (5). Jednacine za t', t" i t'™' tada
dobijaju oblik linearnih diferencijalnih jednacina prvog reda sa ¢lanovima eksponencijalnog oblika i
date su jednacinama (14) — (16):

j_t —y(Ce¥ +C e 4T, -t) (14)
g
_j_t =y (Ce™ +Ce% +T, 1) (15)
4
% — y(Clerl‘f +C,e% +T, —t’") (16)
4
Pri ¢emu je y = KSu
mcC,

Svaka od ovih jednacina sada ima poznatu desnu stranu, ¢lan sadrzi 7(¢) koji je ve¢ odreden, a
jedina nepoznata je temperatura gasa u odgovaraju¢em prolazu. Ovo je kljucni korak u pristupu
reSavanja, sada se reSavaju tri nezavisne jednacine prvog reda.

4. Rezultati

U tabeli 1 su prikazani rezultati analitickog modela cevnog razmenjivaca toplote sa tri prolaza
produkata sagorevanja, pri ¢emu su obuhvacéeni osnovni termodinamicki parametri procesa — temper-
ature produkata sagorevanja (gasa) na ulazu i izlazu iz svakog prolaza, kao i koli¢ina razmenjene
toplote. Ovi podaci omogucavaju uvid u promenu temperature toplijeg fluida duz razmenjivacke pov-
r$ine 1 koli¢inu toplote u jedinici vremena za svaki od prolaza, §to je klju¢no za razumevanje efi-
kasnosti troprolazne konfiguracije.

Tabela 1: Prikaz dobijenih vrednosti izlazne temperature gasa i kolicine razmenjene toplote
u jedinici vremena primenom modela

Prolaz t'(0), t." (&), t."" (&) temperatura | (%), " (&), """ (&) temperaturagasa| Q [kW]
gasa na ulazu u prolaz [°C] na izlazu iz prolaza [°C]
Prolaz 1 (gas —, & 0—1) 850 399,7 390,3
Prolaz 2 (gas <, & 1—0) 399,7 171,2 198,1
Prolaz 3 (gas —, & 0—1) 171,2 118,2 459
Ukupno 634,3

1z prikazanih vrednosti u tabeli 1 jasno se uocava da je najvecéa razlika temperature i najveca
koli¢ina razmenjene toplote u prvom prolazu, dok se u drugom prolazu proces nastavlja manjim in-
tenzitetom. Tre¢i prolaz pokazuje relativno mali doprinos ukupnoj razmenjenoj koli¢ini toplote u
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jedinici vremena, ali je neophodan za postizanje krajnje izlazne temperature gasa od 118,2°C.
Ukupno, troprolazna konfiguracija obezbeduje toplotnu snagu od 634,4 kW.

Na osnovu rezultata koji su prikazani u Tabeli 1, na slici 3 je dat graficki prikaz, gde se jasno
uocava tok hladenja produkata sagorevanja u tri uzastopna prolaza, §to vizuelno potvrduju numericke
vrednosti izlaznih temperatura i koli¢ine razmenjene toplote.

~ —— Prolaz 1 t'(§) gas 850 — 400 °C
800 \‘HM Prolaz 2 t"(£) gas 400 — 171°C
\“‘mx —— Prolaz3 t"{E) gos 171 — 118°C
200 ‘\»,\x —— Meducevna strana T(£) Voda 70 —90°C
600 T
= 500 T~
- T —
g T
o T
340{} —
5
300
200
100
0.0 02 0.4 0.6 08 Lo

& (bezdimenzioni parametar, 0—1 po prolazu)

Slika 3. Dijagram promene temperature produkata sagorevanja i vode u funkciji &

Dijagram na slici 3 prikazuje promenu temperature toplijeg fluida duz razmenjivacke povrsine
u prvom (crvena), drugom (Zuta) i tre¢em (zelena), kao i promenu temperature hladnijeg fluida (voda)
— linija plave boje

Krive temperaturnih profila dimnih gasova jasno pokazuju znacajno sniZzenje temperature u
prvom prolazu (850°C — 399,7°C), zatim nastavak hladenja u drugom prolazu (399,7°C — 171,2°C),
dok tre¢i prolaz ima zavr$nu ulogu u postizanju krajnje izlazne temperature (171,2°C — 118,2°C).
Cetvrta kriva, prikazana plavom bojom pri dnu dijagrama, ilustruje zagrevanje vode u kotlu, koja se
zagreva od 70 do 90°C.

5. Zakljucak

Rezultati dobijeni pomocu razvijenog matematickog modela ukazuju da se u stacionarnim uslo-
vima rada u prvom prolazu preda najveca koli¢ina toplote sa produkata sagorevanja koji struje sa
cevne strane, na vodu u meducevnom prostoru.

Razmenjena koli¢ina toplote u prvom prolazu odgovara promeni temperature sa ulaznih 850°C
na 399,7°C koliko iznosi temperatura dimnih gasova na izlazu iz prvog prolaza. U drugom prolazu
temperatura pada od pocetnih 399,7°C na 171,2°C dok se u tre¢em proalzu razmeni najmanja koli¢ina
toplote, stoga temperatura na ulazu u treé¢i prolaz iznosi 171,2°C dok je na izlazu iz treceg prolaza,
odnosno iz kotla, 118,2°C.

Ukupna snaga koju ova konfiguracija obezbeduje iznosi 634,4 kW. Ovaj model omogucava
proracun temperatura u svakom delu razmenjivacke povrsSine bez upotrebe slozenih i1 skupih softver-
skih paketa ili upotrebom skupih mernih instrumenata. Takode moze posluziti kao osnova za razvoj
dinamickih modela.
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U ovom radu ispitivana je mogucnost primene testa gorenja kao brze metode za identifikaciju
natrijum-poliakrilata koji se koristi kao superapsorbujuci polimer (SAP). Uzorci superapsorbujuceg
sloja (koji sadrzi granule natrijum-poliakrilata) ispitivani su kao funkcionalni deo higijenskih ulozaka.
Pretpostavljeno je da se primenom testa gorenja na uzorcima, koji predstavljaju proizvod sa kristalima
za koje se, na osnovu podataka proizvodaca, smatra da su natrijum-poliakrilat, moze izvrsiti prelimi-
narna potvrda toga. Takode je pretpostavijeno da prisustvo aditiva u polimernom materijalu na bazi
natrijum-poliakrilata, kao i drugih polimernih ili nepolimernih materijala prisutnih u proizvodu formi-
ranom od superapsorbujuceg sloja (koji ¢ini funkcionalnu celinu sa ostalim slojevima higijenskih ulo-
Zaka i ne moze se u potpunosti odvojiti od njih), utice na odstupanje njihovog ponasanja tokom ispiti-
vanja u odnosu na literaturne podatke. Dobijeni rezultati su u skladu sa ogranicenjima primenjene
metode i predstavljaju preliminarnu procenu vrste polimernog materijala od kojeg je izraden superap-
sorbujuci sloj ispitivanih uzoraka higijenskih uloZaka. Dobijeni rezultati potvrdili su postavljene pret-
postavke. Ova se objasnjava prisustvom dodataka natrijum-poliakrilatu, kao i prisustvom drugih poli-
mera i/ili nepolimernih materijala u ispitivanim uzorcima. Rezultati mogu ukazivati na to da je osnova
superapsorbujuceg sloja, koji c¢ini funkcionalnu celinu sa ostalim slojevima u strukturi komercijalno
ispitivanih higijenskih ulozaka, polimerni materijal na bazi natrijum-poliakrilata. Zahvaljujuci svojim
svojstvima, natrijum-poliakrilat omogucava formiranje gela, odnosno ostvarivanje funkcije ,, zakljuca-
vanja *“ apsorbovane tecnosti u ispitivanim higijenskim uloscima i, posledicno, njihovu efikasnost.

In this work, the possibility of applying the burning test as a quick method for the identification
of sodium polyacrylate used as super-absorbent polymer (SAP) was investigated. Samples of the su-
per absorbent layer (containing sodium polyacrylate granules) were tested as a functional part of
sanitary pads/napkins. It was assumed that by applying the burning test to the samples, which are a
product with contained crystals that were considered to be sodium polyacrylate - based on the ma-
nufacturer's data; can make a preliminary confirmation of the same. The obtained results are in
accordance with the limitations of the used method and represent a preliminary assessment of the
type of polymer material from which the super-absorbent layer of the tested samples of sanitary
pads/napkins is made. The obtained results confirmed the assumptions. The phenomenon is explained
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by the presence of additions to sodium polyacrylate, as well as the presence of other polymers and/or
non-polymer materials in the examined samples. The results may indicate that the basis of the super-
absorbent layer, which forms a functional unit with other layers in the structure of commercially
tested sanitary pads/napkins; is a polymer material based on sodium polyacrylate.

1. Introduction

Super-absorbent polymers (SAPs) are advanced materials that have a cross-linked tree-dimen-
sional network structure, which endows attractive properties for a wide range of applications includ-
ing daily hygiene, agriculture, construction, food and health care, among others. In recent years, there
has been a huge demand for new materials that could be used as drug carriers in an alternative treat-
ment to existing and emerging diseases for drug delivery. Since their unique structure gives them the
ability to absorb and retain aqueous solutions up to 1000 times their own weight [1,2].

Sodium polyacrylate is a highly versatile SAP renowned for its extraordinary water and fluid
absorption capacity, making it indispensable across industries from medical ice packs and wastewater
treatment to sludge solidification, drilling fluids, and mining operations. Its ability to control mois-
ture, stabilize waste, and enhance process efficiency supports both environmental sustainability and
cost reduction [3, 4].

Sodium polyacrylate is a SAP vital in hygiene products like diapers, sanitary pads, and adult
incontinence items, where it rapidly absorbs and locks away liquid, keeping skin dry, comfortable,
and reducing irritation by forming a gel. It's also used in medical dressings for wound exudate and
pet pads for odor control, leveraging its exceptional water retention to manage fluids and maintain
hygiene. Feminine Hygiene - in sanitary napkins: it provides high absorption capacity for menstrual
fluids, ensuring a feeling of dryness and comfort [5].

Rapid methods for the identification of polymeric materials are simple tests that do not require
a standardized method and procedure of sample preparation or the latest generation testing equipment.
In this way, they allow only an assessment or a preliminary determination of the type of polymer
material from which the examined samples were made [6,7]. They are applicable exclusively, in the
conditions when only the evaluation of the type of polymer material is sufficient or in the case of
determining guidelines for the application of the so-called final methods of analysis.

In this paper, the possibility of applying the burning test as a quick method for the identification
of sodium polyacrylates used as super absorbent (absorption) polymers was examined. Samples of
the super absorbent layer (containing granules of sodium polyacrylate) were tested as a functional
part of sanitary napkins. It was assumed that by applying the burning test to the samples, which are a
product with contained crystals that were considered to be sodium polyacrylate - based on the manu-
facturer's data; can make a preliminary confirmation of the same. It was also assumed that the pres-
ence of additives in the polymer material based on sodium polyacrylate, as well as other poly-
mers/non-polymer materials, present in the super absorbent layer formed by the manufacturer (which
forms a functional unit with the other layers of sanitary napkins) influence the deviation of their
behavior during the selected test; in relation to literature data [6-9].

2. Experimental part

2.1. Material

The series of 5 samples of sanitary napkins was used for testing. Samples of sanitary napkins
were examined: 4 foreign and 1 domestic manufacturer, commercially available (in appropriate, hy-
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gienic packaging) on the market of the Republic of Serbia. Taking into account the fact that commer-
cially available sanitary pads, in terms of layered materials, consist of functionally connected layers
(upper: soft natural material that receives liquid; distribution: distributes the received liquid towards
the inside of the pad; super absorbent layer: made of sodium polyacrylate that gels the liquid; lower:
prevents unexpected spillage of the gel) [5] and consequently, in order to enable the application of
the chosen test method, a series of samples was prepared adequate for the given case. The layers are
mechanically separated, which form a functional unit in the commercial structure of individual sani-
tary napkins. Only a rough separation of the superabsorbent layer was performed with the contained
white granules (visually determined) which in this test were considered to represent sodium poly-
acrylate as the subject of the test. The prepared test tubes were subjected to a burning test.

The aim of the conducted test (in addition to evaluating the type of material from which the
granules were made as the basis of the super absorbent layer of the tested samples) was to show
whether: additions to the basic polymer from the super absorbent layer; other polymers and/or non-
polymeric materials present in/around the coarsely separated superabsorbent layer; affect the ex-
pected identification of sodium acrylate in the tested series of sanitary napkins; as a result, it makes
it possible to check the possibility of applying the chosen test method in the tested series of samples.

2.2. Methods

The series of 5 test tubes prepared from a selected series of samples was tested by direct appli-
cation of the burning test, according to the method and procedure defined in the literature [6,7]. The
test was carried out in the laboratories of the Technical College of Applied Studies in Zrenjanin. All
personal and technical protection measures for work in laboratory conditions were applied, in accord-
ance with the relevant regulations in the field of safety and health at work. The method and procedure
for preparing test tubes for testing is described in chapter 2.1. of this paper. Individual samples were
captured with laboratory tweezers and introduced into an open flame, under controlled laboratory
conditions [8,9]. All tests were performed three times. During the examination, in accordance with
the reference data from the literature [6,7], the following indicators were observed:

1. Flammability and combustion in/out of flame;

2. Possibility of formation of droplets during burning or melting of polymer material;

3. The smell of steam after removing the flame;

4. The appearance of the residue after the test.

3. Results and discussion

The obtained results of the test carried out in the selected series of samples are shown in Table

Based on the obtained results (Table 1), it can be considered that the samples from the tested
series contain polymer material based on sodium polyacrylate polymer.

It can be considered that the results of the test conducted in the selected series of samples are
in accordance with the assumptions used in this work [6,7]. The chosen method is generally applicable
to the tested series of samples. The results confirmed that additions to the sodium polyacrylate poly-
mer in the super absorbent layer of sanitary napkins; as well as the presence of other polymers/non-
polymeric materials in the samples from the tested batch; significantly affect the possibility of apply-
ing the burning test [6,7].
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Table 1. Results of testing the type of polymer material, which forms the basis of the super absor-
bent layer of the tested series of sanitary napkins, using the burning test

Basic data Flammability and the ap- The smell of Type of
about the sample pearance of flame released polymer mate-
gases rial
Sample 1 | Foreignh manufacturer, de- After ignition, it continues to | Pungent smell, Sodium poly-
fined uses on the packaging |burn. The flame bright, a lit- |to acrylic/polyacrylic acrylate poly-
with the indication: super ab- |tle sooty. acid, irritating. mer

sorbent.
Basic available data.

Sample 2 | Foreign manufacturer, de- After ignition, it continues to | Pungent smell, Sodium poly-
fined uses on the packaging |burn. The flame bright, a lit- |to acrylic/polyacrylic acrylate poly-
with the indication: super ab- |tle sooty. acid, irritating. mer
sorbent.

Basic available data.

Sample 3 | Foreigh manufacturer, de- After ignition, it continues to | Pungent smell, Sodium poly-
fined uses on the packaging |burn. The flame is less bright, | to acrylic/polyacrylic acrylate poly-
with the indication: super ab- | more sooty. acid, irritating. mer
sorbent. Occasionally, a burnt cot-

Basic available data. ton/paper smell.

Sample 4 | Foreigh manufacturer, de- After ignition, it continues to | Pungent smell, Sodium poly-
fined uses on the packaging |burn. The flame is less bright, | to acrylic/polyacrylic acrylate poly-
with the indication: super ab- | more sooty. acid, irritating. mer
sorbent. occasionally,

Basic available data. faint smell of burnt cot-
ton/paper.

Sample 5 | Domestic producer. After ignition, it continues to | Irritating, Sodium poly-
No special ones note. burn. to acrylic/polyacrylic acid | acrylate poly-
Basic data available The flame bright, with the appearance ofa | mer

very little sooty. burnt smell
natural polymer based on
cellulose.

It should be emphasized that, as expected, the behavior of the used group of polymers named:
polyacrylates in an open flame is in accordance with the available data from the literature [6,7]. In
the conducted testing, it was considered that sodium polyacrylate is included in the just mentioned
group.

The results obtained in the performed test showed the following: additions to the basic sodium
polyacrylate polymer from the super absorbent layer; as well as other polymeric and/or non-polymeric
materials present in/around the roughly separated super absorbent layer of sanitary pads; affect the
possibility of assessing the identification of sodium polyacrylate polymer in the tested series of sam-
ples.

Deviations of the tested indicators from the reference values used in the performed test can, for
example, stem from the presence of natural polymers (for example, cellulose products: paper, cotton,
etc.) as a carrier of the basic polymer in the super absorbent layer of sanitary napkins or in the remains
of other layers present in the sample, which form a functional unit with the super absorbent layer in
the manufacturer's formulation of sanitary napkins; as well as a possible consequence of the presence
of e.g. polymer adhesives, which hold attached layers of material in the tested samples; and the like.



39. MebUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 27

Observed, minimal mutual differences in the behavior of the samples from the investigated
series during the performed test, can be considered as a consequence of the differences in the patent
technologies of foreign and domestic manufacturers of sanitary napkins applied in structuring the
layers of material; but also as a result of the significant limitations of the burning test in the testing
methodology itself (non-standardized procedure of sample preparation and testing, etc.).

4, Conclusions

Based on the results obtained in this work, it can be considered that the burning test is a gener-
ally applicable test method.

The results obtained in the performed test showed the following: additions to the basic, sodium
polyacrylate polymer from the super absorbent layer; as well as other polymeric and/or non-polymeric
materials present in/around the roughly separated super absorbent layer; affect the possibility of as-
sessing the identification of sodium polyacrylate polymer in the tested series of samples.

Deviations of the tested indicators from the reference values used in the performed test can, for
example, stem from the presence of natural polymers (for example, cellulose products: paper, cotton,
etc.) as a carrier of the basic polymer in the super absorbent layer of sanitary napkins or in the remains
of other layers present in the sample, which form a functional unit with the super ab-sorbent layer in
the manufacturer's formulation of sanitary napkins; as well as a possible conse-gquence of the presence
of e.g. polymer adhesives, which hold attached layers of material in the tested samples; and the like.

The significance of the obtained results from the professional and practical side could be viewed
from the point of view of creating a starting point for the application of final methods of analysis in
order to finally confirm the assumptions used in this work.

The type and amount of additives in the polymer material based on sodium polyacrylate, the
type of other present polymers and non-polymeric materials in the tested samples; could be deter-
mined by special tests, using the so-called final methods of analysis [6,7], which could consequently
represent one of the ways of the further flow of work.
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Hidrogelovi su polimerni materijali meke konzistencije koji zbog toga imaju veliku primenu u
biomedicini i srodnim oblastima. Hidrogelovi na bazi akrilamida (AAM) su posebno interesantni
zbog svojih dobrih mehanickih svojstava i stabilnosti u fizioloskim uslovima, kao i mogucnosti da im
se poroznost prilagodi zahtevima primene. U ovom radu, AAM hidrogelovi su sintetisani u ambijen-
talnim uslovima primenom inicijatorskog sistema vodonik peroksid/vitamin C (H202/VC) kao eko-
loski prihvatljive alternative konvencionalnim inicijatorima. Karakterizacija dobijenih AAM hidro-
gelova je izvedena primenom razlicitih metoda: FTIR i SEM analiza, testovi kompresije i ispitivanje
svojstva bubrenja. Ispitana je i mogucnost primene ovih hidrogelova za kontrolisano otpustanje ak-
tivnih supstanci. N-acetil glukozamin i diklofenak su korisc¢eni kao model lekovi koji mogu da se
koriste za tretiranje rana. Postignuto je kontrolisano otpustanje oba leka tokom tri dana. Takode je
ispitano kako povecanje kolicine H2OZ2 utice na bubrenje i otpustanje inkapsuliranih model lekova.
Dobijeni rezultati pokazuju da se AAM hidrogelovi mogu pripremiti na ekoloski prihvatljiv nacin
primenom inicijatorskog sistema H202/VC i da poseduju potencijal za kontrolisano otpustanje N-
acetil glukozamina i diklofenka.

Hydrogels are soft polymeric networks widely investigated for biomedical applications. Hydro-
gels based on acrylamide (AAM) are particularly interesting because they possess favourable
mechanical properties, tunable porosity and stability under physiological conditions. In this study,
AAM hydrogels are synthesized under ambient conditions using hydrogen peroxide/vitamin C
(H>02/VC) initiation system as eco-friendly alternative to conventional initiators. Prepared AAM
hydrogels are characterized by various technics: FTIR analysis, SEM analysis, compression testing,
and analysis of swelling behaviour of the AAM hydrogels. The potential of these hydrogels for con-
trolled release of drugs is evaluated. N-acetyl glucosamine and diclofenac are used as model drugs
that can be used in wound treatment. Both model drugs are released in controlled manner for three
days. It is also analysed how the increase in the H>O2 amount affects swelling behaviour and release
of the encapsulated drugs. The results show that AAM hydrogels can be efficiently prepared in eco-
friendly manner using H>O2/VC initiation system and have potential for controlled release of N-acetyl
glucosamine and diclofenac.
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1. Introduction

Hydrogels are soft polymeric networks which can absorb and retain huge amount of water and
at the same time to keep three-dimensional structural integrity [1]. This combination makes this pol-
ymer materials suitable for biomedical applications, such as drug delivery and wound treatment [2].
Their ability to swell and release encapsulated active substances in the process has made them espe-
cially attractive for controlled release of active substances [3]. Hydrogels based on acrylamide
(AAM) are extensively investigated due to their favourable mechanical properties, easily tunable pol-
ymer network, and stability and functionality under physiologically conditions (body temperature,
pH etc) [4-6]. In addition, AAM hydrogels can be developed with desirable porosity and elasticity,
which is important to achieve reproducible release kinetics and reliable performance in biomedical
applications.

The performance of these materials directly depends on the synthesis route because polymeri-
zation conditions affect chain growth, crosslinking density, porosity, and therefore, the kinetic of drug
release. Because of that, the development of synthesis methods that do not include harsh reaction
conditions and toxic organic solvents and enable the preparation polymer material for biomedical
application in more eco-friendly manner is very important. Initiation system based on hydrogen per-
oxide and ascorbic acid (H20./VC) have recently attract attention as an environmentally friendly al-
ternative to conventional initiators used for hydrogel preparation [7]. This system enables free-radical
polymerization at room temperature without need for thermal or other type of activation.

In line with that, the present study investigated the possibility to prepare hydrogels based on
acrylamide by using H202/VC initiation system. Obtained AAM hydrogels were characterized by
FTIR analysis, SEM analysis, compression tests and swelling experiments. Further, the potential of
the AAM hydrogels for encapsulation and controlled release of two model active substances: N-acetyl
glucosamine and diclofenac. N-acetyl glucosamine is active substance that is used for tissue regener-
ation and supports the restoration of damaged skin, due to which can be used in wound healing [8].
Its ability to stimulate fibroblast activity and improve formation of extracellular matrix makes N-
acetyl glucosamine valuable for accelerating the early phases of wound healing. Diclofenac is well
known non-steroidal anti-inflammatory drug which is commonly applied to reduce inflammation and
reduce the pain in injured or irritated tissues [9]. This drug inhibits cyclooxygenase enzyme, and in
that manner suppresses local inflammation process, which is important for minimization of discom-
fort, swelling and delayed healing of irritated tissue. Special attention was given to analyse how the
change in the H>O: amount affects the AAM hydrogels properties and drug release.

2. Materials and methods

2.1. Materials
Acrylamide (=99%) (AAM) and diclofenac were purchased from Sigma-Aldrich (USA). 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). N-acetyl glucosamine was supplied from Avena Lab, Farmadria
d.o.0. All chemicals were used as received.

2.2. Synthesis of AAM hydrogels

The AAM hydrogels were prepared via free radical polymerization at room temperature under
ambient conditions. Four AAM hydrogels were synthesized using the HoO»/VC initiation system. The
total volume of the reaction mixture was 20 mL for each sample. The synthesis was performed as
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follows. First, 2 g of acrylamide was dissolved in an appropriate volume of distilled water (Table 1.).
MBA (0.8 mol% calculated in respect with the amount of acrylamide) was then added under contin-
uous stirring. After MBA was dissolved, 10 mg of VC was added in the reaction mixture and stirring
was continued until complete dissolution of VC. Finally, the appropriate amount of H>O» (Table 1.)
was added, and the reaction mixture was stirred for an additional 10 min. The mixture was then poured
into molds and left at room temperature until the polymerization reaction was completed. The ob-
tained AAM hydrogels were cut into disk-shaped samples with a diameter of 7 mm and allowed to
dry at room temperature. The samples were denoted as AAM-xH»0,/VC, where xH>O» presents the
volume of H>0: used for hydrogel synthesis. The amount of H>O; was varied to determine the mini-
mum H>O» volume required for successful AAM hydrogel synthesis and to examine how this varia-
tion affects hydrogel properties (swelling degree and amount of released active substance).

Table 1. Feed composition

Sample Distilled water, mL Volume of H>O5, uL
AAM-40H,0,/VC 15.08 40
AAM-70H20,/VC 15.05 70
AAM-100H202/VC 15.02 100
AAM-150H202/VC 14.97 150

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

The Fourier Transform Infrared (FTIR) spectra of AAM xerogel disks were recorded in trans-
mittance mode for the wavelength range of 600 cm™! to 4000 cm ™! with a resolution of 4 cm™!
Nicolet iS10 FTIR Spectrometer.

Preparation of AAM-100H202/VC hydrogel for analysis with Scanning Electron Microscope
(SEM) was performed as follows. AAM-100H20,/VC hydrogel left in distilled water to swell at room
temperature until it reached the equilibrium state, and then freeze-dried. Next, the AAM-100H202/VC
hydrogel was cut in half and Au-Pd coated using a POLARON SC502 sputter coater. Prepared cross
section of AAM-100H202/VC hydrogel was then analyzed employing Tescan MIRA 3 XMU Field-
Emission Gun Scanning Electron Microscope with an acceleration voltage of 20 kV.

The compression tests were conducted according the following procedure. The AAM hydrogels
were swollen to equilibrium in distilled water at room temperature. Next, the samples were removed,
and excess of water was carefully blotted using a paper towel. The swollen samples were then sub-
jected to compression tests at room temperature using a Shimadzu Autograph AGS-X (1 kN) appa-
ratus, with a deformation rate of 2 mm/min. The compression strength was measured up to the hy-

, using

drogels’ elastic limit.

2.3. Monitoring of AAM hydrogels swelling

The swelling of the AAM hydrogels was monitored in distilled water at room temperature. The
mass of each AAM hydrogel was first determined prior the swelling experiments (mo, g), and the
samples were immersed in water. In previously determined time intervals the AAM hydrogels were
removed from water, excess of water was gently removed with paper towel, their masses were deter-
mined (my, g) and the hydrogels were immediately returned into water. The swelling experiments
were conducted until equilibrium state was reached. The values of swelling degree (SD) were deter-
mined according the Eq. (1).
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SD = (m¢ — mg)/mo (1)

The equilibrium swelling degree for each AAM hydrogel was determined according to the same
equation by replacing the m value with meq value which present the mass of AAM hydrogel in equi-
librium state.

2.4. Determination of encapsulation degree and monitoring of controlled release
of N-acetyl glucosamine and diclofenac

The amounts of diclofenac and N-acetyl glucosamine that were encapsulated in the AAM hy-
drogels were determined according to so-called extracting method [10].

To investigate the process of N-acetyl glucosamine and diclofenac release, the AAM hydrogels
were immersed in distilled water at 25 °C. At predetermine time points, 3 mL of solution was with-
drawn, and its absorbance measured using UV-Vis spectrophotometer (Shimadzu). After the meas-
urement, the aliquot was returned to the system. The absorbance was recorded at a wavelength of 273
nm. The obtained values were then used to construct cumulative drug-release profiles. Monitoring of
drug release was conducted until the equilibrium state was achieved.

3. Results and discussion

3.1. The FTIR and SEM analysis of AAM hydrogels

The recorded FTIR spectra of the AAM hydrogels are presented in Fig. 1. Analysis of the spec-
tra showed the presence of characteristic poly(acrylamide) bands at: 3305 cm™ and 3200 cm™ (sym-
metric and asymmetric stretching vibrations of the -NH» group), 2935 cm™! and 2865 cm™! (symmetric
and asymmetric -CHj stretching vibrations), 1654 cm™ (C=O stretching vibrations), 1609 cm™ (-NH
bending vibrations), and 1313 cm™ (N-H bending vibrations) [11-13].

—— AAM-40H,0 NC —— AAM-70H,0 /VC
—— AAM-100H,0,/VC —— AAM-150H,0,/VC

Transmittance

T | — e T v T — T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number, cm”
Figure 1. FTIR spectra of AAM hydrogels

The obtained SEM micrograph of the AAM-100H202/VC hydrogel is shown in Fig. 2. The
AAM hydrogel exhibit a porous structure that is characteristic for hydrogel materials [14].
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This was consequence of the behaviour of the AAM hydrogels. The increase in the H>O> amount led

| e . -~ > 52
SEM HV: 10.0 kV : 7.78 mm
View field: 1.90 mm Det: In-Beam SE
SEM MAG: 100 x  Date(m/dly): 10/28/25

Figure 2. SEM micrograph of the AAM-100H>02/VC hydrogel

3.2. Analysis of mechanical properties of AAM hydrogels

The mechanical properties of the AAM hydrogels were further investigated. Obtained values
of maximal compressive strength () and maximal stroke strain (MSS) of the AAM hydrogels previ-
ously swollen to equilibrium in distilled water are presented in Table 2. The values of maximal com-
pressive strength and maximal stroke strain of AAM hydrogels increased with the increase in the
H>O2 amount up to 100 pL.. Above this H>O, amount, these parameters swelling started to decrease.

to the decrease in swelling degree, and therefore to more rigid polymer network and increase in the ¢
and MSS values [7]. Further increase in H>O, amount led to the formation of more loosen polymer
network, decrease of swelling degree, and therefore to the decrease in the o and MSS values. Plotted

stress-strain diagrams for the AAM hydrogels are shown in Fig. 3.

Table 2. The values of maximal compressive strength and maximal stroke strain of the AAM hydro-

gels previously swollen to equilibrium in distilled water

Sample L C(])\Zz:gsive SR Maximal stoke strain, %
AAM-40H,0,/VC 0.1132 55.68
AAM-70H,0,/VC 0.1988 57.58
AAM-100H,02/VC 0.3501 78.08
AAM-150H,0,/VC 0.06341 50.12
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Figure 3. Stress-strain diagrams for the AAM hydrogels: a) AAM-40H>02/VC;
b) AAM-70H>02/VC; ¢) AAM-100H>02/VC and d) AAM-150H>02/VC

3.3. Swelling of AAM hydrogels and controlled release of N-acetyl glucosamine and diclofenac
from AAM hydrogels

The swelling curves of the AAM hydrogels are shown in Fig. 4. The swelling degree of the
AAM samples decreased with an increase in hydrogen peroxide amount up to 100 pL. Increase in
H>0O2 amount led to the formation of large number of ascorbyl radical, and therefore numerous poly-
mer chains were created. As consequences, xerogel density increased leading further to the reduced
swelling capacity. The SD values started slightly to increase with further increase in the H>O, amount.
This was probably because used amount of crosslinker was not sufficient for efficient crosslinking,
leading further to formation of looser polymer network and higher swelling degree [7].
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Figure 4. A) Swelling curves of the AAM hydrogels and B) pictures of the AAM hydrogels (a)
AAM-40H>02/VC; b) AAM-70H>02/VC; ¢) AAM-100H>02/VC and d) AAM-150H>02/VC

The degree of encapsulation of N-acetyl glucosamine in AAM-40H,0./VC, AAM-70H,02/VC,
AAM-100H202/VC and AAM-150H202/VC was 76.0%, 76.5%, 85.5% and 88.0%, respectively. The
degree of encapsulation of diclofenac was 89.0%, 86.88%, 90.3% and 78.44%, respectively.

The curves of cumulative release of N-acetyl glucosamine and diclofenac from the AAM hy-
drogels are presented in Fig. 5. a) and b). Both active substances are released in controlled manner
for three days (4320 min). The percent of released N-acetyl glucosamine was similar for all AAM
hydrogels and was around 99.0% (Fig. 5. a) and Table 3.). The percent of released diclofenac from
AAM hydrogels was between 82.0% — 99.0% (Fig. 5. b) and Table 3.). A slight decrease in cumula-
tive release with increase in HoO2 amount up to 100 pL was observed for both drugs. Further increase
in H>O2 amount led to mild increase in released amount of both drugs. These results are consistent
with the swelling behaviour of AAM hydrogels, where the increase in H2O2 amount up to 100 uL
reduced the swelling degree, which further limited drug diffusion. Higher amount of H>O led to
formation of slightly looser polymer network which enabled mildly enhanced release of drugs. Ob-
tained results show that AAM hydrogels have potential for encapsulation and controlled release of
anti-inflammatory active substance that are used for treatment of wounds.
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Figure 5. Cumulative release of: a) N-acetyl glucosamine and
b) diclofenac from the AAM hydrogels in distilled water at 25 °C
Table 3. The SDeq values of the AAM hydrogels and cumulative drug release
Sl SDeq Cumulative relea?"e of N-acetyl | Cumulative release of diclofenac,
glucosamine, % %

AAM-40H,0,/VC 16.03 99.79 98.87
AAM-70H20,/VC 15.13 99.70 93.04
AAM-100H20,/VC 13.69 98.57 85.49
AAM-150H20./VC 14.43 99.93 88.39

4, Conclusions

In this study hydrogels based on acrylamide (AAM) was successfully synthetized at ambient
conditions by employing hydrogen peroxide/vitamin C (H20,/VC) initiation system. FTIR analysis
confirmed the composition of prepared AAM hydrogels and SEM analysis revealed porous structure
of the AAM hydrogels. Compression tests showed that the values of compression stress increased
with the increase in the H2O2 amount up to 100 pL. Above that point the value of compression stress
started to decrease. The analysis of swelling behavior of the AAM hydrogels showed that the equi-
librium swelling degree decreased with the increase in the H>O2 amount up to 100 puL, above which
started to increase. This result was consistent with the results obtained by compression tests. The
increase in the H>O» amount led to the formation of large number of short polymer chains, so xerogels
density increased leading further to the reduced swelling capacity. Further increase in the H>O»
amount led to the formation of huge number of polymer chains that probably could not be efficiently
crosslinked with used crosslinker amount, so polymer network was more elastic and could absorb
higher amount of water. The drug release experiments showed that both N-acetyl glucosamine and
diclofenac were released in controlled manner for three days. A slight decrease in cumulative release
with increase in H>O2 amount up to 100 uLL was observed for both drugs. Further increase in H>O»
amount led to mild increase in released amount of both drugs. All obtained results show that AAM
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hydrogels can be efficiently prepared in eco-friendly manner by using H>O»/VC initiation system and
have potential for controlled release of N-acetyl glucosamine and diclofenac.
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Derivati akridina predstavljaju jedinjenja jedinstvenih fizicko-hemijskih i farmakoloskih svoj-
stava, sa znacajnom primenom u medicini i industriji. Zahvaljujuci planarnoj strukturi i sposobnosti
da uspostavljaju interakcije sa razlicitim bioloskim receptorima, brojni analozi ovog heterocikla i-
maju terapijski znacaj. Kvinakrin se koristi u lecenju malarije, akriflavin i proflavin u terapiji bakte-
rijskih infekcija, dok se amsakrin i nitracin primenjuju kao antineoplasticni agensi. Pored toga, poz-
nata su njihova antiinflamatorna, antituberkulozna, antiviralna i antifungicidna svojstva, a u indus-
triji boja i pigmenata prisutni su jos od 19. veka. U ovom radu, prucavani su derivati 3,3,6,6-tetra-
metil-3,4,6,7,9,10-heksahidroakridin-1,8-diona sa p-hidroksifenil-grupom u poloZaju 9 i p-supstitui-
sanom benzil-grupom u polozaju 10. Antioksidativna aktivnost ispitana je ABTS metodom. Efekat
razlicitih interakcija izmedu molekula rastvaraca i molekula rastvorene supstance na pomeranje
apsorpcionih maksimuma analiziran je metodom linearne korelacije energije solvatacije, Sto je dalje
omogucilo da se procene efekti solvatacije na njihovu potencijalnu farmakolosku aktivnost.

Acridine derivatives represent an important class of heterocyclic compounds characterized by
unique physicochemical features and broad pharmacological potential. Their planar tricyclic
structure enables multiplr interactions with biomacromolecules, underlying diverse biological activi-
ties. Quinacrine is used in the treatment of malaria, acriflavine and proflavine in the treatment of
bacterial infections, while amsacrine and nitracin are used as antineoplastic agents. Clinically rele-
vant representatives include antiinflammatory, antitubercular, antiviral, and antifungal activity. In
addition to their biomedical significance, acridine-based compounds have permanent applications in
the dye and pigment industry due to their stability and strong chromophoric properties. Herein, a
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series of derivatives of 3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8-dione was synthesi-
zed and structurally characterized. The synthesized compounds contain a p-hydroxyphenyl group at
position 9 and various p-substituted benzyl groups at position 10. The antioxidant activity was inve-
stigated using the ABTS assay. Furthermore, solvent effects on the absorption maxima shifts were
analyzed using the linear solvation energy relationship (LSER) concept, providing insight into sol-
vent—solute interactions and their possible influence on pharmacological activity.

1. Introduction

Acridine-1,8-dione derivatives represent an important class of nitrogen-containing heterocyclic
compounds due to their diverse pharmacological activities. In this context, the anticancer potential
has been extensively studied [1]. These compounds are known to interact with DNA through interca-
lation or groove binding, thereby interfering with replication and transcription processes [2]. In addi-
tion, acridine-1,8-dione derivatives have been reported to possess antimicrobial, antioxidant, anti-
inflammatory, and antiviral activities. Their antimicrobial effects are often attributed to disruption of
cellular membranes or inhibition of essential enzymatic pathways, while antioxidant activity is asso-
ciated with their ability to scavenge free radicals and regulate oxidative stress [3].

Potentially pharmacologically active compounds often bear numerous functional groups capa-
ble of forming hydrogen bonds, which enhance solubility and enable specific interactions with the
biomolecular targets [4]. These interactions substantially influence both pharmacological activity and
pharmacokinetics [5]. In this context, solvatochromic studies provide insights into different solute-
solvent interactions that may mimic the interactions of pharmacologically active compounds within
their biological environment.

Considering the aforementioned applications of acridine-1,8-dione derivatives, a series of
3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8-dione derivatives (Figure 1; compounds 1-7)
was synthesized and fully characterized [6]. Herein, we examined their radical scavenging properties
using the 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) method. The effects of spe-
cific (hydrogen bonding) and nonspecific (dipolarity/polarizability) solvent—solute interactions on the
absorption maxima shifts were interpreted by using the linear solvation energy relationship (LSER)
concept proposed by Kamlet, and Taft.

R =Me (1), OH (2), OMe (3), H (4), F (5), CI (6), Br (7).

Figure 1. Chemical structure of the investigated compounds.
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2. Experimental

2.1. Spectroscopic measurements

The absorption spectra were recorded on a Schimadzu 1700 spectrophotometer in the region
200-500 nm. The spectra were run in spectroquality solvents (Fluka) using a concentration of
1 x 10~°> moldm=3.

2.2. Antioxidant activity

The antioxidant activity of investigated compounds 1-7 was determined using ABTS radical-
scavenging assay. A stock solution of ABTS™ was prepared in the reaction of ABTS (4.912 mL, 7
mM in phosphate-buffered saline (PBS)) and potassium persulfate (0.088 mL, 140 mM in distilled
water). After 16 h of incubation in the dark, the stock solution was diluted with methanol until the
recorded absorbance at 734 nm was 0.700+0.02. Subsequently, 20 uL of the methanolic solutions of
the investigated compounds (5 mM) were mixed with 2 mL of the ABTS radical solution, shaken and
stored in the dark for 10 min. Afterward the absorbance was measured at 734 nm. Each test was done
in triplicate. The inhibition percentage of ABTS™ was calculated using the formula:

Inhibition = 100(Ac-As)/Ac 1)

where Ac is the absorbance of the control solution (20 puL of methanol in 2 mL of ABTS solution)
and As is the absorbance of the sample solution. Ascorbic acid was used as a standard antioxidant.
The antioxidant ability of the most promising derivatives was further evaluated by determination of
the 1C50 values. The methanolic solutions of the synthesized compounds and ascorbic acid were
prepared at concentrations ranging from 5 to 0.5 mM, and obtained 1Cso were compared. The tests
were performed in triplicate. The resulting 1Cso values are presented as means with standard deviation
(xSD) from three experiments (n = 3) [7].

3. Results

3.1. Solvatochromic analysis

The solvatochromic behavior of compounds 1-7 was examined through the analysis of their
UV-Vis absorption spectra recorded in a selected set of solvents and solvent mixtures over the wave-
length range of 200-500 nm. The recorded spectra showed no dependence on compound concentra-
tion, indicating the absence of dimerization or formation of higher-order aggregates.The representa-
tive spectra in ethanol are provided in Figure 2, while the corresponding absorption maxima are sum-
marized in Table 1.

All investigated compounds exhibit an absorption band associated with the z—xz* electronic
transition within 250-270 nm. Furthermore, a less intense band is observed in the 350-390 nm range
for all compounds, which can be attributed to the n—z* transition. In some solvents and solvents
mixture, there is an additional band in the range 220-240 nm, which can be attributed to z—z* tran-
sition. Relative to the unsubstituted compound 4, the incorporation of both electron-donating and
electron-withdrawing groups produces a pronounced red shift of the absorption maxima.
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Figure 2. UV-Vis spectra of the investigated compounds in ethanol.

The influence of solvent polarity and hydrogen-bonding interactions, on the position of the
absorption maxima is inherently complex and was examined using the general solvatochromic equa-
tions proposed by Kamlet and Taft (3):

Vmax = Vmaxo + aa + bf + s7* (3)

where vmax is a solvent-dependent physicochemical property in a given solvent, vmaxo is a statistical
quantity that corresponds to the absorption frequency in cyclohexane as a reference solvent, o is a
measure of the solvent ability to donate a proton when establishing a hydrogen bond, £ is a measure
of the solvent ability to receive a proton when establishing a hydrogen bond, z* is a measure of the
solvent dipolarity/polarizability.

The values of the regression coefficients with a probability of 95 %, together with the percent-
age contribution of solvatochromic parameters are shown in Table 2. Based on the high values of the
obtained regression coefficients and the Fisher parameter, the results of the correlation of absorption
frequencies with solvatochromic parameters can be considered satisfactory. The data summarized in
Table 2 show a bathochromic shift of the absorption maxima with increasing solvent polarity, as
evidenced by the negative sign of the s coefficient. This trend reflects a more effective stabilization
of the excited state relative to the ground state. The negative values of the b coefficient indicate that
solvent hydrogen bonding basicity has a greater impact on the excited state than on the ground state.
In a similar manner, the negative values of the a coefficient for compounds 2 and 6 demonstrate that
solvent hydrogen bonding acidity also preferentially stabilizes the excited state. The negative a term
can be attributed to strong intermolecular hydrogen bonding between hydrogen bond donor (HBD)
solvents and the carbonyl functionalities of the investigated compounds, leading to a decrease in
electron density and an enhancement of the intramolecular charge-transfer (push—pull) character.
Based on the relative contributions of the solvatochromic parameters, it can be inferred that dipolar-
ity/polarizability is the dominant solvent effect for compounds 1, 3, 4, 5, 7 whereas solvent acidity
governs the behavior of compounds 2 and 6.
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Table 1: Absorption maxima of the investigated compounds (1-7)
in selected solvents and their mixtures.

No.
SOIVent/}\,max 1 2 3 4 5 6 7
Methanol 220, 270, |227, 275, |226, 274, |227,270, |227,273, |224, 271, |225, 271,
383 377 383 383 376 383 376
Methanol/Water 255, 270, |226, 284, |226, 279, |226,270, |227,273, |223,271, |225, 292,
(80:20)? 383 376 382 383 376 376 377
Methanol/Water 246, 285, |278, 354, |281,354, |277,354, |288, 354, |291, 355, |247, 293,
(60:40)2 390 376 390 376 376 392 355
Methanol/Water 247,276, |226, 279, |226,278, |226,274, |226, 277, 278 393 225, 291,
(40:60)? 385 384 384 385 384 ' 377
254, 270, |227,287, (227,277, |227,271, (227,273, |253, 277,

Ethanol 382 383 383 382 382 382 289, 383
Ethanol/Water 246, 271, 274,360, [291, 376,
(80:20)° 382 284,380 |277,383 |271,382 |273,380 377 382
Ethanol/Water 291, 353, |278, 355, 293, 353,
(60:40)° 384 377 283,389 |278,387 [293,381 [289, 380 383
Ethanol/Water 246, 275, |226, 279, |226, 278, |227,277, |226, 279, |222,277, |226, 292,
(40:60)? 384 376 383 383 368 384 376
Ethanol/Water 246, 275, |226, 279, |226, 278, |227,277, |226, 279, |222,277, |226, 292,
(40:60)? 384 376 383 383 368 384 376
2-Propanol 244,270, |281, 358, |278,360, |243,270, |273,362, |243,270, |280, 358,

P 376 383, 383 382 377 377 382
2-Propanol/ Water 271, 360, 274, 376,
(80:20)° 270, 383 383 275, 382 383 274,376 (271,376 |278, 381
2-Propanol/ Water 245, 291, 278, 356, 292, 353,
(60:40)° 409 281,386 |279, 385 387 285, 388 [285, 387 376
2-Propanol/ Water 246, 275,
(40:60)° 367 280,376 |277,376 |271,383 |278,383 |276,377 |283,376
2-Propanol/ Methanol |250, 270, |227, 278, |277,363, |253, 271,
(80:20)° 176 376 383 380 271,375 |272,376 |279, 378
2-Propanol/ Methanol |254, 270, |280, 359, |254, 274, |246, 270, 273 376 245, 271, |285, 358,
(60:40)2 377 376 381 382 ’ 376 376
2-Propanol/ Methanol | 253, 269, 245,270, |253, 272, |243, 271,
(40:60)° 176 268, 377 |277, 382 382 378 377 277,376
2-Propanol/ Ethanol  |245, 270, |271, 355, 277 377 271,376, |227,273, |244,271, |279, 367,
(80:20)2 368 376 ’ 385 376 376 378
2-Propanol/ Ethanol 276, 356, 276, 356,
(60:40)° 273,379 380 277,382 |271, 380 380 277,382 |273,379
2-Propanol/ Ethanol 268, 358, 277, 358,
(40:60)° 271, 380 380 277,383 |272, 383 380 277,383 |271, 380

a\/olumetric composition (of the solvent mixture).
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Table 2. Regression fits to solvatochromic parameters (3) and percentage contribution
of solvatochromic parameters.

No. v S b a R O I I B

(10°cm™)| (10°cm™) (10°cm™) | (10%cm™) %) | (%) | (%)
1 (ig';;) (illlgg) (152%:) (ilf414) 095 | 042 | 23 |62.10 | 29.00 | 8.89
2 (igigg) (;%"38‘;) ('i;'??f) (:1'.‘2) 0923 | 0.34 | 17 |12.96 | 58.08 | 28.95
3 (ﬁ"gg) (;)25;) (;%'_188) (26.3(;13) 0.89 | 0.17 | 11 |49.64 | 45.25| 5.10
4 (ﬁgg) (;’)73;) (;21'.?)%3) (26.3035) 096 | 0.14 | 31 |53.73|4154| 4.73
5 (ig'.;;) (illlgg) (152%; (ilf414) 095 1042 | 23 |6210]29.00| 889
6 (i;.jg) (;66;3;) (-1115.'::) (;71'.?)2) VRO 2 13as | 5745 | 2008
7 (ig'.gg) (;6278) (;21'_289) (56.3(;11) 0.89 | 0.17 | 11 |49.63 | 5.10 | 45.26

aCorrelation coefficient; PStandard error of the estimate; °Fisher’s test;

3.2. Antioxidant activity of the investigated compounds

The antioxidant potential of the investigated compounds (1-7) was evaluated using the ABTS
assay and compared with ascorbic acid (Figure 3). Antioxidants act by donating hydrogen atoms or
electrons to neutralize free radical species [8]. Analysis of ICso values indicated that each compound
exhibits better antioxidant activity relative to the reference standard, ascorbic acid, with lower 1Cso
values. Among the series, compound 1 emerged as the most potent (ICso = 1.08 mM), whereas com-
pound 2 displayed the lowest activity (ICso = 1.32 mM), which nevertheless remains higher than that
of ascorbic acid (ICso = 1.45 mM). A comparative evaluation of 1Cso values established the relative
antioxidant ranking as follows: 1 >4 >7 > 6 >3 >5 > 2 > ascorbic acid. These findings underscore
the promissing radical-scavenging capabilities of the synthesized derivatives and highlight their po-
tential as promising candidates for further development in antioxidant focused studies.

Solvent effects on the antioxidant potential of the investigated compounds (1-7) were assessed
by correlating the 1Cso values with the a/|s| ratio, reflecting dominant solvation contributions (Equa-
tion 3). A comprehensive correlation encompassing all compounds was established (Equation 4):

ICso = 96.70(£0.44)+0.22(+0.05) 1a /s | 4)
(R=0.81,5s=0.46,F=7,n=6)

Equation (4) could be interpreted analogously to the Abraham model, as the coefficients a and

s correspond to the hydrogen-bond basicity and dipolarity/polarizability of the compounds, respec-

tively. The Abraham framework, based on a theoretical solvent—solute cavity model, effectively cor-

relates diverse physicochemical properties of solutes. According to Equation (4), increased hydrogen-

bond acidity appears to reduce antioxidant activity, whereas higher dipolarity/polarizability promotes
it [9-11].
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Figure 4. The antioxidant properties of investigated compounds
compared to the ascorbic acid.

4. Conclusion

Seven 3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8-diones, bearing 4-hydroxy-
phenyl group in position 9 and various 4-substituted benzyl groups in position 10, were synthesized.
The antioxidant activity, assessed via the ABTS assay, revealed that all derivatives slightly better
radical-scavenging capacity relative to ascorbic acid, with ICso values rankingas1>4>7>6>3>
5> 2 > ascorbic acid. The observed correlations between absorption frequencies and the Kamlet-Taft
solvent parameters indicate that this model can effectively account for hydrogen-bonding interactions
and solvent dipolarity/polarizability effects on the absorption maxima shifts of these compounds.
Overall, the presented approach provides a predictive tool for assessing the antioxidative potential of
acridine-1,8-dione derivatives.
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Azo boje predstavljaju strukturno najraznovrsniju klasu organskih jedinjenja, koju karakterise
prisustvo jedne ili vise azo-grupa (—-N=N-) koje povezuju dva organska fragmenta, pri cemu je bar
jedan aromatican. Najcesce se dobijaju metodom diazokuplovanja, gde diazonijumove soli reaguju
sa aromaticnim jedinjenjima poput fenola, naftola ili arilamina. Znacaj azo boja u industriji je ogro-
man, koriste se za bojenje tekstila, koze, plastike i kozmetickih proizvoda, a njihov udeo u ukupnoj
proizvodnji boja prelazi 60%. U ovom radu, ispitivan je uticaj rastvaraca na pomeranje apsorpcionih
maksimuma dve azobenzenske boje. Da bi se istrazile intermolekulske interakcije koje se uspostav-
ljaju izmedu molekula ove dve azobenzenske boje i molekula rastvaraca, snimljeni su apsorpcioni
spektri u setu rastvaraca i njihovim binarnim smesama. Analiziran je uticaj polarnosti rastvaraca i
efekata supstituenata na polozaj, intenzitet i oblik apsorpcionog maksimuma. Dobijeni rezultati omo-
gucice bolje razumevanje uticaja hemijske strukture na spektroskopska svojstva ovih boja. Obzirom
na Sirok spektar primene azobenzenskih boja i ocekivani porast njihovog znacaja, rezultati ovog
istrazivanja predstavljaju korisnu osnovu za buduce studije u oblasti sintetskih boja, sa potencijalom
za razvoj novih boja i poboljsanje svojstava postojecih.

Azo dyes represent one of the most structurally diverse classes of organic compounds, charac-
terized by one or more azo groups (—-N=N-) connecting two organic moieties, at least one of which
is aromatic. They are predominantly synthesized via classical diazocoupling, in which diazonium
salts react with aromatic compounds such as phenols, naphthols, arylamines. Owing to their unique
coloration, chemical stability, and versatility, azo dyes play a central role in industrial applications,
including the coloring of textiles, leather, plastics, and cosmetics, accounting for over 60% of global
dye production. In this study, the influence of solvents on the absorption maxima of two synthesized
azobenzene dyes was extensively investigated. The effects of solvent polarity and substituent effects
on the position, intensity, and shape of the absorption maxima were analyzed, providing insight into

39. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 47



48 39" INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

the underlying intermolecular interactions. These findings provide a detailed understanding of sol-
vent-solute interactions and offer predictive guidance for modulating dye properties. Given the
growing industrial relevance of these dyes, the insights gained in this work will establish a starting
point for the rational design of new dyes

1. Introduction

Azo dyes represent the largest and most diverse class of synthetic dyes, characterized by the
presence of one or more azo (—N=N-) chromophoric groups linking aromatic moieties. Due to their
structural versatility, ease of synthesis, and variable physicochemical properties, azo dyes have found
widespread applications in textile, pharmaceutical, food, and cosmetic industries [1,2]. The color of
azo dyes arises from extended z-conjugation and could be further modulated by the introduction of
electron-donating and electron-withdrawing substituents, which influence their optical and electronic
properties [3]. Substituents such as -OH, —NH3, or -NO; significantly influence the electronic distri-
bution within the molecule, thereby modulating spectral, redox, and solvation behavior. The solubility
and lipophilicity of azo dyes are strongly dependent on their substitution pattern and the presence of
polar functional groups, which govern intermolecular interactions such as hydrogen bonding and di-
pole-dipole interactions. Furthermore, azo dyes often exhibit azo-hydrazone tautomerism, which can
influence their stability, color, and reactivity under different solvent and pH conditions. Beyond their
industrial relevance, azo dyes have attracted considerable attention in medicinal and material chem-
istry. Numerous azo dyes possess biological activities, including antimicrobial, anticancer, and anti-
oxidant, making them promising scaffolds for drug design and development [4,5]. In addition, their
ability to undergo reversible cis-frans isomerization under light irradiation has enabled their use as
molecular switches, photo responsive materials, and optical data storage systems [6]. In this context,
the design and synthesis of novel azo derivatives with modified physicochemical and biological prop-
erties remain an important area of research, combining synthetic chemistry, computational modeling,
and pharmacological evaluation to explore their potential applications [2,5].

In addition, due to their extended z-conjugated systems, the physicochemical properties of azo
dyes are highly influenced by solvent effects. Understanding these solvent effects is crucial for ra-
tional design of dyes with modified optical and electronic properties. Linear solvation energy rela-
tionship (LSER) models provide a quantitative framework to analyze and predict such solvent-de-
pendent properties. Among these, the Kamlet-Taft model where parameters such as dipolarity/polar-
izability and hydrogen-bonding ability significantly impact their spectral and electronic properties, is
widely applied. In the context, LSER analysis allows deconvolution of specific interactions of azo
dyes, such as hydrogen bonding, from nonspecific polar and dispersive effects, providing insights
into how solvent polarity modulate chromophore behavior [7,8]. By applying these models, we could
rationalize solvatochromic shifts, predict dye performance in various media, and guide the design of
functional dyes for various applications. Guided by these considerations, we synthesized two azoben-
zene dyes (Figure 1), compound 1 via classical diazo-coupling reaction and compound 2 by introduc-
ing a hydrocarbon chain into compound 1. Their chemical structures and purity were confirmed by
melting points, elemental analysis FT-IR, and UV-Vis spectroscopy. To investigate dye-solvent in-
teractions, absorption spectra were measured in the 200-500 nm range across different solvents of
varying polarity and their binary mixtures, and the influence of solvent on band position, intensity,
and shape was evaluated using correlations with Kamlet-Taft solvent parameters.



39. MeDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 49

o o
%@NzNOOH >—®7N:N~©70012H25
1 2

Figure 1. The chemical structure of the investigated azo dyes.

2. Experimental

2.1. General procedure for the synthesis of compound 1

The synthetic route was carried out according to Scheme 1. A solution of sodium nitrite (0. 075
mol, 5.01 g) in 25 ml of water was dropped into a mixture of 4-aminoacetophenone (0.045 mol, 6.07
g), hydrochloric acid (36%, 15 ml) and water (30 ml). After that, the solution was stirred at 0—5 °C
for 30 min. After a pistachio colored solution of the diazonium salt had formed, it was added dropwise
to a solution of phenol (4.2 g, 0.045 mol), sodium hydroxide (1.8 g, 0.045 mol) and sodium carbonate
(4.2 g, 0.04 mol) in water (30 ml) at 0-5 °C. The mixture was agitated for 60 minutes and its pH was
adjusted to 2—3. The product was collected by filtration, washed with water until the pH of the filtrate
was neutral and dried. The crude product was purified by dissolving in ethanol and precipitating twice
by water and dried under vacuum oven for 48 hours [9].

0 0 <
>_®7NH2 NaNO,, HCI >_®,,(EN+ HO@ NaOH, Na,CO3 @N:NOOH
0-5°C
1

Scheme 1. Synthesis of compound 1.

2.2. General procedure for the synthesis of compound 2

The synthetic route was carried out according to Scheme 2. 1-(4-((4-hydroxyphenyl)di-
azenyl)phenyl)ethanone (1) (0.012 mol, 4.0 g) was dissolved in N,N-dimethylformamide (50 mL).
Potassium carbonate (0.15 mol, 20.73 g) and 1-bromododecane (0.018 mol, 4.48 g, 4.5 mL) were
added, and the reaction mixture was stirred at room temperature for 72 h. Reaction progress was
monitored by TLC. Upon completion, the mixture was poured into 100 mL of cold water and ex-
tracted with dichloromethane (3 x 30 mL). The combined organic layers were washed with 5% aque-
ous sodium hydroxide and water (30 mL), dried over anhydrous magnesium sulfate, filtered, and
concentrated by evaporation. The crude product was purified by column chromatography [10].

(0] (0]
K,CO5 DMF
= > N=N OC,H
>_®7N N@OH CyaHosBr >_®7 @ 1272

1 2

Scheme 2. Synthesis of compound 2.

2.3. Spectroscopic measurements

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’! using a Thermo Scientific Nicolet iS'? spectrometer. Elemental analysis of the investigated com-
pounds was carried out using microanalyzer Elemental Vario EL III. The ultraviolet-visible (UV-Vis)
absorption spectra were recorded on a Schimadzu 1700 spectrophotometer in the region 200—-500 nm.
The spectra were run in spectroquality solvents (Fluka) using a concentration of 1 x 107> moldm™.

1-(4-((4-Hydroxyphenyl)diazenyl)phenyl)ethanone (1): Brown solid; Yield: 80%; m. p. 210—
213 °C; FT-IR (ATR/cm™): 3116, 2809, 2707, 2114, 1938, 1654, 1588, 1501, 1467, 1426, 1403,
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1354, 1306, 1268, 1222, 1138, 1109, 1099, 1018, 1007, 963, 841, 796, 735, 715, 642, 589, 537, 529,
467, 421; 'THNMR (400 MHz, aceton-ds): & = 10.11 (s, 1H), 8.08 (d, J = 8.4 Hz, 2H), 8.00 (d, J= 8.4
Hz, 2H), 7.90 (d, J = 8.4 Hz, 2H), 7.03 (d, J = 8.4 Hz, 2H); Elemental analysis (%) calcd. for
C13H10N202: C 69.02, H 4.46, N12.38; found: C 69.01, H 4.53, N 12.35. The obtained results are
consistent with those reported in the literature [11].

1-(4-((4-Dodecyloxy)phenyl)diazenyl)phenyl)ethanone (2): Orange solid; Yield: 92%; m. p.
115-118 °C; FT-IR (ATR/cm™): 3338, 3074, 2955, 2917, 2872, 2848, 2037, 1980, 1941, 1885, 1675,
1639, 1603, 1584, 1500, 1472, 1463, 1394, 1258, 1313, 1268, 1245, 1145, 1107, 1045, 1035, 1025,
1006, 964, 854, 840, 825, 795, 765, 729, 719, 629, 619, 570, 549, 532, 517, 461433, Elemental anal-
ysis (%) calcd. for CasHzsN202: C 76.43, H 8.88, N 6.86; found: C 76.40, H 8.91, N 6.86.

3. Results

3.1. Azo-hydrazone tautomerism

Azo-hydrazone tautomerism represents a fundamental structural phenomenon observed in hy-
droxy-substituted azo compounds, arising from the intramolecular transfer of a labile proton between
the azo bridge nitrogen atom and a conjugated hydroxyl group [1,3]. This equilibrium involves inter-
conversion between the azo form (—N=N-) and the hydrazone form (-NH—N=), often accompanied
by the formation of a keto-group, resulting in distinct electronic and structural properties. The position
of this equilibrium is highly sensitive to various factors, including solvent polarity, hydrogen-bonding
ability, substituent pattern, and temperature [7,8]. The hydrazone tautomer is generally favored in
polar and protic environments due to enhanced stabilization through hydrogen bonding, whereas the
azo form is more prevalent in nonpolar media [3,10]. This dynamic equilibrium significantly influ-
ences the optical, physicochemical, and biological properties of azo dyes, including their absorption
spectra, color, reactivity, and potential pharmacological activity [1,12]. Understanding azo-hydrazone
tautomerism is therefore essential for the rational design of functional azo compounds, especially in
applications involving solvatochromism, molecular switching, and drug development. Quantitative
approaches, such as spectroscopic analysis and computational methods, have been widely employed
to elucidate the factors governing this equilibrium and to correlate structural features with observed
properties [7,12]. The investigated 1-(4-((4-Hydroxyphenyl)diazenyl)phenyl)ethanone (compound 1)
may exist in two main tautomeric forms (Figure 2) which is in agreement with Ozen’s inference that
some azobenzene dyes occur as two tautomers and that tautomerism is altered mainly by the nature
of the substituents [13]. The infrared spectrum of compound 1 shows two intense carbonyl bands at
the 1654 and 1588 cm™! which are assigned to the diketohydrazone form. The FT-IR spectra also
exhibited a band at 3116 cm™! which was attributed to the -N—H group of hydrazone tautomeric form.
If the azobenzene dyes were predominantly in the azo form, there would be no absorption band for
the hydrazone group and there would be a broad absorption band for the -OH group from the phenyl
ring (about 3500 cm™') and one band for the carbonyl group.

0 0 H
oo e 3OO
A B

Figure 2. The equilibrium between the azo form (4) and hydrazone form (B) form of compound 1.

Since compound 2 lacks a labile proton (due to alkylation of the —OH group), it does not exhibit
azo-hydrazone tautomerism, and adopts solely the azo tautomeric form. This is confirmed by the
presence of strong vibration at 1500 cm™! ascribed to -N=N- stretching vibrations.
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3.2. Solvatochromic analysis

Solvatochromic behavior of the investigated azobenzene dyes (1 and 2) was examined in protic
solvents and solvent binary mixtures (Table 1). Representative UV-Vis spectra of azobenzene dyes
in ethanol (Figure 3) exhibit a dominant band at approximately 360 nm, attributed to the azo form. In
the case of compound 1, a weak band is observed at higher wavelengths (around 450 nm) and is
ascribed to hydrazone form of this dye. Also, there is one weak absorption band in the range 240—
270 nm. The data presented in Table 1 indicate that the position of the absorption maxima is strongly
influenced by the nature of substituents on the phenyl moiety, particularly by alkylation of the hy-
droxyl group. Specifically, the electron-donating —OH group in the para- position of the phenyl ring
induces a more pronounced bathochromic shift than the —OR group in most of the investigated sol-
vents, as evidenced by the absorption maxima.

Table 1: Absorption maxima of the investigated compounds (1 and 2) in selected solvent set.

No. 1 2
Solvent Amax Amax
Methanol 241, 358, 378 229, 358, 370
Methanol/Water (80:20)* 262, 358 248, 349, 383
Methanol/Water (60:40)* 256, 356 350, 382
Methanol/Water (40:60)* 261, 359 256, 378
Ethanol 237,264, 364 237,265, 363
Ethanol/Water (80:20)* 261, 367 256, 353, 379
Ethanol/Water (60:40)* 267,287,374 301, 384
Ethanol/Water (40:60)* 237,262,371 261, 360
2-Propanol 262,357, 385 263, 369, 374
2-Propanol/ Water (80:20)* 263, 370 275, 391
2-Propanol/ Water (60:40)* 239, 261, 370 255, 360, 374
2-Propanol/ Water (40:60)* 237,261,372 235, 260, 369
2-Propanol/ Methanol (80:20)? 259, 362, 371 254,357
2-Propanol/ Methanol (60:40)? 262,358, 375 260, 357, 372
2-Propanol/ Methanol (40:60)* 261,374 236, 262, 369
2-Propanol/ Ethanol (80:20) 263,359,374 264,358,374
2-Propanol/ Ethanol (60:40) 262, 356, 380 261, 355, 380
2-Propanol/ Ethanol (40:60)* 271, 380 268, 358, 380

aVolumetric composition (of the solvent mixture)
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Figure 3. UV-Vis absorption spectra of the in-
vestigated compounds in ethanol.
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Further insight into solvent effects was obtained by correlating the absorption frequencies (v =
1/A, cm™) of the azo tautomeric form with the Kamlet-Taft solvatochromic equation (Eq. 1), enabling
quantitative assessment of solvent polarity and hydrogen-bonding contributions:

Vmax = Vmaxo + aa + b,B + sm* (1)

where 7* is an index of the solvent dipolarity/polarizability, f is measure of the solvent hydrogen-
bonding acceptor ability (HBA), a is a measure of the solvent hydrogen-bonding donor abilty (HBD)
and v is the regression value of the solute property in cyclohexane as the reference solvent. The re-
gression coefficients a, b and s, in equation (1) are a measure of the relative susceptibility of the ab-
sorption frequencies to the indicated solvent parameters. The LSER concept developed by Kamlet and
Taft represents one of the most ambitions and successful quantitative treatments of solvatation effects
which assumes attractive interactions between a solute and its environment enabling an estimation the
ability of the investigated compounds to form hydrogen bonds. The results of multiple linear regression
analysis (Table 2) for azo tautomeric form indicated that vmax in the selected solvent set showed satis-
factory correlation with the solvent parameters. The positive sign of the coefficient a for both com-
pounds indicate a hypsochromic shift with the increase of the basicity of the solvent, and stabilization
of the ground state with respect to excited. Coefficient s is positive for compound 1 and negative for
compound 2 indicating different shifts with increase of the solvent polarity. Also, coefficient b is neg-
ative for compound 1 indicating bathochromic shift with the increase of solvent acidity, while for
compound 2 an opposite effect is observed. Obtained data demonstrated that the solvent effects on the
position of UV-Vis absorption spectra of investigated azobenzene dyes are very complex and strongly
dependable of the electronic influence of p-substituent on the phenyl moiety. The percentage contri-
butions of the solvatochromic parameters (Table 2) for the investigated azobenzene dyes bearing
strong electron-donating substituents on the phenyl moiety demonstrated that the most of the solvato-
chromism is consequence of the solvent basicity rather than dipolarity/polarizability.

Table 2. Regression fits to solvatochromic parameters (1) and percentage contribution
of solvatochromic parameters.

No Vo K b a R & P Pr* Pa Pp
’ (10° cm™) (10° cm™) (10° cm™) (10° cm™) (%) (%) (%)
21.891 0.768 -0.519 5.478
1 (£4.430) (£0.264) (£0.187) (£0.767) 0.972 0.209 46 11.35 7.67 80.97
12.286 -3.830 7.297 13.002
2 (£4.430) (£0.993) (2.314) (2.521) 0.888 0.240 10 15.87 30.24 53.89

aCorrelation coefficient; °Standard error of the estimate; °Fisher’s test;
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The success degree of Eq. (1) is shown in Figures 4 and 5 by means of a plot of Vimax exp. versus
Vmaxcale. Observed in ethanol for compounds 1 and 2 respectively.
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Figure 4. Experimental vs. calculated values of v from Eq. for compound 1(1).
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Figure 5. Experimental vs. calculated values of v from Eq. for compound 2(1).

4, Conclusion

In this work, two azobenzene dyes were synthetized and completely structurally characterized
by melting points, elemental analysis, FT-IR and UV-Vis spectroscopic measurements. The results
indicated that compound 1 exists in hydrazone tautomeric form in the solid state, and dominantly as
azo in different solvents and their mixtures. Due to the lack of labile proton in molecule, compound
2 exists solely in azo tautomeric form in both solid state and different solvents. The solvent effect on
absorption maxima position is very complex and strongly dependent on the electronic nature of the
substituent. The satisfactory correlation of the ultraviolet absorption frequencies on the azo tauto-
meric form of the investigated azo dyes Kamlet-Taft equations indicated that adequate model was
selected giving correct interpretation of the linear solvatation energy relationships of the intricate
azobenzene system. The results revealed that most of the solvatochromism of the azo dyes is influ-
enced by solvent basicity.
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Bakar predstavlja jedan od najvaznijih industrijskih metala zbog svoje Siroke primene i izuzetne
toplotne i elektricne provodljivosti, kao i otpornosti na koroziju. Najznacajniji izvor bakra je halko-
pirit (CuFezSy), koji se u prirodi javlja zajedno sa drugim sulfidnim mineralima, kao Sto su pirit,
galenit i sfalerit, u leziStima ruda viSe metala. Sa iscrpljivanjem bogatih ruda, hidrometalurski pro-
cesi dobijaju sve veci znacaj u preradi siromasnijih i slozenijih sulfidnih koncentrata. U ovom istra-
Zivanju ispitivano je luZenje bakra iz sfaleritnog koncentrata u sumpornoj kiselini uz dodatak pomoc-
nog sistema oksidanasa MnO2—K1. Rezultati su pokazali da temperatura znacajno utice na kinetiku
procesa, pri cemu povecanje temperature u opsegu od 40 do 80 °C dovodi do povecanja stepena
luzenja bakra. Dodatak KI ima kljucnu ulogu u smanjenju pasivacije povrsine i poveéanju dostupno-
sti oksidacionog sredstva, pri cemu je maksimalni stepen luzenja od 82,1% postignut pri dodatku od
3 mas. % KI. Kineticka analiza ukazuje na relativno nisku energiju aktivacije (28,90 kJ mol®), §to
sugeriSe da se proces efikasno odvija na umerenim temperaturama i da prati mehanizam rastvaranja
bakra kontrolisan difuzijom. Dobijeni rezultati ukazuju na znacajan potencijal primene ovog sistema
u hidrometalurskoj preradi slozenih sulfidnih sirovina.

Copper represents one of the most important industrial metals due to its wide application and
exceptional thermal and electrical conductivity, as well as corrosion resistance. The most important
source of copper is chalcopyrite (CuFe,S,), which occurs in nature together with other sulphide mi-
nerals, such as pyrite, galena and sphalerite, in polymetallic ore deposits. With the depletion of rich
ores, hydrometallurgical processes gain increasing importance in the processing of poorer and more
complex sulphide concentrates. In this study, the leaching of copper from sphalerite concentrate in
sulphuric acid combined with auxiliary oxidans MnO-KI system was investigated. The results
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showed that temperature significantly affects the kinetics of the process, whereby an increase in tem-
perature in the range from 40 to 80 °C leads to an increase in the degree of copper leaching. The
addition of Kl plays a key role in reducing surface passivation and in-creasing the availability of the
oxidizing agent, with the maximum degree of leaching of 82.1% achieved at the addition of 3 wt.%
KI. Kinetic analysis indicates a relatively low activation energy (28.90 kJ mol), suggesting that the
process proceeds efficiently at moderate temperatures and follows a diffusion-controlled copper
dissolution mechanism. The obtained results indicate the significant potential of the application of
this system in the hydrometallurgical processing of complex sulphide raw materials.

1. Introduction

Copper is one of the most important industrial metals due to high electrical and thermal con-
ductivity, as well as its corrosion resistance, which enables wide application in modern technologies
and infrastructure [1]. The primary source of copper is chalcopyrite (CuFeSz), which commonly oc-
curs in association with other sulphide minerals such as pyrite and sphalerite in polymetallic deposits
[2, 3]. As the quality of ore resources declines, hydrometallurgical processes, particularly acid leach-
ing, are gaining increasing importance, since they enable the treatment of complex concentrates with
lower environmental impact compared to conventional pyrometallurgical methods [2, 4]. Leaching
of chalcopyrite is typically carried out in acidic media in the presence of oxidizing agents to solubilize
copper [5, 6, 7]. However, this mineral exhibits significant resistance to dissolution due to its stable
structure and the tendency for passivation, i.e., the formation of surface layers of elemental sulphur
or polysulphides that hinder further reaction [5, 7, 8]. Similar mechanisms are observed in other sul-
phide minerals such as pyrite and sphalerite, which is particularly relevant when processing complex
concentrates [3, 5]. Various oxidative systems have been investigated to enhance leaching kinetics.
Hydrogen peroxide can accelerate the initial dissolution rate, although its application is limited by
instability and the formation of passivating layers [9, 10]. The addition of certain additives or the use
of physical activation methods can mitigate these effects and improve leaching efficiency [10, 11].
Oxidation using Fe** ions is also widely applied, where the Fe3*/Fe?* redox pair enables continuous
process operation, including in bioleaching systems [6, 12]. Nevertheless, these approaches may be
accompanied by issues such as the formation of insoluble phases (e.g., jarosite) and increased opera-
tional costs. Strong oxidants such as persulfates can generate highly reactive radicals and enhance
sulphide oxidation; however, their use is often limited by economic and technological constraints, as
well as side reactions in complex systems [13]. Additional challenges arise from interactions between
different minerals within the concentrate, which may promote passivation and reduce metal recovery
[8]. Recently, iodide/iodine systems have attracted considerable attention as efficient redox media-
tors. lodine acts as a strong oxidant that can be continuously regenerated in solution, enabling sus-
tained and more effective leaching while reducing passivation effects [14, 15]. These systems demon-
strate good performance even under mild conditions, making them promising for the treatment of
complex sulphide concentrates. Based on these considerations, this study investigates a MnO2-KI
oxidative system applied to a sphalerite concentrate containing chalcopyrite. The effects of key pro-
cess parameters, particularly temperature and iodine concentration, on the kinetics and efficiency of
copper leaching were systematically examined, with the aim of improving the understanding of the
underlying mechanisms and optimizing the process.
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2. Materials and methods

The base material used in this study was a sphalerite concentrate obtained from a polymetallic
ore flotation plant (Rudnik, Serbia). Prior leaching assays, the collected sample was subjected to
comminution followed by homogenization in a vibratory mill.

Leaching experiments were carried out following procedure from Bugarci¢ et al. 2025 [16]. In
a closed glass reactor equipped with a helical stirrer and a temperature control system. The reaction
system consisted of the initial concentrate (10 g) and an aqueous sulphuric acid solution (Zorka p.a.,
Sabac, Serbia), with a constant agitation rate of 300 rpm. During the experimental investigation, key
operational parameters were systematically varied, including temperature (40, 60, 70, and 80 °C),
leaching time (0-180 min), and the presence of additional oxidizing agents-manganese dioxide (Alka-
loid, purity >95%, Skopje, North Macedonia) and potassium iodide (Merck, purity >95%, Darmstadt,
Germany). Manganese dioxide was introduced in a stoichiometric amount relative to the total
sulphide sulphur content, aiming at the complete oxidation of sulphide minerals to sulphate species.
Potassium iodide (K1), employed as an auxiliary oxidant, was investigated up to a maximum practical
concentration of 3 wt.% in order to achieve an optimal balance between process efficiency and eco-
nomic feasibility.

At predetermined time intervals, aliquots of the leach solution were collected and analyzed
using atomic absorption spectrophotometry (AAS, Perkin Elmer 703, Shelton, USA). The copper
extraction efficiency (%) was calculated based on the AAS measurements.

For the interpretation of the process kinetics, appropriate kinetic models were applied. In this
context, the modified Sharp method of reduced half-reaction time was employed to linearize the expe-
rimental data using suitable mathematical formulations.

The activation energy (Ea) was determined using the Arrhenius equation:

k= A x exp(—Ea/RXT) 1)

where A is the pre-exponential factor, k is the rate constant (s), Ea is the activation energy (J mol™),
R is the universal gas constant (8.314 J mol™ K1), and T is the absolute temperature (K). The activa-
tion energy was obtained graphically from the slope of the linear plot of In(k) versus 1/T.

3. Results and discussion

The chemical composition of the initial sample is presented in Table 1.

Table 1. Chemical composition of Zn concentrate.

Element Zn S Fe Cu Cd Pb As
wt. % 46.91 28.87 6.77 0.806 0.338 0.287 1.8 x 10

The dominant element is zinc, occurring primarily in the form of the mineral sphalerite. It is
followed by iron, which is present as pyrite, while copper is present in concentrations below 1% and
occurs in the form of chalcopyrite.

Increase in temperature had a pronounced effect on the reaction kinetics and extraction effici-
ency (Figure 1). After 3 h of processing, a maximum copper leaching yield of 82.1% was achieved.
The reduced extraction efficiency at lower temperatures can be attributed to the formation of a passi-
vation layer on the surface of chalcopyrite particles, which limits the further progress of the reaction.
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Figure 1. Temperature and reaction time effects on Cu leaching percentage.

In the presence of an adequate amount of MnO>, the dissolution of copper from chalcopyrite
can be described by the following stoichiometric equation:

2CuFeS; + 17MnO2 + 18H2S04 — 2CuSO04 + Fe2(S04)3 + 17MnSO4 + 18H,0 (2)

Reaction (2) proceeds both in the presence and absence of potassium iodide; however, side
reactions may occur that adversely affect the overall leaching kinetics. The formation of passivation
products such as elemental sulphur, anglesite, and barite can further reduce reactant accessibility and
hinder diffusion through the reaction layer. The presence of iodine, generated in reaction (3), contri-
butes to the degradation of the sulphur-based passivation film, thereby facilitating the continued oxi-
dation of the mineral phase.

MnO; + 2KI + 2H2SO4 — MnSO4 + KSO4 + 12 + 2H20 (3)

The formed iodine (I2) further reacts with iodide ions (I"), leading to the formation of triiodide
ions. In the subsequent step, iodine acts as an oxidizing agent in the dissolution of copper—iron
sulphide (chalcopyrite), being reduced back to iodide:

CuFeS; + 21 — Cu?* + Fe?* +2S + 41 (4)

The leaching kinetics of copper from a sphalerite concentrate were analyzed using models based
on the modified Sharp method, whereby the Jander model for three-dimensional diffusion through a
product layer was identified as providing the best fit to the experimental data (Figure 2a). The high
coefficients of determination (R? =~ 0.97-0.98) across the entire temperature range (40-80 °C), as
shown in Figure 2b, confirm the reliability of this model.

The results indicate that the process rate is governed by the diffusion of dissolved metal ions
and sulphide components through the product layer, which is most likely composed of elemental
sulphur formed on the surface of chalcopyrite particles. This layer acts as a passivation barrier, li-
miting mass transfer and reducing leaching efficiency. Increasing the temperature significantly acce-
lerates the reaction; however, it also promotes sulphur crystallization and the formation of a more
compact and less permeable layer (Figure 2b). The addition of potassium iodide (>3 wt%) mitigates
this effect by enabling the oxidation of elemental sulphur into soluble forms, thereby reducing diffu-
sion resistance and enhancing leaching efficiency. This is further supported by the trends observed in
Figure 2b.
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Figure 2. a) Modified Sharp's method in correlation with experimental results; b) Jander’s model
for experimental results at different temperatures.

The activation energy (Ea), determined using the linearized form of the Arrhenius equation,
represents the final step in the kinetic analysis. The results shown in Figure 3 demonstrate a strong
linear relationship (R?> 0.95), confirming the reliability of the applied approach. The calculated acti-
vation energy for copper leaching is approximately 28.90 kJ mol™, indicating a relatively low energy
barrier.
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Figure 3. Activation energy for copper leaching from sphalerite concentrate.

The relatively low activation energy indicates that copper leaching is governed by a diffusion-
controlled mechanism, associated with mass transport through the product layer. Such a low energy
barrier suggests that the process can proceed efficiently even at moderate temperatures.

These findings are consistent with the experimental data and the good agreement with the Jan-
der model, further confirming that diffusion is the rate-controlling step in the leaching of copper in
this system.
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4, Conclusions

This study investigates the leaching of copper from a sphalerite concentrate using an MnO»-KI
oxidative system in an acidic medium. The results indicate that temperature and the presence of iodine
are key factors influencing the kinetics and efficiency of the process. The analysis suggests that the
process is governed by diffusion through a product layer, with a significant impact of surface pas-
sivation.

Key conclusions:

— The maximum copper extraction (~82%) was achieved at 80 °C, confirming the strong in-

fluence of temperature on process efficiency;

— The dominant leaching mechanism is described by the Jander model for three-dimensional

diffusion, with high coefficients of determination (R? ~ 0.97-0.98);

— The activation energy for copper leaching was determined to be approximately

28.90 kJ mol?, indicating a low energy barrier for the reaction;

— The low activation energy confirms that diffusion through the product layer is the rate-

controlling step;

— The formation of elemental sulfur on the particle surface reduces reactant accessibility and

slows down the reaction;

— Elevated temperatures promote sulfur crystallization and the formation of a more compact

passivation layer;

— The presence of Kl enables the formation of iodine species that oxidize sulfur into soluble

forms, thereby reducing diffusion resistance;

— The MnO.-KI system demonstrates strong potential for application in the treatment of com-

plex sulfide concentrates by improving leaching kinetics.
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U ovom radu ispitivan je uticaj procesnih parametara — temperature, vremena i odnosa biljna
droga:rastvarac - na efikasnost ekstrakcije ukupnih fenolnih jedinjenja i flavonoida iz tri razlicita
uzorka mlevene prZene kafe. Kafa, kao kompleksna smeSa bogata fitohemikalijama, predstavlja zna-
Cajan izvor prirodnih antioksidanasa, prvenstveno hlorogenske kiseline, cija izolacija direktno zavisi
od primenjenih uslova ekstrakcije.

Metodoloski pristup obuhvatio je detaljnu karakterizaciju polaznog materijala. Za odredivanje
raspodele velicine cestica mlevene, przene kafe primenjena je metoda difrakcije laserske svetlosti,
dok je za identifikaciju funkcionalnih grupa i hemijskih karakzeristika uzorka korisé¢ena infracrvena
spektroskopija sa Furijeovom transformacijom (FTIR).

Granulometrijskom analizom utvrdene su znacajne razlike u velicini Cestica, gde je Uzorak 1
bio najfinije mleven, dok su uzorci 2 i 3 pokazali znatno krupniju strukturu. FTIR spektroskopija
potvrdila je prisustvo kljucnih funkcionalnih grupa polifenola, pri cemu je intenzitet pikova na = 3300
i 1030 cm-1 ukazao na to da Uzorak 3 poseduje najvisi inicijalni bioaktivni potencijal.

Eksperimentalni rezultati dobijeni metodom maceracije pokazali su da su temperatura od 85
°C i vreme ekstrakcije od 30 minuta optimalni za postizanje maksimalnog prinosa kod svih uzoraka.
Povecanje odnosa faza sa 1:20 na 1:30 (m/v) dodatno je unapredilo efikasnost procesa obezbediva-
njem povoljnijeg koncentracionog gradijenta.

Kljucni nalaz istrazivanja je da Uzorak 3, uprkos najnepovoljnijem granulometrijskom sastavu,
ostvaruje apsolutne maksimalne vrednosti sadrzaja fenola i flavonoida. Ovo potvrduje da hemijski
sastav sirovine i optimizacija procesnih parametara (visoka temperatura i veca zapremina rastva-
raca) imaju presudan uticaj na finalni kvalitet ekstrakta, nadmasujuci fizicka ogranicenja velicine
Cestica. Dobijeni rezultati pruzaju naucnu osnovu za optimizaciju ekstrakcije antioksidanasa iz kafe
na industrijskom nivou za potrebe prehrambene i farmaceutske industrije.

This study investigated the influence of process parameters—temperature, time, and the solid-
to-liquid ratio - on the extraction efficiency of total phenolic compounds and flavonoids from three
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distinct samples of ground roasted coffee. Coffee, a complex mixture rich in phytochemicals, repre-
sents a significant source of natural antioxidants, primarily chlorogenic acid, the isolation of which
directly depends on the applied extraction conditions.

The methodological approach included a detailed characterization of the raw material. Laser
diffraction was applied to determine the particle size distribution of the ground roasted coffee, while
Fourier-transform infrared spectroscopy (FTIR) was used to identify functional groups and chemical
characteristics.

The particle size analysis revealed significant differences in grain size, where Sample 1 was the
most finely ground, while Samples 2 and 3 showed a considerably coarser structure. FTIR spectro-
scopy confirmed the presence of key polyphenol functional groups, with peak intensities at =~ 3300
and 1030 cm-1 indicating that Sample 3 possesses the highest initial bioactive potential.

Experimental results obtained through the maceration method showed that a temperature of 85
°C and an extraction time of 30 minutes were optimal for achieving maximum vyield across all
samples. Increasing the phase ratio from 1:20 to 1:30 (w/v) further improved process efficiency by
providing a more favorable concentration gradient.

The key finding of this research is that Sample 3, despite having the least favorable particle
size distribution, achieved the absolute maximum values for phenol and flavonoid content. This con-
firms that the chemical composition of the raw material and the optimization of process parameters
(high temperature and larger solvent volume) have a decisive influence on the final extract quality,
surpassing the physical limitations of particle size. The obtained results provide a scientific basis for
optimizing the extraction of antioxidants from coffee at an industrial level for the needs of the food
and pharmaceutical industries.

1. Uvod

Kafa zauzima vitalno mesto u savremenom drustvu, sluze¢i ne samo kao najrasprostranjeniji
napitak, ve¢ 1 kao kamen temeljac socijalnog i kulturnog Zivota Sirom sveta. Njen znacaj prevazilazi
okvire svakodnevne rutine i duboko je integrisan u globalnu ekonomiju, s obzirom na to da se kafa
ubraja u najtrgovanije robe na svetskim berzama. O globalnoj popularnosti ovog napitka svedoce
podaci da je samo u periodu 2022/2023. godine svetska potrosSnja dostigla 168,2 miliona dzakova od
po 60 kg, uz kontinuirani trend rasta [1, 2].

Pored druStveno-ekonomskog znacaja, kafa je predmet intenzivnih nau¢nih istraZivanja zbog
svog kompleksnog hemijskog sastava i brojnih pozitivnih efekata na ljudsko zdravlje. Bogata je bio-
aktivnim jedinjenjima, prvenstveno kofeinom i polifenolima, koji joj daju izrazena antioksidativna i
antiinflamatorna svojstva. Ova jedinjenja imaju klju¢nu ulogu u suzbijanju oksidativnog stresa (OS)
1 smanjenju rizika od razvoja hroni¢nih oboljenja, ukljucujuéi kardiovaskularne bolesti i razlicite
oblike karcinoma.

Dosadasnje klinicke 1 epidemioloske studije ukazuju na to da redovna konzumacija kafe moze
znacCajno unaprediti kognitivne funkcije, povecati budnost i koncentraciju [3]. Takode, zabelezena je
korelacija izmedu konzumacije kafe i smanjenog rizika od neurodegenerativnih bolesti, poput Alchaj-
merove 1 Parkinsonove bolesti [4, 5], kao 1 poboljSanje metabolickog zdravlja kroz povecanje insu-
linske osetljivosti [6]. Posebno interesovanje nau¢ne zajednice usmereno je ka potencijalnim anti-
aging efektima kafe, koji doprinose dugovec¢nosti i unapredenju opsteg zdravstvenog statusa [7].
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S obzirom na navedenu kompleksnost i znacaj ovog napitka, ovaj rad ima za cilj da ispita uticaja
procesnih parametara ekstrakcije mlevene kafe — vremena ekstrakcije, odnosa biljne droge i rastva-
raca i temperature — na sadrzaj ukupnih fenolnih jedinjenja i flavonoida, koji predstavljaju glavne
nosioce antioksidativnih svojstava kafe.

2. Teorijski deo

Mnogi konzumenti preferiraju kafu kao napitak koji pruza uzitak i energiju. Medutim, kafa
privlaci paznju naucne javnosti ne samo zbog svog ukusa, arome i sadrzaja kofeina, ve¢ 1 zbog svog
kompleksnog hemijskog sastava [8]. Zrno kafe sadrzi razlicite nutrijente kao Sto su lipidi, azotna
jedinjenja, vitamini, minerali, alkaloidi i fenolna jedinjenja [9]. Istrazivanja ukazuju na to da redovna
konzumacija kafe moze smanjiti rizik od Alchajmerove bolesti [10, 11], Parkinsonove bolesti [12],
src¢anih oboljenja [13], dijabetesa tipa 2 [14], ciroze jetre [15] i odredenih tipova karcinoma [16].
Shodno tome, konzumacija kafe moze pruziti znacajne zdravstvene benefite [17].

2.1. Antioksidativni potencijal

Antioksidansi predstavljaju najvaznije supstance korisne po zdravlje koje se nalaze u kafi, ¢i-
neci ovaj napitak njihovim bogatim izvorom [18]. Medu glavnim sekundarnim metabolitima prisut-
nim u zrnu kafe izdvajaju se hlorogenska kiselina, kofein, teofilin, teobromin, kafestol, kaveol, toko-
feroli 1 trigonelin, ¢iji su bioloski efekti od velikog znacaja [19]. Fenolna jedinjenja poznata kao hlo-
rogenske kiseline, za koja je potvrdeno da su efikasni antioksidansi u in vitro i ex vivo uslovima,
spadaju u najzastupljenija jedinjenja u kafi i mogu ¢initi do 12% suve mase zrna zelene kafe [20].

U proseku, dnevni unos hlorogenskih kiselina kod konzumenata kafe moze biti pet do deset
puta veci u poredenju sa osobama koje ne konzumiraju ovaj napitak [21, 22]. Na osnovu funkcional-
nosti ovih znacajnih bioaktivnih jedinjenja, istrazivaci su istakli potencijal redovne konzumacije kafe
u smanjenju rizika od autoimunih bolesti 1 metaboli¢kih poremecaja [23]. Studije su demonstrirale
snaZan antioksidativni efekat visokog sadrzaja polifenola [24], pri ¢emu koncentracija u zelenom zrnu
varira u zavisnosti od vrste i porekla, dok nivo u samom napitku zavisi od postupka pripreme [25,
26].

Tokom przenja, fenolna jedinjenja se delimi¢no degradiraju ili formiraju kompleksne polimerne
strukture. Vazno je napomenuti da postoji nelinearan odnos izmedu preostalog sadrzaja hlorogenske
kiseline nakon przenja i ukupnog antioksidativnog efekta zrna, $to ukazuje nato da produkti Maillard-
ovih reakcija nastali tokom przenja takode mogu doprineti ukupnom antioksidativnom kapacitetu [27,
28].

3. Eksperimentalni deo

3.1. Uzorci i priprema materijala

Eksperimentalni deo istrazivanja sproveden je u laboratorijama Tehnoloskog fakulteta u Zvor-
niku, Univerziteta u Istoénom Sarajevu. Predmet ispitivanja obuhvatio je tri uzorka komercijalnih
meSavina przene i mlevene kafe (Coffea arabica i Coffea robusta), nabavljenih na trzistu Republike
Srpske (Zvornik).

Pre procesa ekstrakcije, izvrSena je detaljna karakterizacija polaznog materijala radi utvrdivanja
fizicko-hemijskih specifi¢nosti uzoraka. Raspodela veliine Cestica odredena je metodom difrakcije
laserske svetlosti, dok je identifikacija funkcionalnih grupa i hemijskih karakteristika sprovedena pri-
menom infracrvene spektroskopije sa Furijeovom transformacijom (FTIR) [29, 30].
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3.2. Postupak ekstrakcije

Ekstrakcija bioaktivnih jedinjenja realizovana je tehnikom maceracije uz zagrevanje, koristeci
destilovanu vodu kao rastvara¢. U cilju optimizacije procesa, ispitan je uticaj tri kljucna procesna
parametra na prinos ekstrakcije:

— Vreme ekstrakcije: 5, 10, 15, 20 i 30 minuta;

— Temperatura: 65, 75185 °C;

— Odnos ¢vrsto:tecno (S/L odnos): 1:20 1 1:30 (m/v).

3.3. Odredivanje ukupnog sadrZaja fenola (TPC)

Ukupni sadrzaj fenolnih jedinjenja odreden je primenom spektrofotometrijske metode sa Folin—
Ciocalteu reagensom [31]. Metoda se zasniva na redoks reakciji izmedu hidroksilnih grupa fenola 1
reagensa (kompleksni polimerni jon molibdena i volframa) u baznoj sredini, obezbedenoj dodatkom
natrijum-karbonata.

Tokom reakcije dolazi do deprotonacije i oksidacije fenolnih grupa, uz simultanu redukciju
reagensa, Sto uzrokuje promenu boje rastvora iz zute u plavu. Intenzitet nastalog obojenja direktno je
proporcionalan koncentraciji fenola u uzorku. Merenje apsorbancije vrseno je na talasnoj duzini od
765 nm. Rezultati su izrazeni kao ekvivalenti galne kiseline (mg GAE/qg).

3.4. Odredivanje ukupnog sadriaja flavonoida (TFC)

Sadrzaj flavonoida odreden je kolorimetrijskom metodom sa aluminijum-hloridom [32]. Prin-
cip metode zasniva se na formiranju stabilnih kompleksa aluminijuma sa C-4 keto grupom i C-3 ili
C-5 hidroksilnim grupama flavona i flavonola u kiseloj sredini. Takode, aluminijum gradi nestabilne
komplekse sa orto-dihidroksilnim grupama u A ili B prstenu flavonoidne strukture.

Intenzitet obojenja meren je spektrofotometrijski na talasnoj duzini od 450 nm. Kao standard
za kvantifikaciju kori$éen je katehin hidrat, a rezultati su izrazeni kao ekvivalenti katehina (mg CE/qg).

4. Rezultati i diskusija

4.1. Granulometrijska analiza uzoraka kafe

Fizicka struktura mlevene kafe, definisana raspodelom veli¢ine Cestica, predstavlja jedan od
kljucnih faktora koji uti¢u na efikasnost ekstrakcije bioaktivnih jedinjenja. Na Slikama 1, 2 1 3 prika-
zani su histogrami raspodele veli¢ine Cestica za tri ispitivana uzorka, dok su u Tabeli 1 sumirane
vrednosti karakteristi¢nih percentila Dx(10) (um), Dx(50) (um) i Dx(90) (um).
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Slika 1. Histogram raspodele velicine cestica za Uzorak 1
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Tabela 1. Karakteristicni percentili raspodele

velicine Cestica ispitivanih uzoraka

Uzorak | Dx(10) (um) | Dx(50) (um) | Dx(90) (um)
Uzorak 1|6,74 20,1 29,7
Uzorak 2|20,7 77,6 418
Uzorak 3|22,1 110 519

Analizom dobijenih podataka uocavaju se fundamentalne razlike u stepenu usitnjenosti uzo-
raka. Uzorak 1 karakteriSe izrazito fina i homogena struktura, gde se 90% Cestica nalazi u opsegu
ispod 30 um. Ovakva raspodela rezultuje velikom specificnom povrSinom kontakta sa rastvaracem,
Sto teorijski favorizuje brzu difuziju i visoku efikasnost ekstrakcije u pocetnim fazama procesa.

Nasuprot tome, Uzorci 2 1 3 pokazuju bimodalnu raspodelu (uocljivu na histogramima) sa
znatno Sirim opsegom velicina ¢estica. Kod Uzorka 2, medijan raspodele (Dx(50)) iznosi 77.6 pum,
dok kod Uzorka 3 dostize maksimalnu vrednost od 110 um. Prisustvo frakcija krupnijih od 500 pm
kod Uzorka 3 direktno utice na kinetiku ekstrakcije, s obzirom na to da krupnije Cestice pruzaju veci
otpor prenosu mase iz unutrasnjosti ¢vrste matrice ka rastvaracu. Ove razlike u granulometrijskom
sastavu su od presudnog znacaja za interpretaciju rezultata ekstrakcije. Dok sitnije ¢estice (Uzorak 1)
omogucavaju intenzivan kontakt, krupnije ¢estice (Uzorci 2 1 3) mogu usloviti sporije oslobadanje
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fenola i flavonoida, zahtevajuc¢i optimizaciju procesnih parametara poput temperature i viemena kako
bi se nadomestila manja specifi¢na povrsina.

4.2. FTIR karakterizacija uzoraka kafe

U cilju identifikacije funkcionalnih grupa i potvrde prisustva bioaktivnih jedinjenja, snimljeni
su infracrveni spektri tri ispitivana uzorka kafe u opsegu talasnih brojeva od 4000 do 400 cm™. Na
Slikama 4, 51 6 prikazani su FTIR spektri za ispitivane uzorke kafa.

Svi ispitivani spektri pokazuju karakteristicne apsorpcione trake tipi¢ne za przenu kafu, sa mi-
nimalnim razlikama u polozaju pikova, §to ukazuje na sli¢an hemijski sastav ispitivanih mesavina. U
Tabeli 2 sumirani su glavni pikovi i njihova korelacija sa funkcionalnim grupama bioaktivnih kom-
ponenti.
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Tabela 2: Karakteristicni FTIR pikovi ispitivanih uzoraka kafe

Talasni broj (cm™) Vibracija i funkcionalna grupa Komponenta kafe

=~ 3300 O-H istezanje (vodoniéne veze) Polifenoli, voda, polisaharidi

2924 i 2853 C-H asimetri¢no i simetri¢no istezanje Lipidi (trigliceridi)

1745 C=0 istezanje (estarske grupe) Lipidi (trigliceridi)

1655 C=0 istezanje (amid 1) i C=C Kofein, proteini, hlorogenska kiselina
1030 C-0 istezanje Polisaharidi (galaktomanani, celuloza)

Siroka traka u oblasti od 3500 do 3100 cm™' poti¢e od istezanja O-H grupa, $to je direktna

potvrda prisustva fenolnih jedinjenja i flavonoida ¢iji je sadrzaj kvantifikovan u daljem toku rada.
Ostri pikovi na 2924 i 2853 cm™! odgovaraju masnim kiselinama i lipidima koji su prirodno prisutni
u zrnu kafe. Pik na 1655 cm™! od posebnog znacaja jer predstavlja preklapanje vibracija kofeina i
karbonilnih grupa hlorogenskih kiselina. Intenzitet pika u oblasti oko 1030 cm™! ukazuje na prisustvo

strukturnih uglje

nih hidrata koji ¢ine matricu zrna.

Poredenjem FTIR spektara tri uzorka (slike 4, 5 1 6), uocava se da su polozaji karakteristi¢nih
pikova gotovo identi¢ni, §to ukazuje na kvalitativno sli¢an hemijski sastav. Medutim, varijacije u
relativnim intenzitetima odredenih pikova ukazuju na razlike u kvantitativnom sastavu i tehnoloskoj

obradi:

1. Lipidi: Uzorak 1 pokazuje nesto niZi intenzitet pikova na 2924 i 1745 cm™ u odnosu na
Uzorke 2 1 3, §to moze ukazivati na manji udeo lipidne frakcije ili specificnu mesavinu sorti
(ve¢i udeo Robuste).

2. Ugljeni hidrati: Pik na=~1030 cm™ je najdublji kod Uzorka 3, §to sugerise visi relativni sadr-

Zaj stru

kturnih polisaharida u ovoj kafi.

3. Hlorogenske kiseline: Blage razlike u Sirini trake na 3300 cm™ ukazuju na varijacije u sadr-
zaju polifenola, $to je direktna posledica razli€itih reZima przenja kod analiziranih proizvo-

daca.
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Sprovedena FTIR analiza potvrdila je da svi ispitani uzorci przene mlevene kafe poseduju ka-
rakteristican hemijski profil sa jasno definisanim funkcionalnim grupama lipida, proteina, ugljenih
hidrata 1 kofeina. Iako su spektralni otisci kvalitativno ujednaceni, uocene varijacije u intenzitetu
pikova ukazuju na specifi¢nosti u sirovinskom sastavu i intenzitetu przenja kod razlicitih proizvodaca.

4.3. Analiza sadrzaja ukupnih fenola (TPC) i flavonoida (TFC)

Rezultati odredivanja sadrzaja ukupnih fenola i flavonoida u ekstraktima tri ispitivana uzorka
kafe, dobijeni pri razli¢itim uslovima ekstrakcije, prikazani su u Tabeli 3. Analizom podataka uoc¢ava
se da su vrednosti TPC varirale u Sirokom rasponu od 41,800 mg GAE/g (Uzorak 1, 65°C, 5 min, S/L

odnos 1:20) do maksimalnih 67,120 mg GAE/g (Uzorak 3, 85°C, 30 min, S/L odnos 1:30).

Tabela 3. Rezultati odredivanja sadrzaja ukupnih fenola i flavonoida
u ekstraktima tri ispitivana uzorka kafe

§ Uzorak 1 Uzorak 2 Uzorak 3

3

S & £ & £ & £

= <= <= < <= <= <=

= N c c c c c c

P < o — o — | = = o — | = — o —
=) = = LU S . T S LU S . T = LU S . T
» 5 g |® I =SS |ws I =S8 |w I TSI
c:T |tz |ETtse |Ete|fse |E2o(fge |Ete
S8EE |22 SE|lgSE |§SE|S2E |GSE|SS2E |§ESE
1:20 65 5 41,800 26,400  |46,809 32,935  |47,626 33,436
1:20 65 10 |42,752 26,992  |45,831 33,962  |47,434 35,010
1:20 65 15  |43,374 28,466  |46,092 34,898  |50,030 35,828
1:20 65 20  |44,600 27,174  |45,670 35,699  |50,100 35,013
1:20 65 30 |45,768 27,884  |45,800 34,384  |50,646 37,275
1:20 75 5 43,898 27,484  |44,200 32,037  |46,334 35,549
1:20 75 10 [45,320 27,502  |45,452 32,732 |46,922 34,832
1:20 75 15  |46,136 28,854  |43,616 31,934  |46,132 35,937
1:20 75 20 |47,420 29,286  |46,367 33,261 |47,700 36,586
1:20 75 30 |47,242 28,258  |45,485 33,402  |48,827 36,400
1:20 85 5 46,862 27,200  |48,360 34,110  |50,210 37,140
1:20 85 10  |46,552 27,438 148,570 34,660 |51,420 37,870
1:20 85 15  |48,614 30,826 |49,900 35110 |52,870 38,680
1:20 85 20 |53,048 31,430  |50,650 35,740  |53,900 39,430
1:20 85 30 [53,000 31,238 |50,700 36,410  |59,750 40,210
1:30 65 5 50,084 28,189  |50,247 27,412  |51,761 33,769
1:30 65 10 [52,693 27,697  |52,867 33,125 |57,046 35,590
1:30 65 15 [52,015 30,738  |53,238 33,419  |57,400 38,345
1:30 65 20 [52,249 30,303  |56,863 34,025 |57,535 39,829
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1:30 65 30 51,772 31,028 55,637 34,327 58,521 39,193

1:30 75 5 48,744 27,883 55,953 34,269 56,300 39,305

1:30 75 10 48,939 29,550 56,120 33,706 56,356 40,500

1:30 75 15 49,550 28,600 55,327 34,051 58,752 41,291

1:30 75 20 51,133 30,015 57,625 35,140 59,600 39,883

1:30 75 30 51,790 31,200 57,980 36,030 60,867 46,979

1:30 85 5 53,898 29,721 59,400 34,610 64,120 48,210

1:30 85 10 53,631 32,492 61,200 35,200 64,100 49,530

1:30 85 15 55,304 33,715 63,100 35,870 66,680 50,870

1:30 85 20 56,114 33,340 63,140 36,070 67,100 51,930

1:30 85 30 56,300 33,760 63,990 36,700 67,120 52,460

4.3.1. Uticaj temperature i vremena ekstrakcije

Povisenje temperature sa 65 na 85 °C dovelo je do znacajnog porasta prinosa bioaktivnih jedi-
njenja kod svih uzoraka. Ovaj fenomen se moze objasniti povec¢anom rastvorljivos¢u fenolnih jedi-
njenja i smanjenjem viskoznosti rastvaraca na viSim temperaturama, $to olakSava njihovu difuziju iz
¢vrste matrice kafe u vodenu sredinu.

Kada je u pitanju uticaj vremena, uoc¢ava se da se najveci deo fenola i flavonoida ekstrahuje ve¢
u prvih 15 do 20 minuta. Na primer, kod Uzorka 3 pri S/L odnosu 1:30 i temperaturi od 85 °C, sadrzaj
fenola raste sa 64,120 mg GAE/g (5 min) na 67,120 mg GAE/g (30 min), Sto ukazuje na to da produ-
zavanje vremena nakon postizanja dinamicke ravnoteze nema znacajan ekonomski efekat na prinos.

Kako bi se jasnije prikazao ovaj trend, na Slici 7 predstavljena je promena sadrzaja ukupnih
fenola za Uzorak 3 pri optimalnom S/L odnosu faza 1:30.

Na osnovu grafi¢kog prikaza (Slika 7) jasno se uocava da na 85°C sadrzaj ukupnih fenola zna-
¢ajno odskace od nizih temperatura, potvrdujuci da je termicka energija kljucni faktor za razbijanje
¢elijske matrice kafe i oslobadanje fenolnih jedinjenja. Takode, sa slike se jasno moze uociti da se
nakon 20 minuta ekstrakcije ulazi u zonu zasi¢enja, gde dalji utroSak vremena i energije ne rezultuje

srazmernim povecanjem prinosa.
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Slika 7. Uticaj temperature i vremena na prinos ukupnih fenola (TPC)
za Uzorak 3 (odnos S/L faza 1:30)

4.3.2. Uticaj odnosa faza (S/L odnos)

Odnos biljna droga:rastvara¢ pokazao je presudan uticaj na efikasnost procesa. Povecanje
zapremine rastvaraca sa 1:20 na 1:30 rezultovalo je viSim vrednostima TPC i TFC kod svih merenja.
Veca koli¢ina rastvaraca obezbeduje strmiji gradijent koncentracije, Sto ubrzava prenos mase. Mak-
simalne vrednosti flavonoida zabelezene su kod Uzorka 3 pri odnosu 1:30 i temperaturi od 85°C, gde
je sadrzaj dostigao 52,460 mg KaH/g.
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Slika 8. Uticaj odnos S/L faza i vremena na prinos ukupnih flavonoida (TFC)
za Uzorak 3 (T = 85°C)
1.1 4.4. Specificnosti uzoraka u korelaciji sa granulometrijom

Granulometrijski sastav polaznog materijala pokazao se kao primarni faktor koji odreduje
brzinu kojom fenolna jedinjenja prelaze u rastvor. Uzorak 1, koji karakteriSe vrlo fina mlevenost sa
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medijanom Dyx(50) ~20 um i izrazito uskom raspodelom Dx(90) ~29,7 um, pruza najvecu specifi¢nu
povrsinu za kontakt sa rastvaraCem. To objasnjava izrazito strm uspon krive ekstrakcije u prvih 5
minuta kod ovog uzorka, gde se dostiZe skoro 90% maksimalnog prinosa.

Nasuprot tome, Uzorak 2 i Uzorak 3 imaju znatno krupnije ¢estice (Dx(50) =78 1 110 pm respek-
tivno), Sto teoretski predstavlja veéi difuzioni otpor. Kod krupnijih Cestica put koji molekuli polife-
nola moraju preci iz unutrasnjosti matrice do povrsine je duzi, Sto se manifestuje kroz sporije dosti-
zanje ravnoteznog stanja. Medutim, rezultati pokazuju da krupnija mlevenost ne limitira finalni pri-
nos, ve¢ samo usporava kinetiku, §to je posebno korigovano primenom visih temperatura.

4.5. FTIR spektroskopija kao indikator kvantitativnog bogatstva

Iako su polozaji karakteristi¢nih pikova na FTIR spektrima gotovo identi¢ni, varijacije u njiho-
vim intenzitetima pruzaju klju¢ za razumevanje zasto je Uzorak 3 postigao najbolje rezultate uprkos
nepovoljnijem (krupnijem) granulometrijskom sastavu.

1. Hlorogenske kiseline i polifenoli: Sira i intenzivnija traka na =~ 3300 cm™ kod Uzorka 3
direktno korelira sa najvisSim izmerenim sadrzajem ukupnih fenola 67,120 mg GAE/qg i fla-
vonoida 52,46 mg KaH/g. Ovo ukazuje na to da Uzorak 3 inicijalno poseduje najveci bio-
aktivni potencijal, verovatno usled specificnog geografskog porekla ili blazeg rezima prze-
nja koji je sacuvao polifenolnu strukturu.

2. Strukturni polisaharidi: Pik na = 1300 cm™ je najizrazeniji kod Uzorka 3, $to sugerise visi
sadrzaj strukturnih ugljenih hidrata. lako krupne, ove Cestice su pod uticajem temperature
od 85 °C verovatno postale dovoljno porozne da omoguce visoku iscrpljenost droge.

3. Lipidna frakcija: Nizi intenzitet pikova na =~ 2924 i 1745 cm™ kod Uzorka 1 u poredenju sa
Uzorkom 3 moze ukazivati na razliku u sorti kafe (ve¢i udeo Robuste kod Uzorka 1), Sto
dodatno uti¢e na razli¢ito ponaSanje polifenola tokom ekstrakcije.

5. Zakljucak

Na osnovu sprovedenog istrazivanja karakterizacije uzoraka kafe i optimizacije procesa

ekstrakcije bioaktivnih jedinjenja, mogu se izvesti slede¢i zakljucci:

1. Fizicko-hemijska karakterizacija: FTIR spektroskopija potvrdila je prisustvo klju¢nih funk-
cionalnih grupa karakteristi¢nih za polifenole, kofein 1 lipide kod sva tri ispitivana uzorka,
ukazuju¢i na hemijsku srodnost sirovina uprkos razli¢itom trziSnom poreklu. Granulome-
trijska analiza otkrila je znacajne razlike u stepenu usitnjenosti, pri ¢emu je Uzorak 1 imao
najfiniju strukturu, dok su Uzorci 2 i 3 pokazali bimodalnu raspodelu sa znatno krupnijim
cesticama.

2. Uticaj procesnih parametara: Temperatura i odnos faza (¢vrsto:te¢no) identifikovani su kao
dominantni faktori koji uti¢u na prinos ekstrakcije. PoviSenje temperature sa sa 65 na 85 °C
1 povecanje zapremine rastvarac¢a na odnos 1:30 konzistentno su doveli do povecanja sadr-
zaja ukupnih fenola (TPC) i flavonoida (TFC).

3. Kinetika ekstrakcije: Utvrdeno je da se proces ekstrakcije odvija ubrzano u prvih 15-20
minuta, nakon ¢ega sistem tezi stanju dinamicke ravnoteze. Produzavanje maceracije na 30
minuta rezultuje samo minimalnim povecanjem prinosa, Sto ukazuje na to da su kraci vre-
menski intervali ekonomski opravdaniji za postizanje visokih koncentracija bioaktivnih ma-
terija.

4. Optimalni uslovi: Maksimalne vrednosti bioaktivnog potencijala zabelezene su kod Uzorka
3 pri temperaturi od 85 °C, vremenu ekstrakcije od 30 min i odnosu faza 1:30. U ovim
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uslovima postignut je sadrzaj fenola od 67,120 mg GAE/g i maksimalni sadrzaj flavonoida
od 52,460 mg KaH/g.

Istrazivanje je pokazalo da hemijski sastav 1 udeo odredenih sorti u mesavini (Arabika/Robusta)
imaju presudniji uticaj na antioksidativni kapacitet nego sama fina granulometrija. Dobijeni rezultati
pruzaju jasne smernice za optimizaciju pripreme napitaka od kafe u cilju maksimalnog iskori§¢enja
njenih zdravstvenih benefita, prvenstveno kroz kontrolu temperature i odnosa biljna droga:rastvarac.
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Plamenogasitelji, pojedine kalijumove soli, koriste se kao aditivi radi smanjenja bljeska na
ustima cevi. Uticaj se zasniva na inhibiciji postplamenih reakcija, odnosno na vezivanju reaktivnih
radikala u gasnoj fazi i usporavanju sekundarnih lancanih reakcija sagorevanja, ¢ime se smanjuje
intenzitet vidljivog plamena. Brojni primeri iz prakse, kao i dostupni literaturni podaci, ukazuju da
prisustvo kalijum-sulfata u barutnoj masi nepovoljno utice na hemijsku stabilnost jednobaznih ba-
ruta. U ovom radu analizirace se uticaj sastava barutne mase i tehnoloskog postupka prerade na
krajnju hemijsku stabilnost tri jednobazna baruta razlicite namene, NC-151, NC-48 i NCD-27, ko-
jima je zajednicko prisustvo odredene kolicine kalijum-sulfata. Poredenjem njihovog hemijskog
sastava, sadrzaja stabilizatora i kljucnih faza tehnoloske obrade bice razmotreno na koji nacin sastav
| procesni parametri uticu na hemijsku stabilnost jednobaznih baruta. Procena hemijske stabilnost
bice izrazena parametrom Bergmann—Junk, a Dobijeni rezultati su interpretirani u skladu sa dostup-
nim teorijskim postavkama i specificnostima proizvodnog procesa, sa ciljem identifikacije kljucnih
parametara koji uticu na hemijsku stabilnost jednobaznih baruta koji sadrze kalijum sulfat kao pla-
menogasitelj..

Flame retardants, particularly certain potassium salts, are used as additives to reduce muzzle
flash. Their effect is based on the inhibition of post-flame reactions, i.e., on the scavenging of reactive
gas-phase radicals and the suppression of secondary combustion chain reactions, thereby reducing
the intensity of visible flame. Numerous practical examples, as well as available literature data, indi-
cate that the presence of potassium sulfate in the propellant composition adversely affects the chemi-
cal stability of single-base propellants. This paper analyzes the influence of propellant composition
and processing technology on the final chemical stability of three single-base propellants of different
applications, NC-151, NC-48, and NCD-27, all of which contain a certain amount of potassium sul-
fate. By comparing their chemical composition, stabilizer content, and the key stages of technological
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processing, the study examines how compositional and process parameters affect the chemical stabi-
lity of single-base propellants. The assessment of chemical stability will be expressed by the Ber-
gmann-Junk parameter, and the obtained results will be interpreted in accordance with the available
theoretical principles and the specific features of the manufacturing process, with the aim of iden-
tifying the key parameters affecting the chemical stability of single-base propellants containing po-
tassium sulfate as a flame retardant.

1. Introduction

Since the introduction of smokeless propellants in the late nineteenth century, the reduction of
muzzle flash has remained an important technological requirement, particularly for ammunition in-
tended for night firing and for systems where visual signature must be minimized. Among the addi-
tives historically used for this purpose, potassium salts occupy a special place. Early French practice
linked the use of potassium hydrogen tartrate with anti-flash formulations [1, 2], while later patent
and technical literature documented the application of potassium sulfate as a conventional flame re-
tardant in propellant charges [3, 4]. In parallel with their beneficial effect on flash reduction, however,
these additives gradually came to be recognized as components that may also influence the chemical
stability of the propellant system itself [5-7].

The flame-retarding action of potassium salts is explained by the fundamental chemistry of
high-temperature combustion. In the flame zone and in post-flame reactions, potassium salts react
with the highly reactive H and OH radicals responsible for sustaining secondary combustion, thereby
terminating the radical propagation steps that maintain this process [8, 9]. Through reactions of this
type, the overall radical pool is reduced, post-flame oxidation is inhibited, and the intensity of visible
muzzle flash decreases.

At the same time, the chemical stability of single-base propellants is a complex property gov-
erned by a broad set of mutually related factors, including the chemical composition of the propellant
matrix, the nature and content of stabilizers, grain geometry, the degree of residual acidity, solvent
removal efficiency, and the thermal history of processing. Recent studies on the stability assessment
of single-base propellants confirm that composition, grain characteristics, and the degree of prior
decomposition strongly affect long-term behavior during storage [10-12]. From a formulation stand-
point, potassium sulfate is especially important because it has long been regarded as a traditional
flame-retarding additive, yet practical experience and available technical literature indicate that its
presence may be accompanied by unfavorable effects on chemical stability [5, 6]. In other words, the
reduction of muzzle flash may be achieved at the expense of a lower resistance of the propellant to
chemical degradation, depending on both composition and process conditions.

For this reason, the influence of flame retardants on propellant stability cannot be interpreted
only through the presence or absence of a given additive. It must also be considered through the full
technological route by which the gelatinized nitrocellulose (NC) mass is processed into the final grain.
The sequence of gelatinization, shaping, solvent removal, thermal treatment, and final polishing may
alter the distribution of components within the grain and affect the rate at which destabilizing pro-
cesses develop during storage. Consequently, a meaningful assessment of the role of potassium sul-
fate requires simultaneous consideration of both compositional parameters and production processing
history.

The present paper addresses this issue through a comparative analysis of three single-base pro-
pellants of different applications, designated NC-151, NC-48, and NCD-27, which all contain potas-
sium sulfate in their composition. By comparing their chemical composition, stabilizer content, and
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key stages of technological processing, the paper aims to identify the parameters that most strongly
govern the final chemical stability of these materials. Stability will be evaluated using the Bergmann—
Junk parameter, and the results will be interpreted in the light of available theoretical principles and
manufacturing-specific features. The main goal is to define the most significant compositional and
technological factors by which the chemical stability of single-base propellants containing potassium
sulfate as a flame retardant can be controlled and improved.

1.1. Theoretical assumptions

The theoretical starting point of this study is that the chemical stability of single-base propel-
lants is not determined solely by the intrinsic reactivity of NC, but also by the combined effect of
formulation variables and processing history, especially the presence of residual solvents, phlegma-
tizators and other substances. Tomaszewski, Cieslak, and Zygmunt showed that processing solvents
remaining in smokeless powders significantly affect the thermal decomposition behavior of NC, with
residual water exerting the strongest destabilizing effect [13]. Wei et al. further demonstrated that
humectants such as water and ethanol modify the decomposition behavior and fire risk of NC [14],
while Zhang et al. showed that the choice of solvent system influences the thermo-stability of NC
gun propellants; notably, their data indicate that the diethyl ether/ethanol (DEE/EtOH) system gives
the lowest onset decomposition temperature among the compared solvent systems [15]. Taken to-
gether, these results suggest that the boiling and desolventization stage cannot be regarded as a purely
physical operation, because the nature and removal efficiency of volatile components may signifi-
cantly affect the later thermal behavior and stability reserve of the propellant grain.

From the standpoint of inorganic additives, the key mechanistic framework is provided by Katoh
et al., who showed that near-neutral salts, including K>SO, slightly shorten the induction time of NC
heat release, and that this effect depends on salt solubility. Their interpretation was that such salts in-
crease the boiling point of water, reduce its evaporation from the NC matrix, and thereby accelerate
hydrolytic degradation [5]. Our interpretation doesn’t align with this hypothesis, but the study itself is
very valuable since it determines induction time period for numerous inorganic salts including K2SOa.
In the context of the present study, this finding is particularly important because it links the destabilizing
effect of potassium sulfate not to a simple catalytic action, but to its influence on the physicochemical
environment within the propellant matrix during processing and early decomposition.

2. General technological procedure

The general manufacturing process of single-base propellants begins with the loosening and
proportioning of water-wet NC. This is followed by alcoholization, typically carried out using a hy-
draulic press, after which the alcoholized NC is subjected to gelatinization in kneaders, where diethyl
ether (DEE) is added in order to obtain a homogeneous colloided propellant mass. The resulting mass
is then press-molded and cut into the desired grain geometry, followed by transfer of the propellants
to chambers for preliminary solvent removal.

From this stage onward, the technological route differs depending on the propellant type. In the
case of large-grain propellants, such as NCD-27, solvent removal is performed by blowing inertized
air through the grains, this procedure is followed by boiling after which the propellant is dried (caisson
technology), finally the propellant is polished and sieved. For some fine-grain propellants, or for
propellants whose chemical composition does not permit boiling, such as NC-151, solvent removal
is carried out in a vacuum chamber. In the case of NC-48, the pressed propellant, after preliminary
solvent removal, is introduced directly into water and then boiled to remove the remaining solvent.
The propellant is subsequently dried and polished using a polyester-based polishing agent. In order
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to obtain grains with the required granulometric density and a smooth polished surface the NC-48
propellant is re-polished and finally sieved.

Thus, although the initial and final stages of production are generally common for single-base
propellants, the solvent-removal step represents the key technological difference that may signifi-
cantly affect the final properties and stability of the propellant.

3. Materials and methods

The chemical stability of the investigated single-base propellants was determined by the clas-
sical Bergmann—-Junk method using the Schulze-Tiemann subgroup for volumetric determination of
evolved nitric oxide. Since the tested propellant’s grains NCD-27, NC-151 and NC-48, are larger
size, the samples were chopped prior to analysis. The original grains were chopped into smaller pieces
of approximately 2.0 x 2.5 mm and sieved through 2.5 x 2.0 mm sieves, while the fraction retained
on the 2.0 mm sieve was selected for testing. Approximately 5.0 + 0.01 g of the prepared sample was
weighed into heating tubes of 220 + 5 mm length and 20 mm diameter, after which an absorption
nozzle was attached. Before heating, the prepared samples were dried at 100 °C for 5 h and then
allowed to cool to room temperature in a desiccator for about 4 h [16].

For the Bergmann-Junk test, the absorbent used for nitrogen oxide collection was 3% hydrogen
peroxide with a small addition of solid MnO>. The absorbent was carefully introduced through the
absorption nozzle into the heating tube containing the examined sample, and the assembled apparatus
was then heated in a thermoblock at 132 °C for 5 h. After heating, the apparatus was allowed to cool
to room temperature, and the absorbent solution in the heating tube was replaced without disconnect-
ing the heating tube from the absorption nozzle. The resulting solution was then subjected to classical
analytical filtration in order to obtain the filtrate for nitric oxide determination [16, 17].

In the Schulze-Tiemann subgroup, the filtrate was transferred into an acidic reaction medium
and mixed with KMnOs, FeCly, and technical HCI. The resulting mixture was placed in a round-
bottom flask connected to the gas-measuring assembly. Upon heating, nitric oxide was released and
passed through the system into a gas burette initially immersed in 30% sodium hydroxide solution.
The burette was then transferred into water, and the gas volume was read. A blank test was carried
out in the same manner using 3% H»>O> without sample. The measured gas volume was corrected for
the blank (equation 1). Particular care was taken during transfer of the gas burette from the NaOH
solution to water, since this step is critical for minimizing interference from atmospheric gases. The
final result was expressed as cm® NO per 5 g of propellant and used for comparative evaluation of the
chemical stability of the tested samples (equation 2).

(By —W)-Vg -273

V, = 1
' 760-T @
(B, —W)-2V; -273
VNO(propeIIant) = 760-T V1 (2)

V1 (cm?®) — corrected volume of NO gases for blank test;

Bo (mbar) — the barometric pressure calculated on the standard pressure and temperature;
W (mbar) — the saturation vapor pressure of water at room temperature;

Vg (cm?®) — the volume of NO gases from blank test experiment;

T (K) — measured temperature during experiment;

VNo(propeliant) (€M) — corrected volume of NO gases from test experiment;

V7 (cm?®) — the volume of NO gases from test experiment
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Samples of the three propellants were taken from finished production series of each single-base
powder. For each propellant, seven different series were analyzed. Unless otherwise stated, all chem-
icals used for determination of the Bergmann—Junk parameter were of analytical grade.

4, Results and discussion

In the Table 1 are given corrected volumes of NO gas evolved during standardized Bergmann—
Junk (BJ) procedure.

Tablel: Bergmann-Junk parameter (cm® NO/ 5g of propellant)
for NCD-27, NC-151 and NC-48

NCD-27
S.A s.B s.C s.D s.E s.F s.G mean value
5.32 5.84 5.38 5.28 5.28 6.93 5.06 5.58+0.64
NC-151
s.A s.B s.C s.D s.E s.F s.G mean value
5.18 4.08 5.11 4.77 4.00 3.05 4.82 4.43+0.76
NC-48
S.A s.B s.C s.D s.E s.F s.G mean value
7.21 6.16 6.30 10.56 11.34 7.67 5.81 7.91+2.20

As shown in Table 1, the Bergmann—Junk (BJ) parameter varies considerably among different
series of propellant NC-48, whereas the scatter is markedly lower for NCD-27 and, especially, for
NC-151. This behavior is consistent with the technological route described in Section 2, where NC-
48, after preliminary solvent removal, is introduced directly into water and subjected to boiling. Ac-
cording to empirical production experience, the BJ value increases during the boiling stage and usu-
ally reaches its maximum during the final boiling regime, when the water temperature attains the
highest value prescribed by the technological procedure. For that reason, the BJ parameter is deter-
mined after the final boiling stage in order to assess whether the propellant is suitable for further
processing. In later stages of manufacture, the BJ value tends to decrease, which may be attributed to
the stabilizing effect of diphenylamine, the conventional stabilizer used in many single-base propel-
lants, including the three materials examined here [11,12,16].

Available literature provides a plausible explanation for this behavior. The stability of nitrocel-
lulose-based propellants is strongly influenced by formulation variables, solvent content, residual
moisture, and the applied technological procedure [11-15]. In particular, the presence of residual
processing solvents and water has been shown to affect the decomposition behavior of NC, while
increased moisture content promotes hydrolytic degradation and shifts the system toward lower ther-
mal stability [10,13-15]. This effect appears to be most pronounced in NC-48, where NC, residual
solvent, and water are simultaneously present during boiling. For practical industrial application, par-
ticular attention should be paid to the boiling stage of NC-48 processing, especially during the initial
boiling regimes when the solvent content inside the propellant grain is still relatively high. The ob-
tained results suggest that careful control of the water temperature increase, particularly during the
early stages of boiling, may represent an important process measure for reducing BJ parameter vari-
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ability and preserving the chemical stability of the propellant. The situation becomes even more im-
portant when K>SO is also present in the grain. Therefore, the present results suggest that K2SO4
does not necessarily destabilize NC on its own, but its destabilizing contribution becomes signifi-
cantly more pronounced when the propellant matrix contains elevated solvent content and is simul-
taneously exposed to water during processing. This interpretation is supported by the behavior of NC-
151, which contains a high amount of K>SO4 (47.0 = 1.0 wt.% [12]) but exhibits much smaller BJ
variation than NC-48, indicating that the technological environment in which the salt is present is at
least as important as its concentration. By contrast, in NCD-27, where the grain contains dinitrotolu-
ene and dibutyl phthalate, the variability of BJ is substantially reduced. Besides facilitating gelatini-
zation, these additives likely improve the protection of the NC matrix against the combined influence
of water and flame retardant, thereby reducing the extent of destabilization during processing. In this
sense, the results in Table 1 indicate that the final chemical stability of single-base propellants is
governed not only by the presence of flame retardants, but by the combined action of composition,
solvent-removal history, water exposure, and gelatinization formulation additives [5,11-15].

5. Conclusions

The obtained results indicate that the chemical stability of single-base propellants is determined
by the combined influence of composition and technological processing. The highest variability of
the Bergmann-Junk parameter was observed for NC-48, which is consistent with its technological
route involving direct contact with water during boiling in the presence of residual solvents. In con-
trast, NCD-27 and NC-151 showed lower variation, indicating that the presence of gelatinization
and/or phlegmatization additives and the absence of such unfavorable processing conditions improve
stability behavior. The results further suggest that potassium sulfate should not be considered an in-
dependently dominant destabilizing factor; instead, its negative influence becomes critical when com-
bined with high solvent content and direct water contact during processing. Therefore, the final chem-
ical stability of single-base propellants depends on the interaction between flame retardant content,
solvent-removal history, water exposure, and the presence of formulation components that protect the
nitrocellulose matrix.
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U radu je izvrSena preliminarana identifikacija odabranih polimernih materijala i elastomera
na bazi ispitivanja njihovog ponaSanja u otvorenom plamenu kao i na bazi procene gustine (pluta-
nje/tonjenje) u odgovarajucoj tecnosti, uz primenu brzih metoda identifikacije. Pretpostavljeno je da
se na osnovu jednostavnih nestandardnih testova, brzih metoda identifikacije, moze izvrsiti procena
vrste materijala od koje su izradeni krajnji proizvodi od polimera/elastomera, a da dobijeni rezultati
mogu odstupati od literaturnih vrednosti za ciste polimere/kaucuk. Na osnovu identifikovanih karak-
teristika prema primenjenim metodoma, moze se smatrati da su ispitivani uzorci izradeni od sledecih
materijala: ABS kaucuk, PET, PS, PP. Modifikacija osnovnog polimera u procesu kompaundiranja
polimernog materijala utice na promenu ispitivanih svojstava u odnosu na vrednosti za ciste kompo-
nenete.

In this paper, a preliminary identification of the type of polymer materials from which samples
of commercial polymer products were made was performed. The burning test was used to examine
the behavior of the samples in an open flame. The method of flotation of samples in water was used
to estimate the density of the samples from the tested series. It was assumed that additives for plastics
cause deviations of the formulated plastics in relation to the expected behaviors shown in the litera-
ture for the basic polymer. It was estimated that the samples from the tested series, according to both
applied methods, were made of thermoplastic polymer materials based on: HPP; PET, HIPS, ABS.
Testing samples of commercial products made of thermoplastic materials are widely used for the
production of various packaging due to the satisfactory application properties formed by the pro-
cessing of the basic polymer, that is, by the formulation of modern types of polymer materials.

1. Introduction

Modern formulations of materials based on thermoplastic polymers are widely used in all in-
dustrial branches. In accordance with their improved qualitative and application properties adapted
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to the requirements of industrial markets and environmental acceptability, they occupy a very im-
portant place in application. Because industrial products made from thermoplastic materials can be
recycled [1, 2] they can very often be preliminary identified in landfills by quick methods, in order to
increase the efficiency of their recycling. From the practical point of view, the above justifies the
choice of the topic of this work.

Acrylonitrile-Butadiene-Styrene (ABS) plastic is known for its excellent impact resistance,
making it suitable for applications that require durability and toughness. ABS plastic is used to pro-
duce a wide range of products across various industries. Some common industries and types of prod-
ucts made out of ABS plastic include: consumer electronics, automotive parts, toys and games, house-
hold appliances, medical devices and equipment, sports and recreation equipment [3].

Polyethylene Terephthalate (PET) is a dimensionally stable thermoplastic with excellent ma-
chining characteristics that is transparent, lightweight, high tensile strength, semi-crystalline, virtually
shatterproof, gas barrier, and solvent resistant. It is generally considered as inert and safe plastic, and
highly recyclable. At present it is the most generally used thermoplastic polymer in the world. It is
widely used as a packaging material in the food and beverage industries. It is also used to make fibers,
pharmaceuticals, and make-up. With its lightweight, durable, and versatile properties, it has become
an essential substance in the modern society [4].

Polystyrene (PS), a widely used synthetic aromatic polymer, is integral to industries such as
packaging, construction, and medical equipment. General Purpose PS (GPPS), Expanded PS (EPS),
High Impact PS (HIPS), and Syndiotactic PS (SPS) are some of the industrial important variants [5].
The Recycling of PS has been considered as a major strategy employed to reduce heavy load of plastic
waste from environment but saddled with unlimited challenges [6].

Polypropylene (PP) is one of the most commonly used thermoplastics in the world. PP uses
range from plastic packaging, plastic parts for machinery and equipment and even fibers and textiles
[7]. PP is classified into three main types based on its chemical structure and properties [8]:

— Homopolymer (HPP). It is the most prevalent sort of market share is between 65% and 75%.

Uses: Injection-molded items, fibers, sheets, and containers;

— Random Copolymer (RCP). Uses: In flexible containers that need clarity and transparent

films (cast films);

— Polypropylene Impact Copolymer (ICP). Applications are ideal for impact-prone containers

and automotive uses.

Quick methods for the identification of polymeric materials are simple tests that do not require
a standardized method and procedure of sample preparation or the latest generation testing equipment.
In this way, they allow only an assessment or a preliminary determination of the type of polymer
material from which the examined samples were made [9,10]. The quick methods are applied in cases
where only an assessment of the type of material from which the product is made is sufficient (for
example: used packaging, etc.). This gives them an advantage of application in the separation of
polymer materials for recycling at landfills and the like.

In this paper, a preliminary identification of the type of polymer materials from which samples
of commercial polymer products were made was performed. The burning test was used to examine
the behavior of the samples in an open flame. The method of flotation of samples in water was used
to estimate the density of the samples from the tested series. It was assumed that additives for plastics
cause deviations of the formulated plastics in relation to the expected behaviors shown in the literature
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for the basic polymer. It was assumed that the samples from the tested series, according to both ap-
plied methods, were made of thermoplastic polymer materials based on: HPP; PET, HIPS, ABS [9],
[10], [11].

2. Experimental part

2.1. Material

A series of 4 samples was used for testing using the burning test and the floating/sinking test in
the corresponding liquid. The following samples of finished products made of polymer materials were
examined: a glass of sour-milk product (sample 1); still water bottle (sample 2); bottle of personal
hygiene product (sample 3); small toy (sample 4). The description of the tested samples is shown in
Table 1.

Based on the reading numbers/labels from samples 1-3 (in accordance with recycling codes)
from the literature [9,10] it was assumed that these are made of polymer materials based on: PS, PET,
PP. The read data served as a guide for the examination of samples by selected, quick methods of
analysis.

In the case of sample 4, the manufacturer's data [11] served as a guide for identification.

Table 1. Baseline data for evaluating the type of material in the tested series of samples

Sample | Appearance/description Visual Manufacturer label | Density, g/cm3[9] | A guide to
of the sample description of the [9] or information literature value for | determining
sample [11] with a base polymer the type of
description material
Sample 1| sour-milk packaging milky white. Itis 6 — PS/HIPS 1,05 PS/HIPS
products not transparent, PS/HIPS
without press
Sample 2 still water bottle completely trans- 1-PET 1,35 PET
parent,
without press
Sample 3| packaging - a bottle of | Itis not transpar- 5-PP 0,905 PP
personal hygiene prod- ent, colored,
ucts without press
Sample 4 | Small toy - classic Lego | of hard plastic, ABS 1,05 ABS
brick red colored copolymer
2.2. Methods

The testing of a series of samples using the burning test was carried out in the laboratories of
the Technical College of Applied Sciences in Zrenjanin. The burning test does not require the appli-
cation of standardized sample preparation methods [9,10]. In order to prepare, pieces of samples 1-3
of adequate size were cut to be introduced into the flame. Sample 4 was of a suitable size and shape
so that it could be introduced into an open flame using tweezers without preparing the test tube. Each
sample was individually introduced into the open flame of a Bunsen burner. The gas supply to the
Bunsen burner was reduced to a minimum, to obtain a weak flame, for easier observation of changes
in the sample. The behavior of tested samples in an open flame was observed: combustibility in/out-
side the flame; possibility of formation of drops during burning or melting of plastic material; the
smell of steam after removing the flame; appearance of the residue after the test [9,10].
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The flotation method was used to estimate the density of the samples from the tested series [9].
The method involves immersing the samples in the selected test liquid and observing the changes:
the sample floats in the test liquid close to the mouth, swims below the surface of the test liquid/sinks
to the bottom of the container with the test liquid. Based on the literature values of the density of
samples from the tested series [9] for the test liquid of generalized approximate density, water was
selected. The method is applicable because, according to literature data [10], the samples from the
examined series do not dissolve in water, do not swell in water, and are in a compact-solid (non-
foamed) state. Water was poured into a transparent test container and each individual sample was
completely immersed in water using a glass rod (so that it was fully wetted). After removing the stick,
the sample was left in a container of water to observe its behavior. The test was performed at 20°C
using distilled water.

3. Results and discussion

The results of testing a series of samples using the burning test are shown in Table 2.

Table 2. Results of assessment of the type of polymer material using the burning test

Sample Flammability and The smell of Appearance of the | Assessment of the type of
flame appearance released gases remains Polymer material
after burning

Sample 1 It turns on and off. Styrene-like, burnt, black residue. PS/HIPS

It burns with a flickering flame. | aromatic odor.

Yellow to dark black.
Elongated flame,

very sooty.
Sample 2 bright flame, On the gas Burned. PET
crackles, goes out. and sour.
Sample 3 It ignites and continues to burn Faint smell. Burned out. PP
after being taken out of the No falling drops.
flame.

Yellow with a blue circle at the
beginning of burning.

Sample 4 Similar to PS. Irritating. Burnt and melted. ABS

The results of the evaluation of the type of polymer material using the method of flotation of
samples in water are given in Table 3.

Sample 1 is made of high toughness polystyrene (HIPS), that is, of GPPS, which is modified
with polybutadiene chains. Modification of GPPS is carried out in order to achieve the required me-
chanical properties for use as packaging, for food products [12] (properties: dimensional stability,
stiffness, etc.). Based on the above, it is considered that sample 1 has been preliminarily identified as
a thermoplastic material: HIPS.

Sample 2 is made of PET. Transparent PET is a dimensionally stable, light, strong thermo-
plastic polymer, with excellent barrier properties against gases and external influences [4]. It is easily
molded into standard bottles by blowing, for example, still water. It should be emphasized that in the
case of the production of transparent PET, the polymerization reaction of the polymer is conducted
in such a way as to obtain a polymer with a purely amorphous structure, which gives it the required
possibility of application.
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Table 3. The results of the evaluation of the type of polymer material using
the method of flotation of samples in water

Sample Density, g/cm3 [9] Assessment of the type of
literature value for base polymer polymer material
Sample 1 1,05 Maintained on the surface, sub- PS/HIPS
merged.
PS/HIPS
Sample 2 1,35 Sinking to the bottom. PET
Sample 3 0,905 Floats on the surface. PP
Sample 4 1,05 Maintained on the surface, sub- ABS
Copolymer merged.

Sample 3 is made of HPP because it is extensively used for making opaque (milky-white) pack-
aging [13] e.g. for food and chemical products. HPP It is a standard thermoplastic material with sat-
isfactory stiffness and barrier properties for the production of standard packaging. It is easily pro-
cessed and shaped by injection molding and blowing for the production of e.g. bottle of standard
quality.

It can be considered that sample 4 is made of ABS, which is a copolymer of acrylonitrile and
styrene, which is modified with polybutadiene chains; but also with the addition of additives during
the formulation of the material (during the processing of the basic polymer). It is stated in accordance
with the manufacturer's data and the type/purpose of the selected test samples [3,11].

The results confirmed the initial estimates of the type of material of the samples (according to
the recycling label/manufacturer's information) used in this test.

It should be emphasized that certain deviations were observed in the behavior of the series of
tested samples in an open flame, compared to the behavior of pure polymers. According to the ob-
tained results of the application of both test methods, the influence of additions to thermoplastic pol-
ymer materials on the change in the flammability of the starting polymers was confirmed. Additives
in plastic masses affect the possibility of identification of polymer materials by burning test, which
IS in accordance with previous tests for certain materials from the tested series. [14].

The floating test of the samples in water confirmed the results of the burning test for the samples
from the tested series.

4, Conclusion

According to the results of the tests using selected quick identification methods, the assumption
that the samples of the final polymer products are made of thermoplastic polymer materials based on:
HIPS, PET, HPP, ABS has been confirmed.

The presence of additives in plastic masses in the series of tested samples interferes to a lesser
extent with the preliminary identification of the type of polymer material. The processing of the basic
polymer in order to produce thermoplastic polymer materials of a defined purpose, enables obtaining
a new class of material in relation to the basic/pure polymer, which results in differences in behavior
in relation to the basic polymer.

The further course of work could include the study of the behavior of the samples during the
pyrolytic test, consideration of the influence of the type of processing method on the possibility of
evaluating the type of polymer materials using quick identification methods and similar.
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Fontanski sloj predstavlja efikasan sistem za kontakt gas—krupne cestice sa Sirokom primenom
u hemijskoj industriji. Posebno mesto zauzima fontanski sloj sa cevnim umetkom, koji kombinuje
prednosti pakovanog sloja sa karakteristicnim fontanskim reZimom strujanja, omogucavajuci bolju
kontrolu procesnih parametara i vecu efikasnost sistema. U ovom radu prikazano je eksperimentalno
ispitivanje fluido-dinamike u laboratorijskoj koloni sa fontanskim slojem i cevnim umetkom. Ekspe-
rimentalna instalacija obuhvata kolonu sa ugradenim mernim mestima za pritisak duz centralne cevi
(p1—p6) i u anularnom prostoru (pAl i pA2). Na dnu kolone nalaze se dva seta mlaznica za kontroli-
sano uvodenje vazduha u sistem: kompresor obezbeduje strujanje vazduha kroz centralnu cev, dok
ventilator omogucava protok kroz anularni prostor. Ispitivanja su izvedena koriscenjem sfernih sta-
klenih Cestica, pri cemu je variran protok vazduha kroz centralnu cev i anulus. Posebna paznja posve-
Cena je ispitivanju uticaja visine centralne cevi, koja je podeSavana na 3, 4,5, 6 i 8 cm. Analizirani
su profili pritiska i maseni protok Cestica kao kljucni fluido-dinamicki parametri. Rezultati pokazuju
da visina centralne cevi znacajno utice na hidrodinamicko ponasanje i stabilnost sistema. Nize pozi-
cije centralne cevi (3—4,5 cm) obezbeduju stabilniji rad, manji pad pritiska i jednostavniju regulaciju
procesa. Poredenjem Cetiri ispitivane konfiguracije utvrdeno je da smanjenje visine centralne cevi
dovodi do poboljsanja ukupne efikasnosti sistema. Dobijeni rezultati potvrduju da fontanski sloj sa
cevnim umetkom predstavlja efikasnu tehniku za procese kontakta gas—cestice, uz mogucnost optimi-
zacije kroz izbor odgovarajucih geometrijskih parametara.

A spouted bed represents an efficient gas—coarse particle contact system with wide application
in the chemical industry. In particular, a spouted bed with a draft tube (central tube insert) combines
the advantages of packed beds with the characteristic spouting regime, enabling improved control of
process parameters and enhanced operational efficiency. In this study, an experimental investigation
of fluid dynamics in a laboratory-scale spouted bed column with a draft tube was performed. The
experimental setup consisted of a column equipped with pressure measurement ports located along
the central tube (p1-p6) and in the annular region (pAl and pA2). Air was introduced into the system
through two sets of nozzles at the bottom of the column: compressed air supplied the central tube,
while a fan provided airflow through the annular space. Experiments were conducted using spherical
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glass particles, with systematic variation of airflow rates through both the central tube and the annu-
lus. The influence of central tube height on system performance was investigated for four configura-
tions: 3, 4.5, 6, and 8 cm. Key fluid-dynamic parameters, including pressure profiles and particle
mass flow rate, were measured and analyzed. The results demonstrate that the central tube height
has a significant impact on the hydrodynamic behavior and stability of the spouted bed. Lower central
tube positions (3—-4.5 cm) resulted in more stable operation, lower pressure drop, and improved pro-
cess controllability. Comparative analysis of the four tested configurations indicates that reduced
central tube height enhances overall system efficiency. These findings confirm that spouted beds with
draft tubes represent a highly effective technique for gas—solid contact processes, with potential for
optimization through appropriate geometric configuration.

1. Uvod

Fontanski sloj predstavlja jedan od efikasnih sistema za kontakt gasa-krupne Cestice sa Sirokom
primenom u hemijskoj industriji [1,2]. Sistemi sa pakovanim slojem cestica koriste se u brojnim
industrijskim procesima, omoguc¢avajuci intenzivan kontakt izmedu faza [3]. U tom kontekstu, fon-
tanski sloj sa cevnim umetkom predstavlja savremeno reSenje koje kombinuje principe pakovanog
sloja sa karakteristicnim ,,fontanskim* efektom, obezbedujuci dobru kontrolu procesnih parametara i
visoku efikasnost u operacijama kao $to su kataliza, suSenje i mikroinkapsulacija [4,5]. Poseban zna-
¢aj ovih sistema ogleda se u moguénosti obrade razli€itih tipova Cestica, ukljucujuci nepravilne, sitne
i lepljive materijale, Sto ovu oblast €ini aktuelnom i istrazivacki relevantnom [2].

Uprkos znac¢ajnom broju istrazivanja, i dalje postoje nedovoljno razjaSnjeni aspekti uticaja kon-
struktivnih i operativnih parametara na rad fontanskog sloja sa cevnim umetkom [4,5]. Posebno se
izdvajaju uticaji visine centralne cevi i raspodele protoka izmedu centralne cevi i anularnog prostora
na fluidodinamicke karakteristike sistema. Dosadasnja istrazivanja su se pretezno fokusirala na
osnovne radne rezime, dok je optimizacija ovih parametara sa aspekta energetske efikasnosti i stabil-
nosti rada ostala nedovoljno ispitana, ¢ime se otvara prostor za dodatna istrazivanja.

Predmet ovog rada je eksperimentalno ispitivanje uticaja visine centralne cevi i raspodele pro-
toka gasa kroz centralnu cev i anularni prostor na fluidodinamicke parametre fontanskog sloja sa
inertnim Cesticama. Cilj istrazivanja je odredivanje optimalnih uslova rada sistema u cilju postizanja
stabilnog fontanskog rezima i efikasnog iskoriS¢enja energije. Istrazivacka pitanja obuhvataju uticaj
visine cevi na profil pritiska i stabilnost sloja, kao 1 uticaj raspodele protoka na maseni protok Cestica
i ukupnu efikasnost procesa. Polazi se od hipoteze da postoji optimalna kombinacija ovih parametara
koja omogucava stabilan rad i poboljSane performanse sistema.

Ocekuje se da rezultati istrazivanja omoguce jasnije razumevanje medusobnog uticaja ispitiva-
nih parametara i definiSu optimalne operativne uslove. Dobijeni zaklju¢ci mogu imati znacajnu pri-
menu u unapredenju industrijskih procesa, posebno u operacijama kao §to je susenje, kroz razvoj

.....

2. Materijali i metode

2.1. Opis aparature

Eksperimenti su izvedeni u koloni sa fontanskim slojem i cevnim umetkom, sa ciljem ispitiva-
nja uticaja visine centralne cevi na fluido-dinamicke karakteristike sistema [3,4,7,10]. Sematski pri-
kaz eksperimentalne kolone dat je na slici 1, dok su osnovne geometrijske i merne karakteristike
sistema opisane u nastavku.
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Slika 1. Sematski prikaz fontanskog sloja sa cevnim umetkom

Kolona pre¢nika 10,4 cm sastoji se od centralne cevi visine 154 cm, spoljasnjeg prec¢nika 20
mm i unutraS$njeg prec¢nika 15 mm, kroz koju se vazduh uvodi pomoc¢u mlaznice, i anularnog prostora
koji se formira izmedu cevi i zida kolone. Na dnu anularnog prostora, koji je konusnog oblika, postav-
ljene su mlaznice za uvodenje vazduha, ¢ime se omogucava nezavisna kontrola strujanja u oba dela
sistema.

Radi pracenja raspodele pritiska, duz centralne cevi postavljeno je Sest mernih mesta (p1—ps),
dok su u anularnom prostoru definisane dve merne ta¢ke (pa1 I pa2), Sto je prikazano na slici 1, a
njihove tac¢ne pozicije date su u tabeli 1.

Tabela 1. Polozaj senzora

Oznaka senzora pritiska Polozaj senzora u odnosu na dno kolone
P1 2cm
P2 17 cm
P3 32cm
P4 72 cm
P5 112 cm
P6 152 cm
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Snabdevanje sistema vazduhom realizovano je pomoc¢u kompresora za centralnu cev 1 ventila-
tora za anularni prostor, pri ¢emu su protoci mereni rotametrima i oznaceni kao Vo i Vao, respektivno.
Na ovaj na¢in omogucena je precizna kontrola ulaznih procesnih parametara [1].

Strujanje vazduha kroz centralnu cev indukuje transport Cestica sa dna kolone, pri ¢emu se for-
mira fontanski sloj [2,5,8]. Cestice se nakon uzlaznog kretanja vra¢aju u anularni prostor kroz
povratnu cev, gde je, pomocu klapne, omoguceno njihovo izdvajanje iz sistema i odredivanje mase-
nog protoka, oznac¢enog kao Gp.

Kao ¢vrsta faza koris¢ene su inertne Cestice — staklene sfere pre¢nika 2 mm, ¢ije su karakteri-
stike prikazane u tabeli 2.

Tabela 2. Karakteristike Cestica u sloju

Precnik Cestica, Masa Cestica, Gustina Cestica, Brzina minimalne fluidizacije,
dp [mm] m [ko] pp [kg/im?] Unr [m/s]
2 5646,27 2500 1,15983

2.2. Postupak rada

Eksperimentalni rad podeljen je u Cetiri seta, pri cemu svaki set odgovara razli¢itoj visini cen-
tralne cevi (3 cm, 4,5 cm, 6 cm i 8 cm), ¢ime je omogucéena analiza uticaja ovog geometrijskog para-
metra na ponasanje sistema [3].

Tokom izvodenja eksperimenata, protok vazduha kroz centralnu cev odrzavan je konstantnim
za zadatu vrednost, dok je protok kroz anularni prostor postepeno povec¢avan u opsegu od 0 do 40
m?3/h, §to je omogucilo sistematsko ispitivanje uticaja oba strujna toka. Za svaku vrednost protoka
kroz anularni prostor vrSena su merenja pritiska pomocu digitalnih senzora, nakon cega je odredivana
masa Cestica izdvojenih iz sistema u vremenskom intervalu od 5 s, Cime je izraCunavan maseni protok
Cestica. Na taj nacin su za svaku radnu tacku simultano odredivani hidrodinamicki i transportni para-
metri sistema [4].

U okviru svakog seta eksperimenata, za protoke kroz centralnu cev u opsegu od 15 do 25 m3/h,
varirani su protoci kroz anularni prostor, pri ¢emu je najveci broj kombinacija ostvaren za najmanju
visinu centralne cevi (3 cm). Sa povecanjem visine centralne cevi dolazi do smanjenja broja stabilnih
radnih rezima, buduc¢i da pri niskim protocima ne dolazi do formiranja fontanskog sloja, dok se pri
visokim protocima javlja klipno strujanje [2,5,9].

Svi eksperimenti izvedeni su u stacionarnim uslovima, pri ¢emu je opisani postupak omogucio
prikupljanje podataka neophodnih za odredivanje profila pritisaka u centralnoj cevi i anularnom pro-
storu, kao 1 za analizu masenog protoka ¢estica u sistemu.

3. Rezultati i diskusija
3.1. Rezultati

Eksperimentalni podaci obradeni su u softverskom paketu Excel, pri cemu su odredeni poduzni
padovi pritiska u anularnom prostoru i centralnoj cevi, kao 1 maseni protok ¢estica. Pad pritiska izra-
zen je kao razlika pritisaka izmedu odgovaraju¢ih mernih tacaka normalizovana njihovim meduso-
bnim rastojanjem, dok je maseni protok ¢estica odreden kao odnos izmerene mase 1 vremena isticanja.

U cilju reprezentativnog prikaza rezultata izdvojene su slike 2—4, koje prikazuju uticaj visine
centralne cevi na klju¢ne procesne parametre pri stabilnim radnim rezimima.

Na slici 2. prikazan je uticaj visine centralne cevi na pad pritiska u anularnom prostoru. Uocava
se da sa povecanjem visine dolazi do porasta pada pritiska do priblizno 4,5 cm, nakon ¢ega dalji



95

39. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI

porast visine nema znacajan uticaj na posmatrani parametar. Istovremeno, pad pritiska pokazuje izra-
Zenu zavisnost od protoka kroz anularni prostor, sa monotonim porastom u celom ispitivanom opsegu

[1,7].
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Slika 2. Graficki prikaz uticaja visine centralne cevi na pad pritiska u anulusu

Na slici 3. prikazan je uticaj visine centralne cevi na pad pritiska u centralnoj cevi. Rezultati
ukazuju na postepeno povecanje poduznog pada pritiska sa poveéanjem visine, Sto upucuje na pro-
mene u hidrodinami¢kom rezimu i intenzitetu interakcije izmedu fluida i ¢estica unutar cevi [3,4,10].
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Slika 3. Graficki prikaz uticaja visine centralne cevi na pad pritiska u centralnoj cevi

Na slici 4. prikazan je uticaj visine centralne cevi na maseni protok Cestica. UoCava se porast
masenog protoka sa povecanjem visine, uz tendenciju asimptotskog ponaSanja pri ve¢im visinama,

gde razlike izmedu 6 1 8 cm postaju zanemarljive.
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Slika 4. Graficki prikaz uticaja visine centralne cevi na maseni protok cCestica

3.2. Diskusija

Dobijeni rezultati ukazuju da su hidrodinamicke karakteristike fontanskog sloja dominantno
odredene medusobnim odnosom protoka kroz centralnu cev 1 anularni prostor, dok visina centralne
cevi ima sekundarni, ali ne zanemarljiv uticaj.

Pad pritiska u anularnom prostoru pokazuje ograni¢enu osetljivost na promenu visine centralne
cevi. Nakon odredene geometrijske konfiguracije (~4,5 cm), dalji porast visine ne dovodi do znacaj-
nih promena, $to sugeriSe da je strujanje u anularnom prostoru prvenstveno kontrolisano ulaznim
protokom, a ne geometrijom umetka [1,2]. Ovakvo ponasanje je u skladu sa o¢ekivanom dominaci-
jom spoljnog strujanja u odredivanju ukupnog hidrauli¢kog otpora sistema.

Nasuprot tome, pad pritiska u centralnoj cevi pokazuje izrazeniju zavisnost od visine. Poveca-
nje visine dovodi do produzenja zone interakcije izmedu gasne i Cvrste faze, ¢ime se povecava disi-
pacija energije i ukupni hidraulicki otpor [3]. Ovo ukazuje na znacaj unutrasnje cirkulacije Cestica i
intenziteta dvofaznog strujanja u centralnoj zoni.

Maseni protok Cestica raste sa povecanjem visine centralne cevi, ali sa smanjenjem intenziteta
rasta pri ve¢im visinama. Uoceno asimptotsko ponaSanje ukazuje na postojanje ograni¢enja u tran-
sportnom kapacitetu sistema, koje je verovatno povezano sa stabilnos¢u fontane i prelaskom ka ne-
povoljnim reZzimima strujanja (klipno strujanje) [2,5,8,9].

Sa aspekta optimizacije procesa, pad pritiska i maseni protok predstavljaju suprotstavljene kri-
terijume. Povecéanje protoka vazduha unapreduje transport ¢estica, ali istovremeno povecava energet-
ske gubitke. Stoga optimalni radni uslovi podrazumevaju kompromis izmedu maksimalnog transporta
Cestica i minimalnog energetskog utroska.

Rezultati ukazuju da povecanje visine centralne cevi iznad odredene vrednosti ne donosi pro-
porcionalno poboljSanje performansi, $to je od znacaja pri projektovanju i skaliranju sistema sa fon-
tanskim slojem.

4. Zakljucci

Analizom eksperimentalnih rezultata utvrdeno je da se pri najmanjem rastojanju centralne cevi
od dna kolone (3 cm) ostvaruje stabilan rezim vertikalnog toka uz najmanji potreban protok gasa kroz
centralnu cev. U tim uslovima zabeleZeni su i najmanji ukupni pad pritiska i najmanji maseni protok
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Cestica. Povecanjem visine centralne cevi dolazi do porasta pada pritiska 1 masenog protoka Cestica,
ali 1 potrebe za ve¢im protocima gasa radi uspostavljanja stabilnog fontanskog rezima.

Manje rastojanje cevi od dna pogoduje radu sistema sa aspekta niZe potrosnje energije i manjeg
pada pritiska. Sa druge strane, povecanje rastojanja omogucava vec¢i maseni protok Cestica, Sto moze
biti prednost u procesima gde je potreban veci kapacitet. Medutim, pri veoma visokim protocima
dolazi do nestabilnog rezima strujanja, koji je teSko kontrolisati. Takode je pokazano da povecanje
protoka kroz anulus omogucava stabilan rad i pri nizim protocima kroz centralnu cev. Profili pritiska
ukazuju na rastudi trend duz cevi, sa izraZenijim gradijentom u njenom pocetnom delu.

Rezultati ovog rada doprinose boljem razumevanju uticaja visine centralne cevi i raspodele
protoka na fluidodinamicke karakteristike fontanskog sloja sa cevnim umetkom. Posebno je pokazano
da iznad odredene visine (oko 6 cm) dalji porast visine nema znacajan uticaj na kljucne parametre.

Dobijeni rezultati ukazuju da nije neophodno koristiti veca rastojanja centralne cevi, jer se sli¢ni
efekti postizu i pri manjim visinama uz niZzu energetsku potrosnju. ldentifikovani su optimalni radni
uslovi: visina centralne cevi od 4,5 cm, protok kroz centralnu cev od 20 mé/h i varijabilni protoci kroz
anulus u opsegu 4-40 m3/h, za Cestice pre¢nika 2 mm. Ovi uslovi obezbeduju dobar balans izmedu
stabilnosti procesa, pada pritiska i masenog protoka.

Rezultati predstavljaju osnovu za dalje optimizacije i primenu u industrijskim uslovima, pose-
bno u procesima gde je vazna kontrola stabilnosti 1 efikasnosti, kao §to je susenje ¢vrstih materijala.
Buduca istrazivanja mogu biti usmerena na razliCite tipove Cestica i $iri opseg operativnih uslova u
cilju dodatnog unapredenja performansi sistema.

5. Spisak oznaka i skraéenica

dp — pre¢nik inertne Cestice (volumenski), m

Gp — maseni protok inertnih ¢estica u cevnom umetku, kg/s

M — masa inertnih Cestica u sloju, kg

Umr — povrsinska brzina fluida u stanju minimalne fluidizacije, m/s
Va0 — zapreminski protok vazduha na ulazu u anularni deo sloja, m?¥/s
Vno — zapreminski protok vazduha na mlaznici na ulazu u sloj, m3/s
pp — gustina inertnih ¢estica, kg/m?
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Azo boje predstavijaju najznacajniju klasu organskih boja zahvaljujuci svojoj strukturnoj raz-
novrsnosti, podesivim svojstavima i Sirokom spektru primena u razlicitim naucnim i industrijskim
oblastima. Heterociklicne azo boje predstavijaju znacajnu potklasu ovih jedinjenja, pri cemu se po-
sebno izdvajaju azo boje na bazi piridona zbog jednostavne sinteze, visoke funkcionalnosti i visokih
vrednosti molarnog ekstinkcionog koeficijenta (¢). U ovom radu izvrsena je sinteza i detaljna karak-
terizacija dva nova molekula azo boja izvedenih iz piridona. Boje su dobijene reakcijom diazotovanja
anilina i 4-aminofenola, a zatim reakcijom diazo-kuplovanja sa novim 4-(piridin-3-il)-6-hidroksi-3-
cijano-2-piridonom. Oba jedinjenja su okarakterisana temperaturom topljenja, ATR-FTIR i 1H NMR
spektroskopijom. UV-Vis spektroskopija koriséena je za ispitivanje solvatohromnih i tautomernih
svojstava ovih jedinjenja u setu rastvaraca razlicite polarnosti. Pored toga, ispitivano je i dejstvo pH
vrednosti rastvaraca na tautomernu ravnotezu ovih jedinjenja (kiselo-bazna ravnoteza).

Azo dyes are widely recognized as the most significant class of organic colorants due to their
extensive structural diversity, tunable properties, and a wide range of applications across multiple
scientific and industrial fields. Heterocyclic azo dyes constitute a notable subclass of these compo-
unds, with pyridone-based azo dyes being especially significant, due to their straightforward synthe-
tic route, functionality, and a high molar extinction coefficient (¢). In this paper, two novel pyridone-
derived azo dye molecules were synthesized and thoroughly characterized. The dyes were obtained
by a diazotation reaction of aniline and 4-aminophenol, and subsequent diazo-coupling reaction with
a novel 4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone. All compounds were characterized by mel-
ting point, ATR-FTIR, and 1H NMR spectroscopy. The UV-Vis spectroscopy was employed to inve-
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stigate the solvatochromic and tautomeric properties of these compounds in a set of solvents of diffe-
rent polarity. In addition, the influence of the solvent's pH value on tautomeric equilibrium was inve-
stigated (acid-base equilibrium).

1. Introduction

Azo dyes comprise the most extensive and versatile class of organic colorants, owing to their
distinctive chemical structures and electronic properties, which enable a wide range of applications
in scientific and industrial domains. In addition to their most common use in textile dyeing industry,
they are utilized in optoelectronics, optical storage devices, laser technology, non-linear optics
(NLO), as photosensitizers in dye-sensitized solar cells (DSSC), food and cosmetic industry, among
others [1,2]. Moreover, numerous azo dyes display significant biological activities, thereby extending
their applicability in pharmaceutical and biomedical fields [3]. Heterocyclic azo derivatives are of
great importance, since the incorporation of the heterocyclic moiety in the azo dye structure enhances
the physicochemical properties of the molecule, including thermal and chemical stability and coloring
efficiency. Among these derivatives, azo dyes obtained from a 2-pyridone moiety, as a nitrogen-
containing heterocycle, are of particular significance. The introduction of this electron-rich fragment
extends the z-conjugation, thereby modulating the electronic structure and enhancing the light-ab-
sorption behavior (optical and photophysical features) of an azo dye molecule. Pyridone-based azo
dyes exhibit higher coloring strength, brighter hues, and improved fastness properties compared with
their carbocyclic analogues. In addition to their wide-ranging industrial applications, these com-
pounds have also been reported to exhibit various biological and pharmacological activities [4-10].
In this paper the multistep synthetic route, characterization, solvatochromic behavior, and acid-base
tautomeric equilibria of two novel pyridone-derived azo dye molecules, designated as Al and A2,
were presented (Figure 1). The azo dyes were obtained by initial diazotation reaction of aniline and
4-aminophenol, and by subsequent diazo-coupling reaction of formed diazonium salts with a novel
4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone. Solvatochromic behavior was investigated by the
means of UV-Vis spectroscopy in a set of eight solvents of diverse polarity, namely dimethylforma-
mide (DMF), dimethyl sulfoxide (DMSQ), methanol, ethanol, acetonitrile, ethyl-acetate, acetone, and
chloroform (Al), whereas the tautomeric equilibria in an acid/basic medium were investigated by
incorporation of hydrochloric acid (HCI) and potassium hydroxide (KOH) and triethylamine (TEA)
in ethanol, methanol, chloroform, and DMF solutions of obtained azo dyes.

A2

Figure 1. The structures of newly synthesized azo dyes Al and A2

2. Experimental

All chemicals employed in this study were of reagent grade, obtained from Aldrich, Merck,
Fisher Chemical, Fluka, and Baker, and used without further purification. The azo dyes were syn-
thesized via modified procedures. Firstly, the ethyl-nicotinate was obtained starting from nicotinic
acid, followed by Claisen condensation reaction to afford keto ester, namely 3-oxo-3-(pyridin-3-yl)
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propanoate (B). In the next step, condensation of the resulting keto ester with cyanoacetamide yielded
4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone (Pyr), which was subsequently subjected to diazo
coupling reaction with selected diazonium salts, S1 and S2, to give novel azo dyes Al and A2, re-
spectively (Figure 2). All final compounds were characterized via melting points, elemental analysis,
ATR-FTIR, and 'H NMR spectroscopy. The melting points were taken using Stuart SMP30 appa-
ratus. The elemental analysis was performed using Vario EL 11l elemental analyzer. The ATR-FTIR
spectra were recorded using Thermo Scientific Nicolet iS10 spectrophotometer, in 400-4000 cm™
domain. The 1H NMR spectra of dyes were obtained by Bruker Ascend 400 spectrometer in deuter-
ated chloroform (CDClz), whereby the chemical shifts are displayed in ppm units, regarding tetrame-
thylsilane (TMS) as an internal standard. The UV-Vis spectra were collected by UV-Vis 1700 Shi-
madzu spectrophotometer, at the room temperature, in 220-750 nm range.

)
/
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= OH = O/\ AN o S N
| — — | B -
W N W o T OH
Nicotinic acid Ethyl nicotinate H

/ /O
+
— NC N
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Figure 2. Schematic representation of the reaction path for obtaining A1 and A2 azo dyes

2.1. Synthesis of ethyl nicotinate

The titled compound was synthesized according to a modified literature procedure [11]. In a
round bottom flask, 4.0 g (32.5 mmol) of nicotinic acid and 12.72 ml (218 mmol) of an absolute
ethanol were added. The resulting suspension was stirred at a room temperature for 10 minutes. Sub-
sequently, 5.65 ml (102 mmol) of a concentrated sulfuric acid was added dropwise, and the resulting
mixture was vigorously stirred under reflux for five hours. After approximately an hour, a clear solu-
tion was obtained. After the reaction was completed, the resulting mixture was poured onto ice, and
the pH was adjusted to 10-11 using 10% aqueous solution of potassium carbonate (K.CO3). The
resulting mixture was extracted with diethyl ether, and dried over magnesium sulfate, after which the
excess of solvent was evaporated under the reduced pressure. The obtained ethyl nicotinate was pale-
yellow oil, and was used without further purification. Yield was 84%.



102 39" INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

2.2. Synthesis of 3-oxo-3-(pyridin-3-yl)propanoate (B)

The titled compound was obtained by a modified literature procedure [12]. In a round bottom
flask, filled with 160 ml of an absolute ethanol, 6.5 g (280 mmol) of sodium was carefully added and
let to stir for an hour and a half. Afterwards, the solvent was removed under reduced pressure. To the
well-dried sodium ethoxide, 50 ml of ethyl acetate was added, followed by addition of a solution of
ethyl nicotinate (4.26 g, 28.2 mmol) dissolved in ethyl acetate (30 mL). The resulting mixture was
vigorously stirred under reflux for 16 hours. After completion of the reaction, 85 ml of water was
added in the reaction mixture, and the pH of extracted aqueous layer was set to 5. The aqueous layer
was extracted with diethyl ether, and the organic layer was dried over anhydrous MgSQsa, filtrated,
after which the excess of solvent was removed in vacuo. The obtained product was yellow oil, which
was purified by column chromatography (hexanes:ethyl acetate = 2:1), to give 79.04 % yield of 3-
ox0-3-(pyridin-3-yl)propanoate (B).

2.3. Synthesis of 4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone (Pyr)
4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone was synthesized according to an optimized lit-
erature method [13]. A mixture of 2.66 g (13.4 mmol) of 3-oxo-3-(pyridin-3-yl)propanoate (B), 1.16
g (13.4 mmol) of acetamide, 0.93 g (16.51 mmol) of KOH, and 30 ml of absolute methanol was
placed in a round bottom flask, and energetically stirred under reflux for 30 hours. After the reaction
was completed, the resulting mixture was filtered and the precipitate was washed with small portion
of cold methanol, and recrystallized from aqueous media. The filtrate was acidified using the concen-

trated HCI, after which precipitate was filtered and left to dry. The obtained 4-(pyridin-3-yl)-6-hy-
droxy-3-cyano-2-pyridone (Pyr) was yellow-ocher in color, with yield 20%.
2.4. Synthesis of 4-(pyridin-3-yl)-5-phenyldiazenyl-6-hydroxy-3-cyano-2-pyridone (A1)

Aniline (18.6 pl, 0.2 mmol) was dissolved in 2 ml of a IM aqueous HCI solution, and the re-
sulting mixture was cooled to -2 °C. To this solution, 1 ml of the previously cooled aqueous solution
of NaNO; (13.82 mg, 0.2 mmol) was added dropwise, keeping the temperature in the 0-5 °C range.
The resulting diazonium salt solution was stirred for 45 minutes and then subsequently added drop-
wise to the cooled solution of 4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone (50 mg, 0.2 mmol),
KOH (11.24 mg, 0.2 mmol) in 3 ml of water, keeping the temperature in the 0-5 °C range. After-
wards, the pH was adjusted to 10, and the resulting mixture was stirred in an ice bath for 3 hours,
followed by an additional 1 hour at the room temperature. The formed precipitate was filtered, washed
with cold water, and recrystallized from 96% ethanol to afford an orange powder in 32% yield.
C17H11NsOz; Tm = 258-264 °C; ATR-FTIR (v/icm™): 3378.52, 3131.87, 2964.02, 2205.19, 1619.51,
1588.87, 1509.07, 1473.00, 1454.81, 1373.41, 1255.63, 1027.72, 899.09, 750,66; 'H NMR (400
MHz, DMSO-ds, o/ppm): 10.37 (1H, s, NH, 2-pyridone), 8.55-8.54 (1H, d, J1 = 3.6 Hz, 3-pyridyl),
8.47-8.46 (1H, d, J> = 2 Hz, 3-pyridyl), 7.74-7.72 (1H, d, J = 7.6 Hz, 3-pyridyl), 7.44-7.41 (1H, dd,
J =4.8 Hz, 3-pyridyl), 7.27-7.23 (2H, m, phenyl), 7.14-7.10 (3H, m, phenyl).
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Figure 3. The representation of the *H NMR spectrum of Al
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Figure 4. The representation of the ATR-FTIR spectrum of Al

2.5. Synthesis of 4-(pyridin-3-yl)-5-(4-hydroxy)phenyldiazenyl-6-hydroxy-3-cyano-2-pyridone (A2)

The titled compound was synthesized in the same manner as A1, except that the 4-aminophenol
(21.9 mg, 0.2 mmol) was used. The dark red powder was afforded, in 41% yield. C17H11Ns03; Tm =
276-279 °C; ATR-FTIR (vicm™): 3474.25, 3138.0, 3026.08, 2836.95, 2220.68, 1651.93, 1582.91,
1505.51, 1480.20, 1454.13, 1417.35, 1387.60, 1266.24, 1196.89, 1155.88, 1056.64, 893.87, 835.34,
808.04, 703.17; *H NMR (400 MHz, DMSO-ds, 6/ppm): 14.90 (1H, s, NH hydrazone), 12.13 (1H, s,
OH, phenyl), 10.01 (1H, s, NH, 2-pyridone), 8.74-8.68 (2H, m, 3-pyridyl), 7.97-7.95 (1H,d, J=8
Hz, 3-pyridyl), 7.62-7.59 (1H, dd, J = 4.8 Hz, 3-pyridyl), 7.17-7.14 (2H, d, J = 8.8 Hz, phenyl),
6.79-6.77 (2H, d, J = 8.8 Hz, phenyl).
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Figure 6. The representation of the ATR-FTIR spectrum of A2

3. Results and discussion

Due to a presence of an auxochrome (Al contains one while A2 contains two hydroxyl groups)
in the ortho-position to the azo linkage, the synthesized azo dyes theoretically exhibit azo-hydrazone
tautomerism. The possible tautomeric and anionic forms of synthetized azo dyes are depicted in Figure
7. Determination of tautomers of pyridone azo dyes in both the solid state and solution phase is very
important from both the theoretical and practical standpoints, since the tautomers have different phys-
icochemical properties, and therefore optical features and dyeing abilities. Furthermore, the tautomeric
equilibrium is strongly influenced by external factors, particularly the nature of the solvent, the pH of
the medium, and temperature. Solvent properties such as polarity, hydrogen-bonding ability, and die-
lectric constant can preferentially stabilize one tautomer over another, thereby shifting the equilibrium.
Similarly, the pH of the environment plays a crucial role by promoting protonation or deprotonation
processes, while temperature can influence both the thermodynamics and kinetics of interconversion,
all leading to changes in the tautomeric equilibrium. In addition, a formation of an intramolecular
hydrogen bond could occur in both tautomers of Al and A2 (Figure 7), forming a six-membered
pseudo ring, which results in enhanced planarity and z-electron delocalization contributing to stability
of these molecules [14-18]. Therefore, a comprehensive understanding of all factors above is essential
for predicting and controlling the distribution of tautomeric species in different systems. To investigate
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the relation between the electronic structure and optical properties of Al and A2, the solvatochromic
analysis was performed in a set of solvents differing in nature. Furthermore, the acid-base tautomeric
equilibria were investigated in three solvents of different polarity under acidic and basic conditions.
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Figure 7. The presentation of azo-hydrazone tautomerism of: a) Al and b) A2 azo dye

3.1. Solvatochromic analysis of A1 and A2 azo dyes

The absorption spectra of azo dyes were recorded at the room temperature in eight solvents of
different polarity: DMSO, DMF, methanol, ethanol, acetonitrile, ethyl acetate, acetone, and chloro-
form (A1) (Figure 7). The solvatochromic analysis for A2 dye in chloroform is excluded, due to poor
solubility of this compound. The concentration of all solutions was uniform (1x10* M). The absorp-
tion maxima (Amax) and molar extinction coefficient (&) values of A1l and A2 are given in Table 1.
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Figure 8. The representation of the UV-Vis spectra of azo dyes a) A1 and b) A2 in selected solvents

From Figure 8a could be noticed that Al exhibits a prominent solvent-depended behavior. The
absorption band in the higher energy region of the spectrum (360-290 nm), can be attributed to the
weaker 7—z* transitions, associated with lone pairs on the nitrogen and carbonyl oxygen atoms. An
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intensive absorption bands in approximately 340-440 nm range in all selected solvents can be assigned
to an electronic transition with significant intramolecular charge transfer (ICT) character, arising from
the extended conjugation between the electron-donating phenolic moiety and the electron-accepting
pyridone fragment [19,20]. The highest bathochromic shift could be noticed in chloroform as a non-
polar aprotic solvent (444 nm), which could imply that intermolecular solvation is weak, allowing the
molecule to maintain a more planar and conjugated structure. This enhances z-electron delocalization
and stabilizes the excited state, resulting in the largest bathochromic shift. This could also suggest the
preferential stabilization of a less polar, hydrazone form through intramolecular hydrogen bonding
(Figure 7). In addition, the induced hypsochromic shift could be observed by polar protic solvents,
including methanol and ethanol (Figure 8a), likely due to intermolecular hydrogen bonding that dis-
rupts intramolecular interactions within the dye molecules. Furthermore, the slightly hypsochromic
shift of the absorption maxima could be noticed in polar aprotic solvents DMF, DMSO, acetonitrile,
and ethyl acetate, which can be attributed to their strong dipolarity/polarizability and an ability to
stabilize the excited state via specific solute-solvent interactions. Furthermore, the main absorption
band of the Al dye exhibit a noticeable shoulder on the lower energy (higher wavelength) side in
DMF, DMSO, and acetonitrile, while pronounced shoulders on the higher energy side (lower wave-
length) of the absorption peak could be observed in ethyl acetate, methanol, and ethanol. These results
demonstrate that all synthesized dyes could exhibit tautomeric property, and that both solvent polarity
and hydrogen-bonding characteristics play a crucial role in governing the electronic structure and spec-
tral properties of the dye. All these results, combined with the experimentally obtained ATR-FTIR and
'H NMR data, suggest that azo dye A1 predominantly exists in the azo tautomeric form in solution.
In contrast to A1, azo dye A2 displayed a broader, but yet well-structured absorption bands in
350-560 nm region, which could correspond to the ICT electronic transition (Figure 8b). The absorp-
tion bands of lower intensity in the higher energy region of the spectrum (280-350 nm) could be
ascribed to the weaker z—=z* electronic transitions [19,20]. An exception is noted in ethanol and
DMF, where distinct shoulders and band-splitting appear on left side of the main absorption band,
suggesting the equilibrium of multiple tautomeric and/or hydrogen-bonded species. By comparing
the UV-Vis spectra and values of Al and A2 dyes, it could be noticed that A2 exhibits a larger bato-
chromic shifts that Al in the corresponding solvents, whereby the largest bathochromic shift could
be noticed in DMSO (479.5 nm). This stems from the fact that the introduction of the hydroxyl group
to the para-position to the azo linkage in A2 extends the conjugation and increases electron density
on the system (push-pull effect), therefore reducing the energy gap between the ground and excited
states of the A2 molecule, which in result exerts the batochromic shift. Given that A2 possesses two
hydroxyl groups in its structure, the formation of two hydrazone tautomers is plausible (Figure 7). In
both hydrazone tautomers (as well as in azo tautomer), a formation of six-membered pseudo ring
could occur, i.e. the intramolecular hydrogen bond, which contributes to better stabilization of these
molecules. The carbonyl oxygen is a stronger hydrogen-bond acceptor than nitrogen of the imino
linkage due to its higher electron density and polarization, so the formed hydrogen bond C=0O===H-
N in hydrazone 1 tautomer will be stronger (more polar) than C=N===H-O formed in hydrazone 2
tautomer (Figure 7). This results in shifting the equilibrium to more stabilized hydrazone 1 molecule.
Azo dye A2 displayed a slight hypsochromic shifts in the rest of the selected solvents. The largest
blue shift regarding the absorption maximum obtained in DMSO was observed in acetonitrile and
ethyl acetate (466.5 nm). This could suggest that these solvents do not stabilize the excited state more
efficiently than the ground state, which appears to be preferentially stabilized by moderate solvent
polarity and/or hydrogen-bonding interactions. Azo dye A2 showed poor solubility in chloroform,
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which was expected due its greater polarity compared with compound A1l; therefore analysis in this
solvent was excluded. All these findings, along with the experimentally obtained ATR-FTIR and ‘H
NMR data, could suggest that azo dye A2 predominantly exist as hydrazone tautomer in solution.

Table 1. The absorption maxima and molar extinction coefficient values of A1l and A2 azo dyes

Al A2
- &, dm3/(molxcm) e &, dm®/(molxcm)
DMSO 412 2727.5 479.5 2755
DMF 410.5 2977.5 471 2692.5

Methanol 398.5 3575 475 2770
Ethanol 398 2315 476.5 2665
Acetonitrile 404.5 25425 466.5 2790
Ethyl acetate 399.5 2850 466.5 2790
Acetone 410 29925 468 2740

Chloroform 444 33225 Excluded

3.2. The investigation of acid-base equilibrium of AL and A2 azo dyes

To further investigate the nature, and the occurrence of specific tautomeric and anionic forms,
the synthesized compounds were dissolved in an acidic (HCI) and a basic medium (KOH and TEA)
in three solvents, namely: methanol, chloroform, and DMF. The acid-base analysis of A2 dye was
not performed in chloroform due to its poor solubility. Triethylamine was added in DMF and chloro-
form solutions as an alternative to KOH, due to the poor solubility of KOH in these media.
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Figure 9. Presentation of the UV-Vis spectra of synthesized azo dyes in selected solvents in an
acidic and a basic media of Al (a, b, and c) and A2 (d and e)
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From Figure 9 could be noticed that upon adding KOH and TEA in DMF and methanol solu-
tions of Al no substantial change in the absorption maxima occurred. A negligible hypsochromic
shift accompanied by a slight alteration of an absorbance band from the left side of the absorption
maximum could be observed in chloroform. The absence of prominent spectral changes upon addition
of mentioned bases suggests that the Al is likely present in azo (deprotonated) form under these
conditions (Figure 10). In contrast, the addition of HCI in DMF and methanol solutions induced the
significant bathochromic shift, while in chloroform the hypsochromic shift occurred. The significant
red shift in DMF and methanol upon acid addition suggests that the protonated form (hydrazone tau-
tomer) of Al is more dominant in these media. On the other hand, the blue shift in chloroform might
indicate the reduced stabilization of the protonated species in a nonpolar environment, i.e. the pres-
ence of sole azo tautomer. As for A2, the addition of HCI into DMF solution induced a bathochromic
shift of the absorption band, suggesting stabilization and predominance of the hydrazone tautomer.
In contrast, the addition of TEA caused a hypsochromic shift, indicating a displacement of the tauto-
meric equilibrium toward the azo form. In methanol solution of A2, the addition of HCI resulted in
the equilibrium of these tautomeric forms, while the addition of KOH slightly red-shifted the absorp-
tion maximum, implying predominance of the hydrazone form in both neutral and acidic media (Fig-
ure 10).
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Figure 10. The representation of possible anionic forms of hydrazone 1 tautomer of synthesized azo
dyes (the similar scheme could be depicted for hydrazone 2 tautomer); R: H (A1), OH (A2)

4. Conclusion

In this paper, the synthesis, characterization and solvatochromic analysis of two novel azo dyes,
designated as Al and A2, were performed. Solvatochromic investigations demonstrated that the elec-
tronic structure and tautomeric equilibria of the synthesized pyridone-based azo dyes are strongly
influenced by solvent polarity and hydrogen-bonding ability. Both Al and A2 exhibited pronounced
intramolecular charge-transfer absorption bands. A1 showed more pronounced solute-solvent inter-
actions, indicating the predominance of the azo tautomer in all solvents except in chloroform, whereas
the solvatochromic behavior of A2 suggested the predominance of the hydrazone form in all solvents,
except DMF. The observed spectral shifts further indicated that intramolecular hydrogen bonding and
the formation of six-membered pseudo rings substantially contribute to the stabilization of the dye
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molecules. The experimentally obtained ATR-FTIR and *H NMR data supports the solvatochromic
analysis, suggesting that A1 predominantly exists in the azo tautomeric form, while A2 preferentially
adopts the hydrazone tautomeric form due to the additional hydroxyl substituent and enhanced push-
pull conjugation. Acid-base studies additionally revealed that protonation favors the hydrazone form,
whereas basic conditions shift the equilibrium toward the azo form, depending on the solvent envi-
ronment. These findings provide valuable insight into the structure-property relationships of pyridone
azo dyes and may contribute to the rational design of azo-based chromophores with tunable optical
properties.

5. Abbreviations

ATR-FTIR - Attenuated Total Reflectance-Fourier Transform Infrared (spectroscopy)
DMF — Dimethylformamide

ICT — Intramolecular Charge Transfer
'HNMR - Proton Nuclear Magnetic Resonance
TEA — Triethylamine

UV-Vis - Ultraviolet-Visible (spectroscopy)
Amax — Absorbance maximum

€ — Molar extinction coefficient
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Sinteza azo boja koje u svojoj strukturi sadrze heterociklicna jedinjenja postala je predmet sve
veceg interesovanja poslednjih godina, prvenstveno zbog Sirokog spektra bioloskih i farmakoloskih
aktivnosti ovih jedinjenja. Pored ovoga, heterociklicne azo boje nalaze primenu kao fluorescentni
materijali, nelinearni opticki (NLO) materijali drugog reda, kao i komponente tecnih kristala. Ta-
kode, uvodenje heterociklicnih jedinjenja u moleklule azo boja omogucava modifikaciju njihovih e-
lektronskih i optickih svojstava, cime se povecava intenzitet boje i poboljsava efikasnost bojenja.
Znacajnu podklasu heterociklicnih jedinjenja predstavljaju derivati pirimidina koji ispoljavaju raz-
novrsna fizioloska i bioloSka svojstva. Oroticna kiselina (vitamin B13) ima kljucnu ulogu u biosintezi
pirimidina i Cesto se ukljucuje u formulacijama dijetetskih suplemenata i multivitamina. Oroticna
kiselina takode nalazi primenu u raznim jonoizmenjivackim procesima, ocuvanju hrane, a koristi se
i kao biokatalizator u medicini. U ovom radu prikazana je sinteza i detaljna karakterizacija nove azo
boje dobijene iz 5-aminooroticne kiseline. Ova azo boja je sintetizovana konvencionalnim reakcijama
diazotovanja i diazo-kuplovanja, a okarakterisana je temperaturom topljenja, ATR-FTIR i 1H NMR
spektroskopijom. Da bi se ispitala veza izmedu molekulske strukture i optickog svojstva sintetizova-
nog jedinjenja, sprovedena je solvatohromna analiza u setu rastvaraca razlicite polarnosti. Pored
toga, UV-Vis spektroskopijom je ispitana zavisnost tautomerne ravnoteze od pH vrednosti rastvaraca
(kiselo-bazna ravnoteza).

The synthesis of heterocycle-containing azo dyes and their derivatives has attracted increasing
attention in recent years, primarily due to their diverse biological and pharmacological activities, in
addition to their applications as fluorescent materials, second-order nonlinear optical (NLO) mate-
rials, components of liquid crystals, etc. Also, heterocyclic moieties are incorporated into azo dye
chromophores to modulate their electronic and optical characteristics, thereby enhancing color
intensity and overall dyeing performance. Pyrimidine derivatives represent an important subclass of
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these compounds, exhibiting diverse physiological and biological effects, among which orotic acid
(vitamin B13), a uracil-derived compound, plays an essential role in pyrimidine biosynthesis and is
widely incorporated into dietary supplements and multivitamin preparations. Besides, applications
of orotic acid also expand to ion-exchange processes, food preservation, and as a biocatalyst in me-
dical applications. In this paper, the synthesis and thorough characterization of a novel azo dye de-
rived from 5-aminoorotic acid was presented. This azo dye was synthesized through conventional
synthetic methods via diazotation and subsequent diazo-coupling reactions, and it is characterized
by melting point, ATR-FTIR, and 1H NMR spectroscopy. To investigate the relationship between
molecular structure and optical behavior, the solvatochromic analysis was conducted in a set of sol-
vents differing in polarity. Likewise, the UV-Vis spectroscopy was performed to assess the depen-
dence of tautomeric equilibrium on the pH of the solvent (acid-base equilibrium).

1. Introduction

In recent years, the incorporation of heterocyclic moieties into the azo dye structure has become
a prominent strategy in the design of high-performance disperse dyes, owing to their enhanced chem-
ical and thermal stability, but also improved dyeing performance when compared with their carbocy-
clic derivatives including improved depth of shade, greater color intensity, enhanced brightness, and
superior fastness [1-4]. In addition, azo dyes obtained from nitrogen-containing heterocyclic scaf-
folds are extensively utilized in various industrial applications such as second-order non-linear optics
(NLO), liquid crystal components, as fluorescence materials, in diverse electrochemical processes,
etc. [5,6]. Furthermore, these compounds have been documented to exhibit diverse pharmacological
and biological activities, including antimicrobial, anti-inflammatory, antimalarial, antioxidant, anti-
tumor, anticancer, antifungal, antiviral, anticonvulsant, antidiabetic, antitubercular, analgesic proper-
ties, and chemosensing activities [7-9]. Among these compounds, pyrimidine derivatives constitute
a significant subclass, exhibiting diverse physiological and biological activities. The integration of a
pyrimidine scaffold, conjugated with an azo linkage offers a versatile approach to the design of novel
chromophores with modulatable optical and photophysical properties. Pyrimidine-based azo dyes
have already demonstrated a range of promising applications, including dye-sensitized solar cells
(DSSC), organic photovoltaics, and organic light-emitting diodes. Moreover, the pyrimidine unit can
influence interactions with electrophilic substrates and facilitate targeted binding, sensing, and recog-
nition in biological systems. Orotic acid (6-carboxyuracil), commonly referred to as vitamin B13, is
a crucial intermediate in pyrimidine biosynthesis. Besides its broad use in multivitamin and dietary
supplement products, this molecule has found applications in the vast pharmaceutical and biological
domains [10-14]. In this paper a novel azo dye molecule derived from 5-aminoorotic acid, namely 5-
((2-hydroxynaphthalen-1-yl)diazenyl)-2,6-dioxo-1,2,3,6-tetrahydropyrimidine-4-carboxylic ~ acid
(Figure 1) was synthesized and thoroughly characterized via melting point, elemental analysis, ATR-
FTIR, and *H NMR spectroscopy. The UV-Vis spectrometry was utilized to study the solvatochro-
matic property in eight solvents differ in polarity, namely ethanol, methanol, dimethyl sulfoxide
(DMSO0), dimethylformamide (DMF), ethyl acetate, acetonitrile, acetone, and chloroform. Further-
more, the acid—base tautomeric equilibrium was investigated in acidic media using hydrochloric acid
(HCI) and in basic media using potassium hydroxide (KOH) and triethylamine (TEA) in three sol-
vents: methanol, chloroform, and DMF.
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HO o HO

Figure 1. The structure of synthesized azo dye derived from orotic acid (OrAD)

2. Experimental

All chemicals used in this study were of reagent grade, purchased from Aldrich, Merck, Fisher
Chemical, Fluka, and Baker, and used without further purification. The titled compound was synthe-
sized by conventional diazotation and diazo-coupling reaction (Figure 2). In the first step, the diazo-
tation of 5-aminoorotic acid afforded corresponding diazonium salt (A), which was subsequently
coupled with 2-hydroxynaphthalen (B), yielding 5-((2-hydroxynaphthalen-1-yl)diazenyl)-2,6-dioxo-
1,2,3,6-tetrahydropyrimidine-4-carboxylic acid, designated as OrAD (Figure 1). The synthesized azo
dye was characterized by melting point, elemental analysis, ATR-FTIR, and *H NMR spectroscopy.
The melting points were taken using Stuart SMP30 apparatus. The elemental analysis was performed
using Vario EL I1l elemental analyzer. The ATR-FTIR spectra were recorded using Thermo Scientific
Nicolet iS10 spectrophotometer, in 400-4000 cm~* domain. The *H NMR spectra of dyes were ob-
tained by Bruker Ascend 400 spectrometer in deuterated chloroform (CDCIs), whereby the chemical
shifts are displayed in ppm units, regarding tetramethylsilane (TMS) as an internal standard. The UV-
Vis spectra were collected by UV-Vis 1700 Shimadzu spectrophotometer, at the room temperature, in
280-700 nm range.
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Figure 2. Schematic presentation of OrAD synthesis

2.1. Synthesis of 5-((2-hydroxynaphthalen-1-yl)diazenyl)-2,6-dioxo-1,2,3,6-tetrahydropyrimidine-
-4-carhoxylic acid

5-Aminoorotic acid (0.428 g, 2.5 mmol) was suspended in 100 mL of approximately 1 M aque-
ous HCI. Due to its poor solubility, 3 mL of acetonitrile was added to obtain a clear solution, after
which the mixture was cooled to subzero temperature. To this solution, 1 ml of the previously cooled
aqueous solution of NaNO2 (0.21 g, 3 mmol) was added dropwise, keeping the temperature in the 0-
5 °C range. The resulting diazonium salt solution was stirred for 45 minutes and then subsequently
added dropwise to the cooled solution of 2-naphthol (0.36 g, 2.5 mmol), NaOH (0.2 g, 5 mmol) in 5
ml of water, keeping the temperature in the range of 0-5 °C. Afterwards, the pH was adjusted to 9,
using 10% aqueous solution of NaOH and the resulting mixture was stirred in an ice bath for 3 hours,
followed by an additional 1 hour at the room temperature. The formed precipitate was filtered, rinsed
with cold water, and recrystallized from 96% ethanol to afford dark red powder in 40% vyield.
CisH10N4Os: Tm = 281-283 °C; ATR-FTIR (v/icm™): 3186.22, 3062, 65, 1711.57, 1647.35, 1620.80,
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1588.90, 1558.77, 1526.88, 1429.74, 1402.87, 1213.62, 1068.06, 1034.69, 969.14, 835.39; 'H NMR
(400 MHz, DMSO-ds, o/ppm): 15.20 (1H, s, NH hydrazone), 14.03 (1H, s, COOH), 10.17 (1H, s,
NH, uracil), 10.09 (1H, s, NH, uracil), 7.64-7.52 (6H, m, 2-naphthol).

3. Results and discussion

The synthesized orotic acid-based azo dye (OrAD) can theoretically exhibit multiple tauto-
meric equilibria that significantly influence its structural and spectroscopic behavior. In particular,
two distinct types of tautomeric equilibria may be occurring within this molecule: azo-hydrazone
(Figure 3) and lactam-lactim equilibria (Figure 4). The azo—hydrazone tautomerism involves the re-
versible proton transfer between the azo nitrogen and an adjacent heteroatom, resulting in an inter-
conversion between the -N=N- (azo) form and the -NH-N= (hydrazone) form, often stabilized by
intramolecular hydrogen bonding and conjugation with the coupling unit. In parallel, the lactam-lac-
tim tautomerism of orotic acid moiety arises from proton transfer between the nitrogen atom and the
carbonyl oxygen within the pyrimidine ring, yielding equilibrium between the energetically favored
lactam (keto) structure and the less stable lactim (enol) form. There is also a possible existence of
dilactim (di-enol) structure, but this tautomer is energetically and thermodynamically unfavorable
because the amide carbonyl system in lactam tautomer is strongly stabilized by the resonance where
a lone pair of electrons on a nitrogen atom delocalizes into the antibonding orbital of an adjacent
carbonyl group (n(N)—z*(C=0)), giving a highly favorable electronic structure. Although the enolic
forms may benefit from altered conjugation patterns and possible intramolecular hydrogen bonding
(Figure 4), these effects are insufficient to compensate for the loss of amide resonance stabilization,
rendering the lactam tautomer thermodynamically preferred. The relative stability, and therefore the
tautomeric equilibria of azo-hydrazone and lactam-lactim tautomers, depends strongly on the solvent
environment i.e. solvent-solute interactions, hydrogen-bonding capability, and electronic substituent
effects, with polar and protic media generally favoring the hydrazone and lactim forms due to en-
hanced stabilization via hydrogen bonding. The coexistence and interplay of these tautomeric forms
contribute to the complexity of the electronic structure, often manifested in broadened absorption
bands and solvent-dependent spectral shifts.

(o) o HO HO 0. o
) ‘ ] ‘
H N H N_ -
~ N X s N ‘ e ———— ~ N X h N ‘
DA\T ) 0)\14 )
H H
Azo tautomer Hydrazone tautomer

Figure 3. The presentation of azo-hydrazone tautomerism in OrAD

According to the experimentally obtained ATR-FTIR data for OrAD, two distinct absorption
bands at 1647 and 1620 cm™ could be assigned to carbonyl (C=0) stretching vibrations. This feature
is characteristic of the diketo (lactam) tautomer of the neutral orotic acid moiety (in pure solvent and
in solid state), indicating that lactim form is negligible under the examined conditions (room temper-
ature) [15,16]. In addition, the broad band observed in 3000-3500 cm™! region, coupled with intense
absorption bands at 1525.71 and 1588.66 cm™ could suggest the N—H and C=N/C-N coupled vibra-
tions of the hydrazone tautomer, respectively, and therefore its dominance in solid form. These spec-
troscopic data are consistent with literature reports, where hydrazone tautomers of azo dyes bearing
adjacent carbonyl groups are stabilized via intramolecular hydrogen bonding [17,18], However, due
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to the inherent overlap of vibrational modes in conjugated azo-hydrazone systems, further spectro-
scopic studies are required to confirm the tautomeric distribution.

Lactam tautomer Monolactim tautomer

HO

Monolactim tautomer Dilactim tautomer

Figure 4. The presentation of lactam-lactim tautomerism in OrAD
(the equilibrium is depicted for the lactam hydrazone tautomer;
the similar scheme could be displayed for the lactam azo tautomer)

3.1. The solvatochromic analysis of OrAD

The absorption spectra of OrAD were recorded at the room temperature in eight solvents of
varying polarity and hydrogen-bonding ability, including DMSO, DMF, methanol, ethanol, acetoni-
trile, ethyl acetate, acetone, and chloroform (Figure 5). The concentration of all solutions was uniform
(1x10* M). The absorption maxima (imax) and molar extinction coefficient (¢) values are given in
Table 1.
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Figure 5. Presentation of the UV-Vis spectra of OrAD molecule in selected solvents

The UV-Vis absorption spectra of the OrAD dye exhibits several overlapping electronic tran-
sitions with pronounced solvatochromic behavior (Figure 5). The high-energy band in the UV region
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(approx. 250-350 nm) is attributed to localized z—=* transitions within the aromatic framework of
the 2-naphthol and orotic acid moieties, which remain relatively insensitive to solvent effects due to
their predominantly localized character. A broad and intense absorption band (approx. 350-600 nm)
might constitute two electronic transitions, namely n—z* transitions involving the lone pairs of the
azo nitrogen and carbonyl functionalities of the orotic acid, and an intramolecular charge-transfer
transition (ICT) between electron-donating (2-naphtholic) and electron-accepting (orotic acid) frag-
ments (push-pull structure). The position and intensity of these bands vary significantly with solvent
polarity and hydrogen-bonding ability, indicating strong stabilization of the charge-separated excited
state in polar protic and aprotic media. This behavior is further influenced by tautomeric equilibria
(azo-hydrazone and lactam-lactim) and possible intramolecular hydrogen bonding, which modulate
the extent of z-conjugation and, consequently, the ICT character of the dye (Figure 4). Overall, the
observed spectral features confirm a highly conjugated push-pull system with pronounced solvent-
dependent electronic delocalization.

Table 1. The representation of absorption maxima (Amax) and
molar extinction coefficient (¢) values of OrAD azo dye

Amax &, dm3/(molxcm)
DMSO 455.5 1847.5
503.5 2135
DMF
521.5 2130
438 1887.5
Methanol
493 1710
Ethanol 485 1720
Acetonitrile 426 2127.5
Acetone 441 1920
Ethyl acetate 443 1490
Chloroform 482.5 955

The UV-Vis absorption spectra of the investigated azo dye exhibit a pronounced solvato-
chromic response across the studied solvent series, indicating a strong sensitivity of the electronic
transition to the surrounding medium (Figure 5). The highest value of absorption maxima is observed
in DMF (503.5 and 521.5 nm), suggesting the strongest stabilization of the excited state in this sol-
vent. This behavior is consistent with an electronic transition featuring significant intramolecular
charge-transfer (ICT) character, where the excited state is more polar than the ground state and is
therefore preferentially stabilized by polar aprotic solvation, likely through dipolar interactions rather
than hydrogen-bond donation. The notable hypsochromic shift could be observed in DMSO (455.5
nm). Despite the high polarity index, this might indicate that the solvatochromic property of OrAD
in this solvent is primarily governed by solute-solvent interactions rather than sole dielectric effects.
Protic polar solvents such as methanol and ethanol induce slight hypsochromic shifts, with methanol
exhibiting two absorption bands at 438 and 493 nm and ethanol showing a maximum at 485 nm.
Chloroform also displays a slight blue-shifted absorption at 482.5 nm despite its low polarity, imply-
ing specific solute-solvent interactions beyond simple dipolar stabilization. In contrast, acetonitrile,
acetone, and ethyl acetate exhibit prominent hypsochromic shift of the absorption maxima at 426,
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441, and 443 nm, respectively, indicating a limited ability to stabilize the charge-transfer excited
state. Although acetonitrile and acetone are classified as polar aprotic solvents, their interactions with
the OrAD might be predominantly governed by nonspecific dipolar effects, as both lack hydrogen-
bond donor capability and display weaker donor-acceptor interactions compared to DMF and DMSO.
Ethyl acetate further reduces the extent of excited-state stabilization. In addition to the pronounced
dual-band feature observed in DMF and methanol, it could be noticed that the absorption bands also
exhibit distinct shoulders on the higher-wavelength side of the ICT absorption band. This spectral
behavior is evident in all investigated solvents except ethanol and chloroform, suggesting the pres-
ence of a more complex ground- and/or excited-state equilibrium in these media. Furthermore, the
observed band broadening and partial spectral splitting is indicative to the possible coexistence of
different tautomeric forms in solutions (Figures 3 and 4). The identification of tautomers in both the
solid state and in solution is of considerable importance from both theoretical and practical perspec-
tives, as different tautomers exhibit distinct physicochemical properties and, consequently, optical
characteristics.

3.2. The acid-base equilibrium analysis of OrAD

The tautomeric equilibrium of the OrAD is strongly influenced by the acidity and basicity of
the medium, owing to the presence of multiple protonation sites and the possibility of azo—hydrazone
as well as lactam-lactim interconversion (Figures 3 and 4). Under acidic conditions, protonation of
the azo nitrogen is favored, which stabilizes the hydrazone-type tautomer through enhanced charge
delocalization across the azo linkage and adjacent heterocyclic framework. Furthermore, the for-
mation of pseudo six-membered ring could occur, which contributes to the stability of this tautomer
via formation of intramolecular hydrogen bond (Figure 3). The intramolecular hydrogen bonding
competes between the carbonyl oxygen of the carboxylic group and that of the 2-naphthol moiety.
However, the carboxylic carbonyl oxygen is expected to dominate as the hydrogen-bond acceptor
due to its stronger ¢~ character, higher localized electron density, and reduced z-delocalization com-
pared to the more conjugated naphthalene carbonyl site. In contrast, basic environments promote
deprotonation of the phenolic OH group of the 2-naphthol moiety and potentially the lactam NH
groups of the orotic acid fragment, facilitating the formation of anionic species and favoring the azo
form with extended z-conjugation. These deprotonation processes increase electron density within
the molecule and alters the intramolecular hydrogen-bonding feature, thereby shifting the tautomeric
equilibrium. There is formation of a six-membered pseudo ring in the azo tautomer as well, but it is
more favorable in hydrazone tautomer, due to the greater polarity of the HO-C=0O===H-N interaction
and the superior hydrogen-bond accepting ability of the carbonyl oxygen compared to the hydroxyl
oxygen (O=C-OH) and nitrogen in azo tautomer (Figure 3). It is important to emphasize that this
represents only a small fraction of the possible hydrogen-bonding interactions that may be established
within this molecule. Owing to the presence of multiple donor and acceptor sites, including heteroa-
toms of the pyrimidine core as well as peripheral functional groups, a diverse and complex network
of intra- and intermolecular hydrogen-bonding motifs can be formed, including formation of bifur-
cated intramolecular hydrogen bonds within lactim tautomers (Figure 4). Consequently, the distribu-
tion of potential tautomers of OrAD is governed by a delicate interplay between protonation-depro-
tonation processes and resonance stabilization.

To get insight of the nature, and the occurrence of specific tautomeric forms, the synthesized
compound was dissolved in an acidic (HCI) and a basic medium (KOH, TEA) in three solvents,
namely: methanol, chloroform, and DMF. Triethylamine was added in DMF and chloroform solu-
tions as an alternative to KOH, due to the poor solubility of KOH in these media.
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Figure 6. Presentation of the UV-Vis spectra of OrAD dye in selected solvents
in an acidic and a basic media

From Figure 6 could be noticed that upon adding TEA in DMF and chloroform solutions of
OrAD, no substantial change in the absorption spectra occurred. A slight alteration of a shoulder
from the right side of the absorption maximum could be observed in DMF. The absence of prominent
spectral changes upon addition of mentioned bases suggests that deprotonation of OrAD does not
significantly affects the electronic structure, likely due to strong intramolecular hydrogen bonding
and stabilization of a dominant hydrazone tautomer. This is in consistency with the experimentally
obtained ATR-FTIR and *H NMR data. In contrast, the addition of KOH in methanol solution of
OrAD significantly altered the absorption band. The addition of HCI to all solutions resulted in an
alternation of the shape as well as in a batochromic shift of the main absorption band. The significant
bathochromic shift occurred in methanol and chloroform solutions compared to the DMF solution,
which can be attributed to protonation of the chromophoric system in these media, most likely at the
azo nitrogen. This also implies that the protonated form (hydrazone tautomer) of OrAD is more dom-
inant in these media, which is consistent with the experimentally yielded ATR-FTIR and *H NMR

data.
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4, Conclusion

In this paper, the synthesis, characterization, and solvatochromic analysis of novel 5-((2-hy-
droxynaphthalen-1-yl)diazenyl)-2,6-dioxo-1,2,3,6-tetrahydropyrimidine-4-carboxylic acid, desig-
nated as OrAD, was presented. It was found that OrAD, as a highly conjugated push—pull system,
exhibits pronounced solvatochromism arising from a complex interplay of solvent effects, tautomeric
equilibria, and intramolecular hydrogen bonding. Spectral features such as broadening, shoulders,
and partial splitting of the absorption bands further support the coexistence of multiple tautomeric
forms. The combined ATR-FTIR, *H NMR and UV-Vis spectroscopic analysis suggested that the
synthesized azo dye predominantly exists in the hydrazone tautomeric form in solid form and solu-
tion, while the orotic acid moiety remains in its diketo (lactam) configuration in pure solvent and in
solid form. The most pronounced absorption band can be attributed to an intramolecular charge-trans-
fer (ICT), where the most pronounced bathochromic shift of an absorption maximum was observed
in DMF, indicating efficient stabilization of a polar excited state. Deviations from polarity trends,
particularly in DMSO and less interactive aprotic solvents, highlight the importance of specific so-
lute-solvent interactions beyond dielectric effects. Acid-base studies further support solvent-depend-
ent tautomeric equilibria, with significant bathochromic shifts in acidic media implying the domi-
nance of hydrazone tautomer and lactam-lactim equlibria, while there were no significant changes in
basic media.

5. Abbreviations
ATR-FTIR — Attenuated Total Reflectance-Fourier Transform Infrared (spectroscopy)

DMF — Dimethylformamide

ICT — Intramolecular Charge Transfer
'HNMR - Proton Nuclear Magnetic Resonance
TEA — Triethylamine

UV-Vis - Ultraviolet-Visible (spectroscopy)
Aimax — Absorbance maximum

€ — Molar extinction coefficient
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Simulacija slozenih procesnih jedinica u realnom vremenu — pedéi, razmenjivaca toplote i
reaktora — dugo je bila rezervisana za skupe PDE solvere i CFD alate. S druge strane, cisto crno-
kutijski modeli masinskog ucenja Cesto su krhki i fizicki nekonzistentni. Ovaj rad daje pristupacan
pregled metoda masinskog ucenja (ML) koje su danas relevantne za procesnu industriju, pri cemu se
kao zajednicki primer u celom radu koristi prenos toplote. Pregled pocinje od klasicne statistike i
regresije, koje ve¢ decenijama cine osnovu mekih senzorskih merenja. Zatim se obraduju nadgledano
i nenadgledano ucenje za detekciju anomalija (na primer, prljanje razmenjivaca toplote), kao i
duboko ucenje za prognozu sloZenih vremenskih serija u nelinearnim termickim postrojenjima.
Glavni doprinos rada je sistematizacija nove generacije fizicki informisanih metoda — fizicki in-
formisanih neuronskih mreza (PINN) i neuronskih operatora (DeepONet, Fourier Neural Operator)
— kroz pet malih i reproducibilnih eksperimenata, svih iz oblasti prenosa toplote. Posebna paznja
posvecena je ubrzanju koje neuronski operatori donose digitalnim blizancima: u nasem eksperi-
mentu, FNO je oko jedan red velicine brzi od referentnog konacno-razlikatnog solvera, uz pri-
hvatljivu tacnost. Rad se zavrsava prakticnim vodicem za inZenjere o tome kako izabrati ML metodu
prema tipu problema, dostupnosti podataka i fizike, kao i zahtevima za rad u realnom vremenu.

Real-time simulation of complex process units — fired heaters, heat exchangers and reactors
— has long been the domain of expensive PDE solvers and CFD tools. At the same time, purely black-
box machine-learning models tend to be brittle and physically inconsistent. This paper provides an
accessible review of the machine-learning (ML) methods that are relevant to today's process industry.
Throughout the paper, heat transfer is used as the unifying example. The review begins with classical
statistics and regression, which have served as the foundation of soft sensing for decades. It then
covers supervised and unsupervised learning for anomaly detection (for example, heat-exchanger
fouling), and continues with deep learning for the forecasting of complex time series in nonlinear
thermal plants. The main contribution is a systematic walk through the latest generation of physics-
aware methods — physics-informed neural networks (PINNs) and neural operators (DeepONet, Fou-
rier Neural Operator). Each method is illustrated by one small reproducible experiment, and all ex-
periments use heat-transfer problems. We give particular attention to the speed-up that neural oper-
ators bring to digital twins. In our experiment, the FNO runs roughly one order of magnitude faster
than the reference finite-difference solver while preserving acceptable accuracy. The paper closes
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with a practical roadmap that helps engineers choose an ML method based on the type of problem,
the available data and physics, and the need for real-time execution.

1. Introduction

Consider three typical situations from the process industry. First, an operator running a model-
predictive controller (MPC) on an industrial fired heater needs zone-temperature predictions in less
than one second in order to set the burner duties. Second, a supervisor of a heat-exchanger network
has to detect the onset of fouling several days before the cleaning crew arrives. Third, a reformer
designer wants to optimize the geometry of the tube bundle across many transient operating profiles,
but cannot afford a twelve-hour CFD run for each candidate design. All three problems share two
features. The underlying physics — primarily heat transfer — is only partially known, and the avail-
able time budget is short.

Historically, two communities have approached such problems from opposite directions. The
first-principles school relies on conservation laws — Fourier's law of conduction, the Stefan-Boltz-
mann radiation law, the Navier—Stokes equations — discretized with finite differences or finite vol-
umes [1, 2]. The resulting methods are accurate and easy to explain, but they are slow. This is espe-
cially true for inverse problems and for studies that need to sweep across many parameter values. The
data-driven school, which has long been dominated by statistical process monitoring [3, 4] and more
recently by deep learning [5, 6], is fast at inference time. Its weakness is that it does not enforce the
physics that should hold, and accuracy drops sharply outside the training distribution.

A more recent family of methods bridges this gap. Physics-informed neural networks (PINNSs)
[7, 8, 9] and neural operators [10, 11, 12] learn from data while respecting the governing equations.
Neural operators go one step further: instead of returning a single value, they produce a function that
maps an entire input field to an entire output field. The same trained operator can then be queried for
new boundary conditions, new materials, or new geometries, without retraining. That property is what
makes a true digital twin possible [13].

Contributions and scope. This paper is a tutorial review intended for engineers and researchers
who work in the process industry. The contributions are the following. First, we provide a structured
roadmap that goes from linear regression to neural operators, organised along two axes: data versus
physics, and speed versus accuracy. Second, we present five small and fully reproducible experiments
on heat-transfer benchmarks — a shell-and-tube heat exchanger, a multi-zone furnace, one-dimen-
sional unsteady conduction, and the two-dimensional heat equation. Each experiment is chosen so
that one figure makes the strengths and weaknesses of the method visible. Third, we give a practi-
tioner-oriented decision table that summarises when each family of methods is the right tool for the
job. Heat transfer serves as the unifying technical thread throughout the paper.

The paper is intentionally written somewhere between a textbook chapter and a research survey.
We assume that the reader has a working knowledge of process engineering and basic statistics, but
not necessarily a deep familiarity with modern machine learning. Pointers to the foundational papers
are given along the way, so that an interested reader can study any topic in more depth. The experi-
ments are deliberately small and self-contained, and each one can be reproduced on a single laptop in
a few minutes.

2. The process-industry modeling landscape — a heat-transfer lens

The engineering problems addressed in this paper fall into a small number of recurring patterns,
and in process plants almost all of them are dominated by heat transfer. A first pattern is steady-state
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mapping, for instance learning the relationship between inlet and outlet temperatures of a heat ex-
changer from tabular, low-dimensional data. A second pattern is anomaly detection, used to identify
fouling or tube hot-spots from multivariate time series. A third pattern is forecasting, such as predict-
ing zone temperatures of a multi-zone furnace thirty minutes ahead. A fourth pattern is acting as a
PDE surrogate, for example reproducing the transient temperature field inside a reactor wall. A fifth
and more recent pattern is operator learning, where a single trained model serves as the solution op-
erator for a whole family of heat equations. Each pattern is best served by a different ML tier. What
should drive the choice of method is the data regime — how many samples are available, how sparse
and noisy they are, and whether the governing equations are known — rather than the model that
happens to be in fashion.

It is useful to organise these problems along two axes. The first axis is data versus physics. At
one extreme, the system is described by a well-validated set of conservation equations and only a few
measurements are available. At the other extreme, large amounts of historical data are available, but
the underlying mechanism is opaque or only partially understood. The second axis is speed versus
accuracy. Some problems tolerate hours of solver time per query, as in offline design studies. Other
problems demand answers within seconds or even milliseconds, as in real-time control or online op-
timisation. The methods reviewed in this paper occupy different regions of this two-dimensional
space. Classical regression sits in the data-poor and fast region. Deep learning sits in the data-rich
and fast region. First-principles solvers sit in the physics-rich and slow region. Neural operators are
an attempt to combine the physics-rich and fast corners.

A second observation, often missed in the academic literature, is that an industrial deployment
is rarely a single model. It is a pipeline that includes data acquisition, signal conditioning, fault gating,
model evaluation, post-processing, and a control or alerting action. The ML model is usually only
one stage of this pipeline, and replacing it with a fancier one does not, by itself, improve plant per-
formance. A more useful question is therefore not "what is the best model for my problem?" but "what
is the smallest change to the pipeline that delivers the required business outcome?".

3. Classical statistics and regression

For decades, the workhorses of industrial soft sensing have been multiple linear regression,
principal-component regression (PCR), partial least squares (PLS) [3, 4], and Gaussian-process re-
gression (GPR) [14]. These models remain the baseline that any new method has to beat. They are
interpretable, easy to certify, cheap to retrain, and surprisingly hard to outperform on smooth, near-
linear thermal responses.

3.1. Experiment 1 — Temperature soft sensor for a heat exchanger

We construct a synthetic dataset for a steady-state counter-flow shell-and-tube heat exchanger
using the e-NTU method. The specific heats are kept constant (cp,h = 2.2 and cp,c = 4.18 kJ/(kg-K)),
while the inlet temperatures, flow rates and the overall conductance UA vary across operating points.
We generate 1,500 operating points in total. The target variable is the hot-side outlet temperature
Th,out, to which we add Gaussian thermocouple noise with a standard deviation of 0.5 °C. Four
regressors are trained on a 75/25 train—test split: Ridge regression, PLS, a Gaussian process with an
RBF kernel, and a Random Forest.

The Gaussian process clearly outperforms the other models (Table 1, Figure 1). The linear mod-
els cannot represent the saturating nonlinearity of the effectiveness ¢(NTU, Cr). The practical lesson
is that even within the family of classical baselines, the accuracy can change by an order of magnitude
when the chosen model class matches the underlying physics.
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Table 1. Soft-sensor metrics (Experiment 1).

Model R? MAE [°C] Train time [ms]
Ridge 0.919 6.57 2.7
PLS 0.920 6.54 1.8
GP (RBF) 0.997 1.15 7941.8
RandomForest 0.962 4.18 336.8

Experiment 1: classical regressors as soft sensor for hot-outlet temperature
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Figure 1. Parity plots for the four soft-sensor models on the test set.
The Gaussian process is closest to the y = x line.

A second observation concerns the cost of training. The Gaussian process is roughly three thou-
sand times more expensive to fit than Ridge regression. For 1,500 data points this is not a problem: a
few seconds on any laptop is acceptable. For a typical industrial soft-sensor application, however, the
dataset may contain hundreds of thousands of samples, and the model may need to be retrained fre-
quently. In that regime the cubic complexity of the standard Gaussian process quickly becomes pro-
hibitive. Two practical options exist. The first is to use a sparse approximation, such as an inducing-
point Gaussian process or a structured-kernel variant. The second is to switch to gradient-boosting
machines, which scale linearly in the number of samples and usually reach accuracy close to that of
the Gaussian process on smooth problems. The Random Forest result in Table 1 already points in that
direction: with no hyperparameter tuning, it sits between the linear models and the Gaussian process.
With moderate tuning, gradient boosting typically closes most of the remaining gap.

4. Supervised and unsupervised learning beyond linear models

Random forests, gradient boosting, support-vector machines and clustering algorithms are
widely used for thermal anomaly detection. Typical applications include heat-exchanger fouling [15],
furnace tube hot-spots, insulation degradation, and seal or bearing faults on rotating equipment that
handles hot streams [16]. On the unsupervised side, two families of methods dominate. The first is
tree-based outlier scoring, represented by the Isolation Forest [17]. The second is reconstruction-
based scoring with autoencoders [18].

4.1. Experiment 2 — Fouling detection in a heat exchanger

We simulate six months of hourly operation. After the midpoint of the simulation (t = T/2), the
overall heat-transfer coefficient U decays exponentially with a time constant of two months. In the
second half of the run, three discrete step disturbances also occur: a tube trip and two partial bypasses.
The detector has access only to the variables (Th,in, Tc,in, mh, mc, Th,out); it does not see U directly.
A Ridge regressor is first trained on the clean first 30 % of the data. Its residuals on the rest of the
record are then fed to two anomaly detectors: an Isolation Forest [17] and a small autoencoder.
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Table 2. Fouling detection metrics (Experiment 2).

Detector Detection delay [h] False-alarm rate [%] Detection rate [%]
IsolationForest 53 0.28 96.8
Autoencoder 35 0.00 98.4

Experiment 2: heat-exchanger fouling detection
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Figure 2. True UA(t) with fouling onset and step disturbances (top),
Isolation-Forest and autoencoder anomaly scores (bottom).
The autoencoder detects fouling 18 h earlier with zero false alarms

The autoencoder detects fouling about eighteen hours earlier than the Isolation Forest, and it
produces no false alarms on the clean half of the data (Table 2, Figure 2).

Two engineering remarks are worth making at this point. The first concerns the importance of
windowed features. Instead of looking at a single residual sample, both detectors operate on a sliding
24-hour window of residual statistics: mean, standard deviation, peak-to-peak range, mean absolute
value, and the most recent value. This windowing reduces sensitivity to single-point noise spikes and
exposes the slow, monotonic drift that is characteristic of fouling. The second remark concerns the
difference between the two detectors. The advantage of the autoencoder is not specific to this dataset;
it reflects the inductive bias of reconstruction-based detection. A reconstruction model is forced to
explain the inputs through a small latent code, and any sample that does not match the patterns seen
during clean operation incurs a large reconstruction error. Tree-based methods, by contrast, isolate
anomalies by random partitioning and are usually less sensitive to slow, correlated drift of the kind
produced by fouling.

In a real plant, what happens after a positive detection matters as much as the detection itself.
A confirmation period is needed to avoid reacting to transient excursions. A diagnostic step should
indicate the most likely root cause. An alarm-prioritisation step should place the event in the opera-
tor's workflow. None of these steps belong to the ML model itself, but together they determine
whether the model actually delivers value in practice.
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5. Deep learning for process data

Deep learning becomes useful when the dimensionality, the nonlinearity, or the length of the
input sequence exceeds what classical baselines can handle. For process engineers, three building
blocks are particularly relevant. Convolutional networks are well suited to image-like data, such as
infrared thermograms of plant equipment. Recurrent networks (LSTMs [19]) and self-attention mod-
els (Transformers [20]) handle multivariate temperature time series. Graph neural networks [21] cap-
ture the topology of the plant, in particular the connectivity of heat exchanger or piping networks.

5.1. Experiment 3 — Multi-zone furnace temperature forecasting

We simulate a four-zone furnace whose dynamics are genuinely nonlinear. The model com-
bines four effects: linear conductive coupling between adjacent zones; radiative heat loss to the walls,
proportional to T* (Stefan—Boltzmann); convective heat loss to the ambient; and a saturating burner
efficiency n(T) = (1 + exp((T — 1600)/80))'. Each zone is regulated by a PI controller that tracks a
time-varying setpoint. The setpoint is the sum of a slow 24-hour diurnal cycle, with a different phase
per zone, and scheduled multi-zone step changes that occur every three days. This pattern mimics a
realistic plant-campaign schedule. We generate ten days of one-minute data, giving 14,400 samples
in total. Each model receives the last 180 minutes of all four zone temperatures and forecasts the
temperatures 5, 30, 60, 120, 180 and 240 minutes ahead. We compare three models: a vector auto-
regression (VAR) as the linear baseline, a two-layer LSTM, and a small Transformer encoder.

Table 3. Forecast RMSE vs. horizon (Experiment 3).

Horizon [min] VAR [K] LSTM [K] Transformer [K]
5 1.63 1.50 151
30 1.64 151 151
60 1.64 1.50 151
120 1.65 151 151
180 1.65 1.50 1.50
240 1.65 1.50 1.50

Ex%%riment 3: furnace zone-temperature forecasting (nonlinear phys
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Figure 3. RMSE vs. forecast horizon for VAR, LSTM, and Transformer on the multi-zone furnace.
The deep models beat the linear baseline at every horizon by ~8-10 %.
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Experiment 3: 30-minute-ahead predictions on the test set
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Figure 4. Sample 30-minute-ahead predictions on the test set (first 600 minutes).
The deep models track the true zone temperatures more closely than the VAR baseline.

This result deserves an honest interpretation. Under aggressive feedback control, most of the
temperature variation is absorbed by the controller, and what remains to be forecast is mainly the
response to the slow, deterministic setpoint schedule. A linear model captures this component rea-
sonably well. The advantage of the deep models comes from two sources. The first is the radiation
term T*, which is genuinely nonlinear. The second is the saturating burner efficiency n(T), which
makes the closed-loop response asymmetric around the setpoint. Both effects become more pro-
nounced when the plant runs at high temperatures or close to actuator limits, which is precisely when
accurate forecasting is most valuable. A more chaotic scenario, such as a furnace cold start or a major
upset, would widen the gap further. The same scenario would, however, reduce the value of any
training data collected during quiet operation, and it would require careful transfer learning.

A second technical remark is that both deep models converge to essentially the same RMSE.
This is typical of small forecasting tasks. The main practical advantage of the Transformer over the
LSTM is not lower error on a fixed dataset, but better scaling. On a dataset ten times larger that covers
several operating regimes and several plants, the Transformer benefits from its parallel training and
from its ability to attend to long context windows. For a single furnace and only a few days of data,
the simpler LSTM is a perfectly reasonable choice.

6. Physics-informed neural networks (PINNS)

PINNs [7] introduce a small but powerful change to the standard training loss of a neural net-
work. The network TO(x, t) is required not only to fit the available data, but also to satisty the gov-
erning PDE at randomly chosen collocation points in the domain. For one-dimensional unsteady heat
conduction with known thermal diffusivity a, the loss takes the form

L(0) =L data+\_pde - (I/N_c) = (8T0/0t — 0. *TO/0x22 + A_bc - L be+ A ic - L ic. (1)
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PINNs are especially attractive when the data are sparse but the physics is well known. In such
cases, a few thermocouples combined with Fourier's law often extrapolate much better than a hundred
data points alone. PINNs also handle inverse problems in a natural way: any unknown material pa-
rameter is simply declared as a trainable variable [7, 8]. Recent surveys [8, 9] discuss the main train-
ing difficulties of PINNSs, such as the need to balance loss terms with very different magnitudes and
the stiffness of the resulting gradients, together with practical remedies including NTK-based re-
weighting [22], adaptive sampling of collocation points, and architectures that satisfy the boundary
conditions by construction.

6.1. Experiment 4 — PINN for 1-D unsteady heat conduction (and inverse a)

We solve 0T/ot = a 6*T/0x? on the domain x € (0,1), t € (0,1), with Dirichlet zero boundary
conditions and a smooth cosine-bump initial condition. The PINN is trained on only eight noisy inte-
rior thermocouple readings (¢ = 0.05), together with samples of the PDE residual and of the initial
and boundary conditions. As a baseline, we train a data-only multilayer perceptron with the same
architecture on the same eight points.

Table 4. Forward PINN vs. data-only NN with 8 noisy samples (Experiment 4-A).

Model Relative L2 Training time [s]
PINN 0.079 79
Data-only NN 1.108 2

Experiment 4(A): PINN vs. data-only NN — only 8 noisy thermocouples
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Figure 5. Finite-difference reference (left), PINN reconstruction (centre), and data-only NN recon-

struction (right) of the 1-D transient temperature field from 8 noisy thermocouple readings (circles

on the right panel). The data-only network cannot reconstruct the field; the PINN gets within 8 % of
the reference.

Experiment 4(A): 1-D temperature slices at three times
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Figure 6. 1-D temperature slices at t = 0.05, 0.30, and 0.90. The PINN (dashed) closely follows the
reference (solid); the data-only NN (dotted) diverges.
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Experiment 4(B): error vs. data sparsity
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Figure 7. Relative L2 error vs. number of sparse measurements N_d. The PINN's advantage persists
across the entire data-sparsity regime (mean and standard deviation over 3 seeds).

Inverse problem. When a is declared as a trainable scalar parameter and the PINN is given
thirty noisy interior samples, it recovers a = 0.096 against the true value 0.10. The error of about 4 %
is fully competitive with established engineering identification methods. The complete metrics for
the inverse experiment are available in the supplementary results CSV.

The practical implication of the inverse-problem result deserves emphasis. In industrial prac-
tice, quantities such as the effective thermal diffusivity, the contact resistance between layers, and the
thermal conductivity of fouling deposits are notoriously difficult to measure directly. They are usually
estimated indirectly through custom optimisation routines that have to be rewritten for each new ge-
ometry. The PINN approach treats all such problems in a uniform way: the unknown parameter is
simply a tensor with requires_grad=True, and the standard training loop performs the joint estimation
of the state and the parameter. The same code scales from a single scalar (an effective a) to a spatially
varying field (a(x), a fouling thickness profile, or a heat-source distribution inside a reactor wall).
The only conceptual change is the dimensionality of the parameter object.

Three practical lessons may help readers who wish to reproduce the experiment. The first is
that loss balancing matters. The PDE residual, the boundary loss, the initial-condition loss, and the
data loss have very different numerical magnitudes, and fixed weights are rarely optimal. We used
static weights of 1, 10, 10 and 10 respectively, which works on this toy problem. For stiffer PDEs,
such as advection-dominated transport or problems with sharp fronts, adaptive weighting schemes
such as the NTK-based reweighting of [22] are usually necessary. The second lesson concerns the
choice of activation function. For PINNS, tanh is a safer default than ReLU because its second deriv-
ative is smooth, which prevents the gradient pathologies that can appear when the PDE residual is
evaluated. The third lesson concerns the distribution of collocation points. Their placement has a
strong influence on accuracy near the boundaries. Oversampling the boundary regions, or using an
architecture that satisfies the boundary conditions by construction, is often the cheapest way to im-
prove results.
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7. Neural operators

PINNs solve one PDE instance at a time. Neural operators go a step further: they learn the
solution operator itself. A single trained network receives the initial condition, the boundary condi-
tions, and the material parameters (each represented as an input function) and returns the full output
field. The dominant architectures are DeepONet [10] and the Fourier Neural Operator (FNO) [11],
together with their variants such as Geo-FNO and U-FNO [23]. A unified mathematical treatment of
all these operators is given by Kovachki et al. [12]. Current engineering applications include global
weather forecasting (FourCastNet [24], GraphCast [25]), subsurface flow, and turbulence surrogates.

7.1. Experiment 5 — FNO surrogate for the 2-D unsteady heat equation

We learn the operator G : (a(x,y), To(x,y)) — T(X, y, t end). Given a spatially varying thermal
diffusivity a(x,y), generated as a smooth Gaussian random field clipped to the interval [0.05, 0.25],
and a random initial temperature To, the operator returns the temperature field at the final time t_end.
The reference solver is an explicit finite-volume scheme on a 32 x 32 grid with Neumann boundary
conditions. The FNO has four spectral-convolution layers, eight retained Fourier modes per dimen-
sion, a width of 20, and approximately 0.5 M parameters. Training takes about three minutes on a
single CPU and uses 200 solver-generated input—output pairs.

Table 5. FNO surrogate performance (Experiment 5).

Quantity Value
Test relative L2 (vs FD) 0.046
FNO inference / sample [ms] 1.02
FD solver / sample [ms] 12.53
Speed-up =12 %

Experiment 5: FNO surrogate for 2-D heat equation. test rel L? = 0.046, speed-up 12x over FD solver

FD reference Tltapg)

FNO prediction error

Figure 8. Three test samples: input diffusivity o(x,y) (first column), FD reference temperature at
t end (second), FNO prediction (third), and per-pixel error (fourth).
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Experiment 5: speed-vs-accuracy Pareto
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Figure 9. Speed-vs-accuracy Pareto plot. The FNO (star) is one order of magnitude faster than the
FD solver at acceptable accuracy.

Experiment 5: FNO test error vs. training data
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Figure 10. FNO test error vs. training-set size. The curve flattens beyond ~200 solver-generated
pairs for this resolution.
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Figure 11. (Left) mean per-pixel absolute error of the FNO over the test set. (Right) distribution of
per-sample relative L2 errors.
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The practical message for engineers is direct. A trained FNO can replace the inner-loop CFD
evaluation in MPC, in optimisation, or in uncertainty propagation, at a fraction of the wall-clock cost,
and it does so without re-running the solver for each new operating point.

Several caveats are nevertheless in order. The FNO assumes a regular grid and a spectral struc-
ture that is close to periodic. This is appropriate for the rectangular domains used in our experiment,
but less natural for industrial geometries with curved walls and complex internals. Variants such as
Geo-FNO and the Graph Neural Operator address this limitation, at the cost of additional architectural
complexity. The training set must also be representative of the deployment distribution. An operator
trained on diffusivity fields from one statistical family will degrade if it is queried on fields of quali-
tatively different character — for example, on fields with sharp interfaces when the training data
contained only smooth fields. Finally, although the speed-up over the reference solver is substantial
in our experiment, the comparison is made against an explicit finite-difference solver on a coarse
grid. Modern industrial CFD codes use implicit time stepping and sophisticated meshing, which nar-
rows part of the gap. The most accurate framing is therefore not that neural operators replace CFD,
but that they provide a cheap surrogate inside outer loops — design exploration, Monte-Carlo uncer-
tainty propagation, or real-time MPC — while the underlying CFD remains the ground-truth oracle
that is invoked occasionally for retraining.

8. Practitioner roadmap

In practice, the question is rarely "what is the most powerful model available?". The more useful
question is "what is the smallest model that solves my problem?". Table 6 summarises our recom-
mendations.

Table 6. When to use which family.

Problem Data Physics Real-time Recommended
Soft sensor, smooth response low partial no PLS/GP
Soft sensor, nonlinear mid partial no GP / gradient boosting
Thermal anomaly detection mid low yes Isolation Forest / autoencoder
Multivariate forecasting mid low yes LSTM / Transformer
Few-shot inverse / identification |tiny strong no PINN
Real-time PDE surrogate many strong yes Neural operator (FNO)

Several practical aspects of deployment are worth highlighting.

Model drift. Process units age over time, catalysts deactivate, sensors lose their calibration, and
operating campaigns change the product slate. For these reasons, retraining schedules and drift de-
tectors are not optional [4]. A simple monitoring layer that compares live residuals against the residual
distribution observed at the time of the last training run is usually enough to trigger retraining when
it is actually needed.

Uncertainty quantification. Gaussian processes, Bayesian PINNs [26], and conformal predic-
tion all produce actionable confidence intervals. A cheap alternative is to train five copies of the same
network with different random seeds and to use the empirical spread of their predictions as an uncer-
tainty estimate. For safety-critical control or alerting, an interval estimate is often more useful than a
point prediction with no error bars.
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Certifiability. Linear baselines and physics-informed models are much easier to certify than
purely black-box networks. This is still important in safety-critical control loops, especially in phar-
maceutical manufacturing (FDA Process Analytical Technology guidance), in nuclear applications,
and in any installation that falls under functional-safety standards such as IEC 61511.

Hybrid models. The fastest route from prototype to production is usually a hybrid one: a clas-
sical first-principles core combined with an ML residual correction [27]. The first-principles part
guarantees that the model behaves sensibly outside the training distribution. The ML correction then
absorbs the systematic biases that the engineering model alone cannot capture. This pattern works
particularly well for heat-transfer applications, where the dominant physics is well known (Fourier
conduction, Stefan—-Boltzmann radiation) but second-order effects, such as fouling, slow drift of sur-
face emissivity, or three-dimensional flow patterns, are difficult to model from first principles alone.

Data quality. No ML technique can recover information that is not present in the data. In our
experience, the most common cause of failure in industrial ML projects is not the choice of model
architecture but the quality of the data pipeline that feeds it. Typical issues include incorrect
timestamps, missing values that are silently filled with the last known good value, sensors that have
drifted without recalibration, and historian compression settings that have irreversibly destroyed the
high-frequency content of transients. An hour spent inspecting the raw signals before any modelling
almost always saves a day of debugging later.

9. Limitations and future directions

Several open problems remain. Generalisation outside the training distribution is fragile for
purely data-driven models, and PINNs solve this only in part. Even a network that fits its training
data perfectly can extrapolate in unsafe ways, and quantifying when it can be trusted is still an active
research topic. Conformal prediction, ensembling, and strict physics constraints are partial answers,
but none of them offers the same level of guarantee as a verified first-principles solver.

Multi-physics coupling — radiation combined with conduction, reaction kinetics and species
transport — is still an active frontier for operator learning. Many industrial heat-transfer problems
involve at least three of these mechanisms at the same time. A fired reformer combines radiation,
convection and surface chemistry. A pyrolysis furnace also features coke deposition that changes the
wall thermal resistance over months. Each new coupling adds new dimensions to the input function
space that the operator has to cover, and the corresponding training data are usually scarce.

Foundation models for physics — large, pre-trained neural operators that adapt to new PDEs
after only a small amount of fine-tuning — are an emerging research direction. They promise the kind
of transferability that has transformed natural-language processing and computer vision. They are
not, however, yet proven in industrial deployment, and the cost of curating a sufficiently diverse
training corpus for engineering physics is much higher than the cost of curating text or image corpora.

Two further challenges are structural rather than technical. The first is the skills gap. Process
engineers rarely have hands-on experience with modern ML stacks, and ML practitioners rarely have
a feel for unit operations, instrumentation or safety constraints. Cross-disciplinary teams and joint
training programmes are the only durable solution. The second is the data-sharing gap. Most plant
data are proprietary, which prevents the creation of large public benchmarks of the kind that have
driven progress in other fields. Synthetic benchmarks of the type used in this paper are a partial sub-
stitute, but they cannot capture the messy realities of a working installation. Industry consortia that
share anonymised historical data under a common schema would significantly accelerate progress.
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10. Conclusion

Engineers do not need to abandon first principles in order to benefit from machine learning.
The spectrum from classical regression to neural operators is best understood as a ladder, and not as
an either-or choice. Each rung addresses a specific type of problem, a specific data regime, and a
specific level of available physics. Our heat-transfer experiments illustrate concrete patterns. Classi-
cal regression is well suited to smooth steady-state mappings. Autoencoders are effective for anomaly
detection. Deep recurrent and attention models help with nonlinear multivariate forecasting. PINNs
combine sparse sensor data with conservation laws and also identify physical parameters. Neural
operators provide real-time PDE surrogates and finally make digital twins practical.

11. Nomenclature

Symbol Meaning Units
a thermal diffusivity m?/s
p density kg/ms3
Cp specific heat at constant pressure JI(kg-K)
€ heat-exchanger effectiveness -
& wall emissivity -
o Stefan-Boltzmann constant W/(m?-K*)
(5.67%10°®)
U overall heat-transfer coefficient W/(m2-K)
UA heat-transfer conductance WIK
NTU number of transfer units -
C: heat-capacity ratio -
T temperature K
Q heat duty w
G solution operator -
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U radu je razvijen nov elektro upravljacki sistem kojim je zamenjen stari upravijacki sistem
linije proizvodaca Rosendahl za plastiranje i ili ispunu pojedinacnih ili pouzenih provodnika na kojoj
su ugradeni ekstruderi proizvodaca Nokia Maillefer sa cilindrima od 30mm, 60mm i 80mm u skladu
sa projektnim zadatkom i svim tehnickim i tehnoloskim zahtevima. U okviru elektro projekta uradena
je elektro dokumentacija distrubutivnog ormana, ormana PLC kontrolera i ormana u kojima su insta-
lirani regulatori za pogon pojedinacnih uredaja, uradeno je Semiranje, izrada i instalacija i napisan
softver za regulaciju brzine, sile zatezanja i temperature, a potom izvrseno testiranje rada pojedinac-
nih tehnoloskih celina i cele linije ¢ime je obezbedeno optimalno upravijanje linijom prema zadatim
tehnoloskim zahtevima. Regulacija brzine i odrZavanje sile zatezanja zasnovana je na upotrebi kom-
binovanih metoda upravljanja sa senzorima pozicije, merenjem sile zatezanja i indirektne kontrole
sile zatezanja a realizovana upotrebom kaskadnih upravljackih petlji na bazi PID upravijackih za-
kona. Za izradu upravljackog sistema za kontrolu brzine linije iskoriscen je master slave princip
upravljanja visemotornim pogonom, gde je ulazni vucni uredaj vodeci (master), a svi ostali uredaji
(slave) prate njegovu brzinu sa zadatim odnosom i pri tome se materijal koji se obraduje zateze za-
datom silom zatezanja. Temperaturna regulacija zona ekstrudera uradena je upotrebom 2DOF PID
upravljackih zakona pri cemu se vodilo racuna o medusobnom termickom uticaju zona, takode je
razvijen deo softvera za podesavanja parametara regulatora pojedinacnih zona ekstrudera i svih
zona istovremeno uz mogucnost ukljucenja automatskog podesavanja parametara. Softveri za PLC
kontroler S7 1500 serije razvijeni su upotrebom Siemens alata za programiranje TIAPortal. Uprav-
ljacki softver je napisan u jeziku Ladder dijagrama, STL i SCL u zavisnosti od sloZenosti pojedinih
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tehnoloskih celina. Za upravljanje DC i AC motorima upotrebljeni su konvencionalni regulatori Sie-
mens serije 6RA80 Sinamics DCM i invertori serije G120 Sinamics koji su podeSeni upotrebom Sta-
rtDrive alata koji je sastavni deo TIAPortal softvera. Ekrani za panele uradeni su upotrebom TIA-
Portal WinCC okruZzenja. Upotrebom operatorskih panela ostvarena je intuitivna vizuelizacija pro-
cesa rada delova linije i linije u celini, pri cemu su tehnoloske celine linije prikazane grafickim sim-
bolima koji menjaju boju, 0blik i itd u zavisnosti od statusa ili nastalih dogadaja uz aktiviranje a-
larma. Arhiviranje relevantnih podataka vrsi se upotrebom mysql baze i KepServerEx activex draj-
vera za komunikaciju sa Siemens PLC-ovima.

This paper presents the development of a new electrical control system that replaces the existing
control system of a Rosendahl production line for filling and sheathing of single or stranded
conductors, equipped with Nokia Maillefer extruders (30 mm, 60 mm, and 80 mm cylinders), in accor-
dance with project requirements and all technical and technological constraints. The project included
the design of electrical documentation for distribution cabinets, PLC control cabinets, and drive con-
trol cabinets, as well as wiring, installation, and development of software for speed, tensile force,
and temperature control. After implementation, individual technological units and the complete line
were tested, ensuring optimal operation according to defined technological requirements. Speed re-
gulation and tensile force control are based on combined control methods using position sensors,
direct and indirect tensile force measurements, implemented through cascade control loops based on
PID control laws. The control of the multi-motor drive system is realized using a master—slave prin-
ciple, where the inlet pulling device acts as the master, while all other devices follow its speed with
a defined ratio, maintaining the required tensile force of the processed material. Temperature control
of extruder zones is implemented using 2DOF PID control, taking into account thermal coupling
between zones. Additionally, software modules for both individual and simultaneous tuning of con-
troller parameters for all extruder zones were developed, including automatic tuning functionality.
The PLC software for the Siemens S7-1500 controller was developed using TIA Portal, with control
algorithms implemented in Ladder, STL, and SCL languages depending on system complexity. Con-
trol of DC and AC motors is achieved using Siemens Sinamics DCM (6RA80 series) converters and
G120 inverters configured via the StartDrive tool. HMI visualization is implemented using WinCC,
enabling intuitive monitoring and control of the process. Data acquisition and archiving are perfor-
med using a MySQL database and KepServerEx communication drivers.

1. Uvod

Proces proizvodnje kablova kontinualnom ekstruzijom operacijama ispune i plastiranja sastoji
se iz viSe proizvodnih celina i tehnoloskih faza. Poluproizvod koji se uvodi u liniju se sastoji od tri il
viSe pouzenih izolovanih provodnika razli¢itih boja. Operacijom ispune upotrebom gumenih masa
vr$i se popunjavanje meduprostora izmedu zila tako da kabl dobije okrugli oblik, dok se operacijom
plastiranja upotrebom pvc masa daje finalni izgled i doprinosi izdrzljivosti i samogasivosti kabla.
Proizvodni proces pocinje od odmotavanja pouzenih provodnika sa doboSa upotrebom odmotavaca,
provodnici se dalje vuku vuénim uredajima, na njih se upotrebom ekstrudera nanosi sloj ispune i
plasta, prema potrebi plast se boji, pri ¢emu se stalno kontroliSe debljina 1 ovalnost a samim tim se
ispituje kvalitet 1 na kraju se tako dobijeni finalni proizvod namotava upotrebom namotavaca. U ra-
dovima [1-12] objasnjene su fizicke pojave koje nastaju usled promene zatezanja i predloZeni su raz-
liciti upravljacki algoritmi. Regulacija brzine i odrZavanje sile zatezanja reSeno je upotrebom kombi-
novnih metoda upravljanja sa senzorom pozicije koji je i dava¢ pozicije (danser akumulator sistem)
ili indirektne kontrole sile zatezanja. U radu je projektovan upravljacki sistem koji se sastoji od novih
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upravljackih ormana za svaki deo linije ili tehnolosku celinu 1 od novog upravljackog sistema zasno-
vanog na razvijenom upravljackom softveru koji je baziran na radovima [13-18]. ReSeno je upravlja-
nje brzinom svakog pojedinac¢nog uredaja i celom linijom pri ¢emu se odrzava zadata sila zatezanja i
reguliSe temperatura zona ekstrudera pri dejstvu nelinearnosti koje nastaju pod uticajem sile trenja,
promenljivog momenta inercije, promene precnika dobosa pri odmotavanju i namotavanju, i usled
promene brzine pri ubrzavanju, usporavanju. Realizovano hardversko i softversko reSenje uspesno
zamenjuje gotova reSenja [19, 20]. U elektro ormanima instalirani su konvencionalni regulatori [21,
22] za upravljanje radom pogonskih motora kojima se upravlja upotrebom PLC kontrolera i HMI
preko Profinet protokola [23]. Regulacija temperatura zona ekstrudera realizovana je upotrebom
PIDTemp instrukcije [17, 24] pri ¢emu je razvijeno resenje koje uzima u obzir termicku spregu
izmedu zona ekstrudera. Veli¢ina termicka sprege odredena je na osnovu identifikacije modela zona
a ovaj uticaj je uzeti pri istovremenom podeSavanju parametara regulatora za upravljanje grejanjem i
hladenjem [15, 25]. Uraden je i deo softvera za istovremeno i pojedinacno podeSavanje parametara
regulatora zona ekstrudera koji se jednostavno poziva sa HMI panela. Softver za PLC i HMI je napi-
san u softverskom paketu TiaPortal V15.1. Softver za PLC kontroler je pisan u LAD, STL i SCL
jeziku, a ekrani za HMI su razvijeni upotrebom T1APortal WinCC softverskog alata.

2. Delovi i tehnoloske celine linije. Princip rada

Na sl. 1 prikazana je blok Sema ekstruzione linije za ispunu, plastiranje i bojenje sa dva vucna
uredaja za koju je projektovan upravljacki sistem. Materijal (pouzZeni provodnici) koji se obraduje
ujedno je i veza izmedu uredaja, odmotava se upotrebom odmotavaca, vuce se vu¢nim uredajima i
namotava na namotavace [26-28].

odmotavat Vi e 3 merat meraé vuéni  akumulator  namotavad
uredaj ekstrudeni preénika kotito pretnika tester uredaj

Slika 1. Principijelna blok Sema ekstruzione linije za ispunu i plaStiranje

Prikazana linija ima tri zone zatezanja, u kojima se reguliSe brzina i sila zatezanja [16, 17] i to
Su:

— Zona |, sastoji se od odmotavaca i ulaznog vu¢nog uredaja,

— Zona II, sastoji se od ulaznog i izlaznog vu¢nog uredaja,

— Zona III, sastoji se od izlaznog vu¢nog uredaja, akumulatora i namotavaca.

Tehnoloski proces kontinualne ekstruzije pocinje od odmotavanja pouzenih izolovanih Zila ili
provodnika. Utovar dobosa vrsi se sistemom za podizanje i spuStanje, pomeranje pinola levo-desno.
Odmotavaci su centralnog tipa, dobos sa jezgrom dobija pogon preko centralnog vratila upotrebom
pogonskog motora i reduktora.

Glavni uredaj linije je ulazni vucni uredaj, na njegovu brzinu sinhronizovani su svi uredaji li-
nije. Vucni uredaji (ulazni i izlazni) imaju identi¢ne kinematske karakteristike i pogone se motorima
istih karakteristika. Glavni delovi vu¢nih uredaja su pogonski motor, enkoder ili tahogenerator, re-
duktor, menjac, pogonsko vratilo, gornja i donja gusenica. Materijal koji se obraduje (vuce) postavlja
se izmedu gusenica. Dovodenjem signala za upravljanje i za brzinu na regulator koji upravlja pogon-
skim motorom postize se pomeranje gusenica vu¢nih uredaja kojima se provodnik vuce brzinom koja
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odgovara zadatom signalu. Po izlasku iz vu¢nog uredaja pouzene zile se uvode u ekstrudere. Ekstru-
deri su sa jednim puzem [28, 29] odnosa 18 L/D (duzina/precnik cilindra) za ispunu i 24 L/D za plast,
pogone se jednosmernim ili asinhronim motorima a regulisu se regulatorima na koje se dovode odgo-
varajuéi signali za upravljanje radom i brzinom. Hranjenje ekstrudera vr$i se upotrebom gumenih i
PVC masa u obliku granula, koje se uredajima za utovar i doziranje uvode u koseve odakle slobodnim
padom dolaze do ulaza u cilindar ekstrudera. Masa se dalje pod dejstvom puza koji obrtanjem stvara
pritisak transportuje kroz cilindar, zagreva sistemom za grejanje i pretvara u tecni rastop. Tako rastop-
ljena masa dolazi u glavu ekstrudera na kojoj je namontiran alat. Upotrebom posebno konstruisanih
alata rastop se nanosi na pouzeni provodnik. Prvo se uradi ispuna, tako se dobije kruzni oblik a zatim
se kabl sa nanesenom ispunom uvodi u ekstruder za plast i istim postupkom kao u slu¢aju ispune vrsi
nanoSenje plasta. Pri izradi kablova koji se boje u proces se ukljucuje i tre¢i ekstruder koji se spaja sa
glavom ekstrudera za plaStiranje pri ¢emu se u masu plasta ubacuje 1 masa za bojenje. Po izlasku
kabla iz sistema ekstrudera kabl se uvodi u temperirano korito za hladenje na ¢ijem izlazu ispuna i
plast kabla o¢vrsne. Slojevi materijala koji se nanose na pouzene provodnike treba da su konstantne
debljine pod uslovom da se pravilno odrzava brzina linije i sila zatezanja. Signal dobijen merenjem
debljine izolacije koristi se dvojako. Kao kompenzacija upravljackog signala brzine ekstrudera i sluzi
za prikaz debljine nanesenog sloja mase. U zavisnosti od razlike izmedu zadate i merene vrednosti
debljine formira se parametar ¢ijim uticajem se koriguje brzina obrtanja puzeva ekstrudera. Kabl se
dalje kreée do izlaznog vu¢nog uredaja i ulazi u akumulator danser sistem. Akumulator danser sistem
se sastoji od nepokretnih i pokretnih rolni, sistema za kompenzaciju pomeraja i davaca pozicije donjih
pokretnih rolni. U opsegu regulacije radi kao klasi¢an danser, prima na sebe promenu brzine koja
nastaje usled razlike linijske brzine ispred i iza i apsorbuje je, a u drugom opsegu sluzi da akumulira
odredenu duzinu i tako omoguéi nesmetan rad linije bez zaustavljanja pri zameni dobosa. Na kraju
gotov kabl se namotava na namotavac koji je iste konstrukcije kao i odmotavac, uz dodatni sistem
redanja [26-29]. Uredaji na liniji se pogone jednosmernim i asinhronim motorima koji se reguliSu
konvencionalnim regulatorima. Dovodenjem signala za upravljanje, brzinu i silu zatezanja na regu-
lator koji upravlja pogonskim motorima vrsi se regulacija rada uredaja linije.

3. Opis hardverskog i softverskog resenja

Centralnim sistemom za nadzor 1 upravljanje linijom sl. 2. ostvarena je veza svih upravljackih
1 merno akvizicionih uredaja u jedinstvenu celinu na osnovu tehnickih i tehnoloskih zahteva. Uprav-
ljacki sistem se sastoji od glavnog HMI panela i PLC-a kojim se upravlja brzinom, silom zatezanja
kabla, temperaturom ekstrudera pri ¢emu je omogucéeno jednostavno pracenje svih parametara pro-
cesa kao 1 njihov zapis u odgovarajuce tabele baze podataka u realnom vremenu upotrebom PC-a i
odgovarajucih drajvera za komunikaciju.
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Slika 2. Blok sema upravljackog sistema (levo).
Blok dijagram Profinet veze upravijackih i merno akvizicionih uredaja (desno)

Upravljacki sistem sastavljen je od glavnog PLC-a Siemens S7 1500 serije 1516-2PN/DP, pe-
riferija ET200SP serije 1512SP-1PN [30], panela na glavnom komandnom pultu HMI 1500 Comfort
serije, panela na namotavanju HMI KTP 400 Basic serije, Sinamics DCM konvertora serije 6RA8025
i 6RA8078 za DC motore i Sinamics invertora serije G120 CU240E-2PN za AC motore. PLC S7
1500 vodi ceo proces, smesten je u glavnom upravljatkom ormanu. Tehnoloske celine odmotavanja,
vuce, namotavanja koriste ET200 periferije, konvertore i invertore za upravljanje motorima smestene
u ormane duz linije. Utovarom gume i pvc mase upravlja se zasebnim sistemom firme Motan METRO
HES [31]. Kontrola debljine i ispitivanje proboja izolacije vrsi se uredajima firme Sikora Laser and
Spark tester [32, 33]. Nadgledanje, nadzor, pracenje i zadavanje parametara procesa vrsi se preko
glavnog i pomo¢nog HMI panela. Nadzor i zadavanje parametara namotavaca obavlja se preko lo-
kalnog HMI. Svi diskretni i analogni signali za upravljanje uredajima zamenjeni su signalima koji se
prenose preko Profinet mreze (sl. 2). Svaki uredaj od PLC-a do regulatora ima jedinstvenu staticku
IP adresu i broj kojim se identifikuje [23, 34]. Na sl. 3 prikazana je konfiguracija Profinet mreZe.
Upravljanje i komunikacija sa konvertorima i invertorima vrsi se upotrebom Profinet protokola preko
telegrama 352. Uredaji za merenje precnika i kontrolu proboja izolacije kao i ostale periferije su uz
pomo¢ AnyBus Communicator uredaja firme HMS Networks povezane na Profinet [34]. Kontroler
za utovar i doziranje mase je povezan diskrethom analognom vezom sa glavnim PLC kontrolerom.
Upravljacki softver na glavnom PLC i ET200 periferiji se sastoji od viSe rutina koje su pisane u LAD,
STL i SCL jeziku i to od glavne rutine, rutina za indikaciju, rutina za rad sa HMI panelima, regulaciju
temperature ekstrudera, rutine za upravljanje brzinom linije i zatezanjem, rutine za analogne signale
i skaliranje signala i rutine za komunikaciju.

3.1. Postupak podeSavanja DC i AC konvertora

Nakon fizickog ozi¢avanja upravljackog sistema linije, provere svih veza, pri prvom pusStanju
napona podeSeni su parametri DC konvertora i AC invertora prema uputstvima proizvodaca regula-
tora [21, 22] upotrebom BOP panela ili StartDrive alata iz TIAPortal [35], a prema zadatom nac¢inu
upravljanja i parametrima pogonskih motora. Za DC konvertore i AC invertore [36, 37] izvrSena je
optimizacija upotrebom optimizacionih rutina pri ¢emu su podesene zatvorene petlje za upravljanje
strujom pobude, strujom armature i brzinom motora u zavisnosti od izabranog nacina rada (brzinski
ili moment rezim). Tako je upotrebom gotovih procedura optimizacije izvrSeno podeSavanje a kon-
trolera za upravljanje uglom okidanja tiristora i izvrSeno pocetno podesSavanje parametara kaskadnih
regulatora motora svih pogona linije odnosno PI regulatora brzine kao spoljne i PI regulatora struje
kao unutrasnje petlje (sl. 3).
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Slika 3. Blok sema kaskadane upravljacke petlje regulatora
i veze DC konvertora sa motorom

Nakon toga upotrebom TIAPortal alata definisane su upravljacke komande, signali, statusne
vrednosti izmedu PLC kontrolera, konvertora i invertora upotrebom Profinet 352 telegrama od 6 reci
za slanje upravljackih i prijem statusnih podataka. Svakom od regulatora dodeljene su staticke IP
adrese 1 brojevi kojima se identifikuje uredaj (hardware identifier) [23]. Telegram za slanje uprav-
ljackih signala definisan je redom slede¢im reima: wordl=komandna rec (start, stop, smer,...),
word2=zadata brzina uredaja (zadata referenca brzine), word3=zadata sila zatezanja (zadata referenca
sile zatezanja), word4=trenutni pre¢nik (pre¢nik dobosa), pri ¢emu su re¢i 3 i 4 definisane samo za
regulatore odmotavaca i namotavaca, a re¢i 5, 6 se ne koriste. Telegram za prijem statusnih reci de-
finisan je redom: wordl=status bitovi (startovan, stopiran, promena smera, fault, alarm,...),
word2=trenutna brzina, word3=trenutna struja, word4=trenutni moment motora, word5=aktivni a-
larm, word6=aktivna greska.

Za potrebe upravljanja izlaznim vuénim uredajem, odmatanjem, namatanjem kao i odredivanje
koeficijenata termickih sprega izmedu zona ekstrudera izvrSena je identifikacija prenosnih funkcija
sistema regulator, motor, uredaj i prenosnih funkcija zona u obliku funkcije prenosa FOPDT (1) [38].
Matematicki modeli motora aproksimirani su funkcijom prenosa (2), model regulatora funkcijom
prenosa (3), pri ¢emu ulazni signal predstavlja upravljacki signal iz PLC regulatora prema ulazu re-
gulatora a izlazni signal je signal brzine dobijen na osnovu vrednosti izlaza iz regulatora (konvertora
ili invertora). Matematicki modeli su dobijeni na osnovu prikupljenih podataka upotrebom PLC kon-
trolera, KepwareEX servera i odgovarajuce baze u koju su podaci upisani u obliku (u(n), y(n)) gde je
u(n) zadata i y(n) trenutna vrednost brzine uzorkovana periodom odabiranja Ts, a trenutak uzorkova-
nja je dat kao t=nTs [39]. Funkcija prenosa (1) FOPDT modela konvertovana je u diskretni vremenski
domen i dobijen je ARX model (eng. Auto Regresive with Exogenous input model) [40, 41]. Aprok-
simacijom prvog izvoda kori§¢enjem diferenciranja unazad dobijena je zavisnost (4).

CY(s) ks
G (5)=g (s) 1+sT ° @
kr
We(s)=13 ST, )
km
m(8)=17 ST )
y(n)=ay(n-1)+bu(n-1-d)+e(n) (4)

Sredivanjem jednacine (4) i upotrebom jednacine (5) odredujemo vektor parametara © prime-
nom LS (eng. Least Square) metode estimacije (6) pri cemu je uzeto da je n>d+1, a vremenu kasnje-
nja odgovara d perioda Ts.
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Kako je pogon jako zaSumljena sredina desilo se da matrica @ bude loSe uslovljena pa je upo-
trebljena RLS (eng. Reqursive Least Square) metoda identifikacije ili se podaci prethodno propuste
kroz niskopropusni filtar pre primene LS metode. Po dobijanju procenjenih vrednosti vektora para-

metara & i b izracunate su vrednosti za T, k a vrednost za L dobijena je brojanjem broja d perioda
odabiranja Ts od nulte vrednosti do pojave signala na osnovu (8).

zaTSA,kz bA )
1-a 1-a

L ~dT, (8

T

3.2. Regulacija brzine i sile zatezanja

Pri izradi softvera za upravljanje brzinom i silom zatezanja vodilo se rauna o zonama zateza-
nja, pri cemu su uzete sledece €injenice:

1. Vulni uredaj je master uredaj, njegova brzina se zadaje blokom kojim je realizovana rampa,

2. Brzina ulaznog vu¢nog uredaja je konstantna, ostali uredaji se sinhronisu u odnosu na nju,

3. Materijal koji se obraduje je sa velikim Jangovim modulom elasti¢nosti (bakar ili alumini-
jum),

Ulazni i izlazni vuéni uredaj su identi¢nih mehanickih karakteristika,
Akumulator danser sistem je vertikalan, tako da je kabl sa obe strane paralelan,
Pre¢nik dobo$a na namotavanju i odmotavanju se racuna iz softvera,

Veli¢ina signala za kompenzaciju zatezne sile pri ubrzanju, se zanemaruje,
Kompenzacija trenja vrsi se upotrebom gotovih opcija konvecionalnih regulatora,

Za upravljanje brzinom linije, brzinom uredaja i silom zatezanja pouZenih provodnika razvijen
je softver koji se sastoji iz vise rutina, glavne rutine (OB1) iz koje se pozivaju ostale rutine, funkcije
(FC) ili funkcijski blokovi za realizaciju rampe, start stop logike, izraCunavanje promene pre¢nika
dobosa, izraCunavanje veli¢ine promene momenta inercije, kompenzaciju brzine ekstrudera, izracu-
navanje upravljackih signala brzine, momenta i sile zatezanja, rutine za podeSavanje parametara PLC-
a pri prvom ukljucenju (OB100) i rutina kojima su realizovani prekidi (OB30) [18].

Za upravljanje brzinom napisana je rutina kojom je realizovan signal rampe. Blok rampe napi-
san je u funkcijskom bloku FC10 u SCL jeziku i zajednicki je za sve uredaje, njime se generiSe signal
rampe (ubrzanje, usporenje), deo rutine dat je na sl. 4. Vrednosti vremena usporenja ubrzanja zadaju
se preko glavnog HMI panela i upisuju se u promenljive Time_Ubrzanja, Time_Usporenja. Signal 0-
10V sa potenciometra za zadavanje brzine linije se skalira upotrebom instrukcija NORM_X i
SCALE_X. Izlaz iz SCALE bloka se upisuje u promenljivu Max_Vrednost funkcijskog bloka rampe.
Za ispravan rad funkcijskog bloka FC10 uradeno je merenje trajanja sken ciklusa celog programa
PLC-a upotrebom instrukcija RUNTIME i RT_INFO [18].

N Ok
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Slika 4. Deo koda funkcijskog blok za realizaciju signala rampe

Regulacija sile zatezanja na odmotovanju realizovana je prema principu otvorene petlje regu-
lacije momenta sa limitom maksimalne brzine [16-18], za koji je napisan poseban funkcijski blok
(FB11) upotrebom SCL jezika. Njime se izracunava pre¢nik dobosa i na osnovu zadate sile zatezanja
zone izracunava se upravljacki signal momenta koji se sa izlaza analognog modula PLC $alje na
Sinamics G120 invertor [17]. Za potrebe izraCunavanja trenutne vrednosti pre¢nika dobosa preko
HMI panela unosi se debljina materijala d koji se namotava, b Sirina, unutrasnji pre¢nik Dmin i Spoljnji
maksimalni pre¢nik doboSa Dmax koji je utovaren na namotavacu. Trenutna vrednost pre¢nika izracu-
nava se prema jednacini (9) gde je D(0)=Dmax, & D(i) trenutni pre¢nik, pri ¢emu i oznacava broj rota-
cija dobosa. Signal za kompenzaciju momenta inercije usled promene precnika na odmotavanju se
racuna iz softvera.

D(i)=D(i-1)-i2d 9)

Upravljanje brzinom ulaznog vucnog uredaja i ekstruderima realizovano je upotrebom
kaskadne sprege Pl regulatora brzine i PI regulatora struje (TML) koje su implementirane u Sinamics
DCM konvertorima. Na ulaze regulatora dovode se analogni signali koji su dobijeni na bazi napisa-
nog softvera kojim se generisu signali za sinhronizaciju brzine i sile zatezanja.
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Slika 5. Princip sinhronizacije brzine svih uredaja (levo).
Realizacija upravljackih signala linije (desno)
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Princip sinhronizacije brzine svih uredaja realizovan je logikom u PLC-u. Signali zadate brzine
uredaja i ekstrudera zadaju se upotrebom HMI panela ili potenciometrima koji su povezani na odgo-
varajuce ulaze analognih kartica [18]. Tako dobijene vrednosti signala uvode se u PLC kontroler (sl.
5 levo) 1 na osnovu odnosa koji je napravljen kao odnos izmedu Zeljenog signala brzine uredaja 1
signala rampe pravi se referentni signal za regulator izabranog uredaja koji se dalje obraduju u funk-
cijskom bloku Komanda_Ocitavanje FB13 a koji se poziva iz glavnog programa OB1. Njime se
upravljacki signali Salju prema odgovaraju¢im regulatorima preko Profinet mreze. Na sl. 5. desno
prikazani su signali trenutnih vrednosti realizovane rampe, brzine ulaznog, izlaznog vu¢nog uredaja
I brzina obrtanja puza ekstrudera.

Start, stop logika vu¢nih uredaja i ekstrudera relizovana je upravljackim softverom napisanim
na osnovu upravljacke logike i aktuelnih vrednosti signala sa tastera za start, stop i estop vezanih na
odgovarajuce diskretne module PLC kontrolera. Diskretni signali za start stop se takode obraduju u
funkcijskom bloku FB13 i pripremaju za slanje prema adresiranom regulatoru. Na sl. 6. prikazan je
FB13 i deo softvera za slanje i o€itavanje upravljackih signala i statusnih vrednosti. Kontrolna re¢
ima vrednost 047e hex $to znaci da je regulator tog uredaja spreman za start. Kada se startuje preko
HMI ili sa tastera kontrolna re¢ dobije vrednost 047F i motor tog uredaja startuje [21-23].
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Slika 6. Deo koda bloka FB13 za prijem i slanje kontrolnih
i statusnih reci preko Profinet mreze

Istim principom generiSu se signali za bilo koji uredaj linije. Oc¢itavanje vrednosti brzine, struje,
momenta, statusne reci, aktuelne vrednosti faulta i alarma se obavlja na slican nacin upotrebom Pro-
finet protokola. Aktuelne vrednosti u realnom vremenu prikazuju se na HMI panelu za svaki ureda;.

U zoni II upravlja se vu¢nim uredajima c¢ije se dinamicko ponaSanje opisuje jednacinama (10)
gde su Jmi | Jmo momenti inercije, Bmi i Bmo koeficijenti viskoznog trenja, zcoi I 7co kulonovo trenje, zai
I Tao moment ubrzanja-usporavanja ulaznog i izlaznog vu¢nog uredaja sveden na vratilo pogonskih
motora, respektivno, i i 7o su moment motora ulaznog i izlaznog vuénog uredaja, r je polupre¢nik
pogonskih toc¢kova gusenica, F je sila zatezanja, Nr prenosni odnos reduktora, vi i vz periferijske
brzine koje su ujedno i brzine linije koje odgovaraju brzinama ulaznog i izlaznog uredaja. Jednacina
(11) opisuje ponasanje provodnika izmedu vucnih uredaja upotrebom viskozno elasticnog modela
(Voight model) gde je E modul elasti¢nosti, C je koeficijent prigusenja materijala, S povrsina poprec-
nog preseka provodnika i L rastojanje izmedu uredaja [17, 18].
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Upravljanje brzinom ulaznog i izlaznog vu¢nog uredaja i silom zatezanja provodnika relizo-
vano je kao na sl. 7 levo primenom metode direktne kontrole zatezanja [17, 18] upotrebom P1 regu-
latora za regulaciju sile zatezanja (10) pri ¢emu se kao senzor trenutne sile zatezanja koristi signal
proporcionalan trenutnoj vrednosti struje pogonskog motora dobijen iz DC regulatora izlaznog vuc-
nog uredaja, koji je ujedno proporcionalan i momentu [18]. Kompenzacija momenta trenja se vrsi u
regulatorima Sinamics. Pl regulator sile zatezanja realizovan je softverski u PLC-u upotrebom PID
Compact bloka (12) [16] za a=b=c=1, pri ¢emu je izvrSeno prilagodavanje parametara kp i Ti.

1 T,
y=kp{(bw—x)+ﬁ(w—x)+#:+l(cw—x)} (12)

Nasl. 7. desno prikazana je promena sile zatezanja pri promeni brzine ulaznog vu¢nog uredaja.
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Slika 7. Blok Sema metode direktne kontrole zatezanja (levo).
Zavisnost promene sile zatezanja od vremena (desno)

Zona |l predstavlja i procesnu zonu u kojoj se nalaze ekstruderi. Pogonskim motorima ekstru-
dera upravlja se upotrebom DC konvertora koji rade u I i IV kvadrantu, odnosno upravlja se brzinom
obrtanja puzeva ekstrudera. Princip sinhronizacije brzine objasnjen je na sl. 3 i realizovan logikom u
PLC kontroleru. Na osnovu vrednosti signala rampe i signala sa potenciometara a na osnovu uprav-
ljackog softvera preracunavaju se vrednosti upravljackih signala. U kolo regulacije broja obrtaja puza
ekstrudera implementirana je kompenzaciona petlja sa uredaja koji meri debljinu nanesenog sloja
ispune ili izolacije.

Regulaciju brzine obrtanja dobosa na namotavacu, odnosno sinhronizacija periferijske brzine
dobosa sa brzinom izlaznog vuénog uredaja u zoni III uradena je metodom kompenzacije brzine u-
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potrebom akumulatora koji u opsegu regulacije radi kao danser pri ¢emu je sila zatezanja proporcio-
nalna trenutnoj pozicije dolnjih rolni. Primenjenja je adaptivna promena parametara regulatora (kp,
Ti, Ta) sa uklju¢enjem, isklju¢enjem I, D dejstva u zavisnosti od trenutne pozicije dansera [14] upo-
trebom PID regulatora (1) koji radi kao pozicioni regulator i realizovan je u PLC kontroleru upotre-
bom PID Compact instrukcije (12). Signal upravljanja iz PID regulatora se sabira sa vredno$¢u
upravljackog signala regulatora za brzinu ulaznog vu¢nog uredaja linije i kao takav vodi na ulaz Si-
namics DC konvertora [18]. Kompenzacija gubitaka nastalih usled trenja uradena je upotrebom funk-
cije za kompenzaciju trenja koja je aktivirana pri prvom podeSavnju regulatora Sinamics DCM regu-
latora. Kompenzacija momenta koji se javlja pri ubrzanju ili usporenju se ne vrsi jer se linija pokrece
i zaustavlja po rampi.

3.3. Temperaturna regulacija ekstrudera

Upravljanje grejanjem i hladenjem odnosno regulacija temperatura zona ekstrudera realizovano
je upotrebom PID Temp instrukcije sa izlazom oblika impulsno Sirinske modulacije (PWM) pri cemu
je pocetna konfiguracija parametara svih zona uradena upotrebom TIA Portal softvera. Parametri
svake zone smeSteni su u zasebne data blokove (DB). Za svaku zonu ekstrudera napravljena je po
jedna istanca PID_Temp instrukcije sl. 8. Sve instance su smeStene u OB30 bloku (Cyclic Interupt)
radi periodi¢nog poziva [15]. Perioda poziva podeSena je na 100ms. Trenutna temperatura zona
ekstrudera dobija se preko termoparova tipa J, koji su vezani na analogne module PLC kontrolera Al
8XU/I/RTDI/TC. Na izlazu instrukcije prema zadatim podeSenjima generise se PWM signal za koje je
podeSena perioda i faktor ispune, a koji na osnovu softvera za upravljanje temperaturom aktivira
izlaze izlaznih diskretnih modula PLC kojima se ukljucuju 1 isklju¢uju SSR (Solid State Relay) za
grejace (grejanje zona) i ventilatore (hladenje zona). U okviru jedne PID_Temp instance integrisana
su dva gotova algoritma podeSavanja Pretuning i Fine Tune. Za upotrebu njihovih funkcija potrebno
je ili poznavanje TIAPortal softvera i posedovanje licence, ili koris¢enje gotovog softvera. U radu je
razvijen i napisan i deo softvera za PLC i uradeni su HMI ekrani ¢ijom upotrebom su podeseni para-
metri zona i omogucéeno izvodenje algoritama za podesavanje parametara regulatora temperatura jed-
nostavnim pozivom sa odgovaraju¢ih HMI ekrana.

PID Temp pristup regulacije temperature ne uzima uticaj termicke sprege izmedu zona pa je
razvijen i deo sofvera kojim je i taj problem reSen. Za odredivanje uticaja i veliine termicke sprege
izmedu zona uradena je identifikacija modela svih zona ponaosob i identifikacija zona pri zagrevanju
posmatranih zona upotrebom FOPDT modela (1). Odreden je uticaj zone ispred (j-1) i iza (jJ+1) u
odnosu na posmatranu (j) zonu (13), gde su redom Wonj(s) funkcija prenosa j-te zone, T4(S), Tzj+1)(S),
Tz-1)(s) su redom temperature zona j, j-1 j+1, Uj(s) signal upravljanja temperaturom j te zone, a ky-
1),j 1 K(+1),j koeficijenti medusobnog termic¢kog uticaja j-1 i j+1 zone na j-tu zonu [15, 17].

T4 () =Wong (S)<Uj () + Ky (im0, i To(i-0) (8) + Kogiaay, i Ty (5)) (13)

Radi jos preciznije regulacije u softveru je dodata moguénost da se izborom upravljanja preko
HMI ekrana ukljuci adaptacija termicke sprege zona u smislu promene koeficijenta termicke sprege
uticaja zone j na zonu j+1 pod uticajem temperaturnog gradijenta nastalog pri kretanju mase kroz
cilindar. Softverom koji je razvijen za poziv automatskog podeSavanja parametara zona sa HMI pa-
nela testiraju se uslovi za poziv 1 ukljuenje Pretuning i Fine tune podesavanja.

Jedan od uslova je da zadate temperature zona moraju biti ve¢e od trenutne postignute tempe-
rature. Pre ukljucenja odabira se mod rada PID neaktivan za zone nad kojima se izvodi podeSavanje
i to da se softverom prvo ukljucuje pretuning grejanja, pri ¢emu se zabrani ukljucenje hladenja, da se
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ne desi da jedna od zona radi podeSavanje parametara grejanja a susedna zona radi podeSavanje pa-

rametara hladenja. U koliko nisu ispoStovani uslovi procedura Pretuninga ne moze da pocne. Deo
softvera napisan u SCL za pretunig zona dat na sl. 9.

Matwork s nurma regulacs tns Ehitrudess B | tone | e 5 grejangs | Radenje . £ 88 9 grepanie

input Al_Temp
“Rlok,

“Blok_Grejia” zonal1).
pldTRMpS 2ROt — Sefpgint

PLC

izlzn asalogti modal i
kontroler Ly - b

il relejni modul ventilator .

h 4

4
:\'I'\' elistrudera
i R e —

<4 1 fermopar

PID pelfa gL

[P petfa |l —g

A A A
Aad

myeq  — l'r|

v ! PID et o il

A

A

| END ; 1
. ajins [ |y R ] =R

Slika 9. Prikaz koda Pretuninga
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Slika 10. Prikaz temperatura pojedinih zona posle modelovanja upotrebom Matlaba

Fino podeSavanje svih zona regulisano je delom softvera za njegovo izvodenje i poCinje tek
kada sve zone postignu zadatu temperaturu u opsegu * 5% od zadate temperature. Ako je potrebno
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podesiti samo jednu ili vise zona ponaosob, razvijen je deo softvera kojim je omoguéeno pojedinacno
podeSavanje zona. Za zone koje se greju i prinudno hlade izvrseno je podeSavanje dva razliCita seta
PID parametara za grejanje i hladenje. Parametri PID petlji se takode mogu dobiti nakon izvrSene
identifikacije, modelovanja upotrebom Matlab okruzenja i ru¢no uneti. Na sl. 10. prikazan je odziv
na osnovu modela zona i PID parametara dobijenih upotrebom Matlab-a, koji mogu da posluze kao
baza za dodatno izvrSavanje procedure Fine tuninga, pri ¢emu je potrebno popraviti odzive pojedinih
zona.

4. Realizacija HMI interfejsa za nadzor i upravljanje

Upotrebom TiaPortal i WinCC softvera napisan je softver i dizajnirani su ekrani za HMI panele.
TehnoloSke celine i delovi linije prikazane su tako da je krajnjem korisniku sistema omogucen jed-
nostavan interfejs za pracenje rada, zadavanje parametara, iniciranje procesa identifikacije, automat-
skog podeSavanja parametara (tune) zona ekstrudera, praenje signala alarma, izbor ru¢nog i auto-
matskog rada postrojenja, nadgledanje trend grafova itd. Na sl. 11 prikazan je glavni ekran linije.
Pritiskom na pojedine elemente otvaraju se ekrani pojedinih delova procesa sa odgovarajué¢im vred-
nostima i poljima za zadavanje parametara. Razli¢itim bojama intuitivno su oznacena i signalizirana
stanja opreme i delova procesa; zuta spreman za rad, crveno kvar i zeleno rad. Brzine uredaja mogu
se zadavati upotrebom glavnog ili lokalnog HMI panela ili potenciometrima prema izboru nacina rada
(zadavanje preko HMI ili preko tastera) za brzinu linije, brzina rada ekstrudera i glavnog vucnog
uredaja a Zeljene sile zatezanja za svaku zonu zadaju se samo preko HMI na glavnhom komandnom
pultu. Za vucne uredaje, ekstrudere dat je prikaz trenutnih brzina i trenutnih struja pogonskih motora,
kao i kodovi greSaka i alarma regulatora motora i detaljan opis alarma. Pri pojavi greSke ne nekom
od uredaja, indikator greSke postaje vidljiv i prikazuje se u crvenoj boji, istovremeno se u polja Fault
upisuje kod nastale greSke i aktivira se alarmni baner u kome se ispisuje tekstualna poruka greske.
Pracenje, brzine obrtanja puZa, pritiska u glavi ekstrudera, upravljanje radom ekstrudera, ukljucenje,
iskljucenje ekstrudera, zadavanje i pregled temperatura zona realizovano je ekranima za rad sa ekstru-
derima. Nasl. 12 (levo) prikazan je ekran ekstrudera za plastiranje sa nazivom Ekran ekstrudera T80.
Pritiskom na bilo koji taster u dnu ekrana prelazi se na ostale ekrane za pracenje rada linije, ostalih
ekstrudera ili ekrana za konfiguraciju zona i ukljucenje podeSavanja parametara. Vrednosti zadatih i
trenutnih temperatura prikazane su u plavim i crvenim poljima i bar grafovima plave i crvene boje
respektivno. Pritiskom na bilo koje plavo polje omoguceno je zadavanje zeljenih vrednosti tempera-
tura zona, pri ¢emu je softverom ograni¢ena maksimalna i minimalna vrednost temperature. Simbo-
lima plavih i crvenih kvadrata koji blinkaju intuitivno su prikazana stanja grejanje ili hladenje zona i
to crveno kada je aktivno grejanje, a plavo kada je aktivno hladenje. Prikazan je i trenutni pritisak
mase u glavi ekstrudera, prekoracenje pritiska aktivira prvi i drugi alarm AL1 i AL2, pri ¢emu je
omogucen izbor da se cela linija zaustavi pri pojavi alarma AL2 trenutno ili po rampi.

Ukljucenje temperaturne regulacije vrsi se pritiskom na taster Grej zone, u slucaju da se iz
nekog razloga ekstruder pregreje, pritiskom na taster hladi ukljucuje se prinudno hladenje na svim
zonama ekstrudera, taster Normalan rad sluzi za izbor rada automatski ili ru¢no. Radi intutivnog pri-
kaza implementirani su i indikatori sa skazaljkama za prikaz trenutnog broj obrtaja puza ekstrudera i
struje opterecenja ekstrudera. Pritiskom na taster Ekstruder 60 prelazi se na istovetni ekran ekstrudera
T60 za gumenu ispunu. Pritiskom na taster Autotune 80 prelazi se na ekran izbora rada i podeSavanja
regulacionih petlji zona ekstrudera sl. 12 (desno). Krajnjim korisnicima i operaterima omogucen je
jednostavan interfejs za promenu konfiguracije svakog modula, iniciranje identifikacije i automat-
skog podeSavanja PID parametara regulacionih petlji zona (tuning). Za zone koje se greju i hlade
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izvrSeno je podeSavanje dva seta PID parametara i to posebno za grejanje i za hladenje. Oni mogu
biti ru¢no uneti nakon identifikacije ili modelovanja ili se mogu dobiti iniciranjem tuning procedure.

LINIJA ZA PLASTIRANIJE T120 80
EKRAN LINIJE

VN Ispitivac [Izmen{ivac]

START
PUMPA OFF
T

=+
sl 2
Izlazna vuca
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m EKSTRUDER 60 I EKSTRUDER 80

Slika 11. Glavni ekran linije za ispunu i plastiranje

Pri podeSavanju odredena je i veli¢ina termickih sprega pri ¢emu je eksperimentalno pokazano
da je najviSe izraZena pri prelaznom procesu kada se krece 1 do 20% nakon ¢ega opada 1 krece se oko

7% [15]. Pritiskom na taster Start Pretuninga aktivira se deo softvera za grubo podeSavanje parame-
tara regulacionih petlji zona.

LINIJA ZA IZOLOVANJE T80 60 LINIJA ZA IZOLOVANJE T80 60 [Sression
TUN[NGP&RAM KSTRUDER 80 EKRA EKRAN EI(STRUDER 80
Ca )
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Sllka 12. Ekranl za pracenje rada i zadavanje temperature ekstrudera (levo).
PodeSavanje parametara i izbor nacina rada

Softverom je omoguceno i ukljuéenje istovremenog podeSavanja svih zona i podeSavanje samo
jedne zone ili viSe izabranih zona. Nedostatak pojedina¢nog podeSavanja zona ogleda se u tome $to
nije uzet uticaj termicke sprege. Pritiskom na taster Start Fine Tune Zona startuje se deo softvera za
fino podeSavanje zona. Ukljucuje se zelena lampica rad koja blinka sve dok se podesavanje ne zavrsi.
Kad je podesavanje zavrSeno ukljucuje se lampica gotovo, a ako postoji greSka u prozoru ispod se
ispisuje kod greske kao i tekstualni opis greske.

Na istom ekranu omoguceno je da operater iz padaju¢eg menija pored opcija Pretuning, Fine
tuning odabere opcije Zona neaktivna, Automatski rad, Manuelni rad. Potvrdom na taster Potvrda
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izbrana zona se prebacuje u odabrani mod rada. Takode moguce je odabrati podeSavanja parametara
samo za grejanje ili grejanje 1 hladenje. Za svaku zonu operater definiSe alarme tipa prekida termopara
ili prekoracenja temperature. U sluc¢aju da dode do prekida termopara gubi se informacija o vrednosti
trenutne temperature pa se na osnovu izbora bira isklju¢enje grejanja ili ukljucenje hladenje zone,
iskljucenje zone ili prelaz na manuelno upravljanje. U polju Izbor zone bira se zona i za nju se mogu
pogledati trenutni PID parametri ili se izvrSiti korekcija parametara ru¢nim unosom odgovarajuce
vrednosti parametara.

Pretuning ili Fine tuning se u svakom trenutku moze prekinuti pritiskom na taster Stop, pri
¢emu posmatrana zona prelazi u neaktivni mod (zona se ne zagreva a moze prinudno da se hladi). Na
sl. 13 prikazan je Trend graf zadate i trenutne vrednosti temperature i upravljackih signala za grejanje
1 hladenje odabrane zone.
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Slika 13. Trend graf temperature zone 1 i upravljackih signala za grejanje i hladenje

Na sl. 14 prikazan je radni ekran namotavaca i izgled glavnog komandnog pulta. Tasterima F1
1 F2 pozivaju se ekrani za unos parametara kao Sto su precnik jezgra, maksimalni pre¢nik dobosa,
korak redanja i podeSavanje parametara regulatora. Izbor nacina upravljanja procesom redanja vrsi
se jednostavnim prebacivanjem dvopozicionog preklopnika. Korak redanja kabla zadaje se pomocu
vise obrtnog potenciometra ¢ija je skala podeljena na podeoke.

SIEMENS SIMATIC HMI

RUCNOD RUCNO 1
F1START || F2STOP

Slika 14. Ekran za pracenje rada namotavaca (levo).
Izgled glavnog komandnog pulta linije (desno)

5. Zakljucak

Upravljackim sistemom, zasnovanom na PLC-u, ET periferijama, konvencionalnim regulato-
rima, HMI operatorskim panelima i PC ra¢unaru sa mogucénoséu pracenja i zapisa relevantnih para-
metara, omogucen je potpuno automatizovan rad linije za ispunu i platiranje. U radu je prikazana
relizacija upravljackog sistema za koji je na osnovu tehnoloskih zahteva isprojektovana elektro do-
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kumentacija, izradeni upravljacki ormani, napisan softver za regulaciju brzine, sile zatezanja, regula-
ciju temperature ekstrudera i dizajnirani su ekrani za prikaz i pracenje rada linije. Za regulaciju sile
zatezanja upotrebljene su metode upravljanja upotrebom dansera kao senzora sile zatezanja i metod
indirektne kontrole sile zatezanja. Prikazana je upotreba i razvijen je softver za podeSavanje parame-
tara regulatora temperature pojedinacnih i podeSavanje parametara svih zona ekstrudera istovremeno
sa modelima uticaja termicke sprega izmedu zona. Omoguceno je jednostavno podeSavanje parame-
tara zona ekstrudera upotrebom samo ekrana HMI panela, bez upotrebe TIAPortal softvera. Uprav-
ljackim sistemom se ujedno obavlja neposredno merenje relevantnih veli¢ina i na osnovu implemen-
tiranih algoritama upravlja izvrSnim organima. Kompanije kao Sto je Siemens, Rockwell, ABB i drugi
nude gotova reSenja za realizaciju upravljanja kontinualnim linijama ili delovima linija uz kupovinu
gotovih blokova za tu svrhu. Implementacijom razvijenog upravljackog sistema poboljsan je i pove-
¢an nivo zastite uredaja, opreme i1 postignuta je kvalitetna regulacija brzine, sile zatezanja i tempera-
ture. Postojece resenje je u potpunosti realizovano u fabrici TelKabl u Zajecaru. Prikazani upravljacki
sistem se moze koristiti u bilo kojoj industriji gde se obavljaju procesi ekstruzije. Navedeno reSenje
moze se takode upotrebiti i za sloZenije linije sa viSe vucnih uredaja i ekstrudera.

6. Zahvalnica

Ovaj rad je podrzan od strane Ministarstva, nauke, tehnoloSkog razvoja i inovacija Republike
Srbije [broj ugovora: 451-03-34/2026-03/200102].
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Numericko-eksperimentalni pristup cvrstoci konstrukcija zasniva se na primeni numerickih
metoda proracuna, prvenstveno metode konacnih elemenata, zajedno sa tehnikama eksperimentalnog
ispitivanja. Prvo, bice predstavijen konvencionalni pristup proceni cvrstoce konstrukcija, koji
ukljucuje staticu analizu, radna opterecenja i linearnu analizu koriS¢enjem metode konacnih ele-
menata.

Kasnije ce biti predstavljene neuobicajene metode za razumevanje c¢vrstoce strukturnih ele-
menata koji se obicno koriste u procesnoj industriji. Ove metode ukljucuju dinamicku reanalizu i
testiranje modela, koje obe pruzaju detaljniji uvid u ponasanje konstrukcije. Dinamicka reanaliza
zasniva se na ideji da sam napon nije uvek dovoljan pokazatelj kriticnih mesta na konstrukciji.
Umesto toga, ova metoda koristi raspodelu razlike potencijalne i kineticke energije kako bi se iden-
tifikovale slabe tacke i predlozila moguca poboljSanja dizajna. Modelsko ispitivanje podrazumeva
izradu i ispitivanje umenjenog modela konstrukcije. Testiranje modela umesto konstrukcije u punoj
velicini znacajno smanjuje troskove i vreme testiranja. Stavise, laboratorijska ispitivanja omogucav-
aju upotrebu sofisticirane opreme, kao Sto je sistem za korelaciju digitalnih slika, koja je cesto
neprakticna za primenu u samom postrojenju. Posto su mnogi strukturni elementi u procesnoj indus-
triji oblika ljuske izlozene unutrasnjem pritisku (membransko naprezanje), oni su posebno pogodni
za modelsko ispitivanje, ali u zonama gde su efekti savijanja dominantni, moraju se formulisati
koeficijenti slicnosti.

Na kraju, analizira se granicna cvrstoca konstrukcije. Tradicionalni postupci proracuna gen-
eralno uzimaju u obzir elemente konstrukcije koje uticu na krutost i ¢vrstocu, dok se zavareni spojevi
zanemaruju u linearno-elasticnim analizama pod normalnim radnim opterecenjima. Ali Sta je sa ne-
ocekivanim preopterecenjima koja mogu dovesti do otkaza konstrukcije? Kada se razmatraju
granicna cvrstoca i plasticna deformacija, zavareni spojevi moraju biti ukljuceni u analizu, jer razlike
u mehanickim svojstvima razlicitih regiona zavarenog spoja imaju znacajan uticaj na integritet kon-
strukcije.

Numerical and experimental approach to structural strength is based on the application of nu-
merical computation methods, primarily finite element method analysis, together with experimental
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testing techniques. Firstly, the conventional approach to structural strength assessment, which inclu-
des static loading conditions, service loads, and linear analysis using the finite element method, will
be presented.

Later, advanced methods for understanding structural behavior of structural elements
commonly used in the process industry, will be presented. These methods include dynamic reanalysis
and model testing, both of which provide a more detailed insight into structural performance. Dyna-
mic reanalysis is based on the idea that stress alone is not always a sufficient indicator of critical
regions in a structure. Instead, this method evaluates the distribution (differences) of potential and
kinetic energy in order to identify weak points and suggest possible design improvements. Model
testing involves the production and examination of sub-scaled structural models. Testing a model
instead of the full-scale structure significantly reduces both costs and testing time. Furthermore, la-
boratory testing allows the use of advanced equipment, such as Digital Image Correlation system,
which are often impractical for on-site applications. Since many structural elements in the process
industry are shell structures subjected to internal pressure (membrane stress), they are particularly
suitable for model testing, but in the zones where bending effects are dominant, similarity coefficients
must be formulated.

Finally, ultimate structural strength is analyzed. Traditional design procedures generally con-
sider only the structural components that affect rigidity and strength, while welded joints are
neglected in linear-elastic analyses under normal service loads. But what about unexpected overlo-
ads that may lead to structural failure? When ultimate strength and plastic deformation are conside-
red, welded joints must be included in the analysis because variations in the mechanical properties
of different weld regions have a significant influence on the overall structural integrity.

1. Introduction

There are many challenges in everyday engineering practice considering structural strength.
The first one is how to produce optimal structure, considering expected workloads and unexpected
(sudden) loads. The second challenge is to diagnose the cause of failure of a steel megastructure, in
order to enable the machine and return it to operation, as soon as possible. In case of failure is neces-
sary to apply an efficient system for the diagnosis and to perform a number of steps to enable machine
to operate. The cause may be one of four (the same challenges dealing with when designing a new
machine): error in design (geometry) of a part of the structure, the error in the production of parts
(error in material and welded joints), error in operation or unpredictable circumstances (unexpected
workloads).

2. Finite Element Method

Numerical calculation (based on Finite Element Method) of the structure is inevitable tool in
structural diagnostics. It is usually used to identify stress concentration zones and deformation under
static load, and oscillating modes and free frequencies (dynamic calculations). It is based on displace-
ment method. The most sensitive, the most important and most difficult manageable procedure of the
calculation process is structure modelling. Modelling, in fact, is mapping the physical to computa-
tional model according to technical documentation, selection of the type or types of finite elements
and defining of physical model discretization by finite elements, nodal points, boundary conditions
and loads. Example of a computational models discretized in small elements is shown in Fig. 1.
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Fig. 1 Stress field of a pressure vessel loaded with
internal pressure of 1.5 MPa [1]

In Fig. 1 stress field of a pressure vessel loaded with internal pressure is shown [1]. In Fig. 2
stress field of a globe valve housing loaded with axial force is is shown.
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Fig. 2 Stress field of a globe valve housing loaded with
axial force of 30 kN [2]

Pressure vessels and valve housings, as well as the pipelines, are typical elements of a process
industry plants. Those are typical shell elements loaded with internal pressure and temperature, hence,
finite element computational models contain shell elements.

2.1. Dynamic calculations and reanalysis method

Dynamic calculations are not only giving modal shapes, free frequency values, but also distri-
bution of potential and kinetic energy of deformation and can be used in more sophisticated manner
for structural redesign. For instance, reanalysis method is based on distribution and potential energy,
giving recommendations for redesign, in order to reduce stress concentrations. The recommendations
for redesign are: (1) Elements in which both potential and kinetic energy are small, are not suitable
for dynamic modification (e.g. the elements near the supports of the structure); (2) Elements for which
the potential energy dominates the kinetic should increase rigidity; (3) Elements in which kinetic
energy is dominant in relation to the potential need to reduce weight; (4) When both the kinetic and
potential energy are high, reanalysis is performed based on the difference growth of potential and
kinetic energy between the original and the modified structure (most complex case).

In paper [3] dynamic calculation was used to identify the cause of crack occurrence and to
propose redesign solution. Namely, a crack occurred on gusset plate of pylon vertical truss of bucket
wheel excavator (BWE) SchRs630.
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Fig. 3 Bucket wheel excavator SchRs630, gusset plate crack position [3]

Numerical computational model of pylons, slewing platform and undercarriage was formed.
Calculations are done using finite element method (FEM) for different load cases. As can be seen
from Fig. 4 showing stress distribution field for a loading in accordance to standard (deadweight and
workload), there is no stress concentration leading to crack occurrence in the zone of interest.

1.00E+08 ... 1.20E+08
8.02E+07 ... 1.00E+0D8
0.00E+00 ... 2.01E+07

Note: 1.52e+8 N/m2 equals to 152 MPa
Fig. 4 Bucket wheel excavator SchRs630, Von Misses stress [3]

It was determined, by the help of dynamic analysis (Fig. 5 showing the third oscillating mode,
torsion of pylons) that the inertial forces caused by bucket wheel boom and counterweight boom
masses While breaking slew drive cause the stress concentration in this spot.

Based on dynamic calculation and distribution of potential and kinetic energy on oscillation
modes, using the reanalysis method, redesign of this part of the structure was proposed. When it
comes to redesigning, redesign proposal should be such as to reduce stress concentration, that it can
be done in a short period of time and that it can all be done in situ, including minimally possible
dismantling of machine parts.

The stress was reduced by over 20% by proposed redesign solution. In the end, the proposed
solution needs to be verified. Confirmation of the solution proposed and performed on the structure
of the excavator, gave a number of work cycles without failure (indirect evidence).

Previous study described possibilities of usage of dynamic calculations for the purpose of re-
design of a bucket wheel excavator, but could be easily applied for instance to redesign the zones of
nozzles on pressure vessels.
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Fig. 5 Bucket wheel excavator SchRs630, Dynamic calculation, the third oscillating mode, distribu-
tion of seizure of potential and kinetic energy [3]

3. Experimental Testing, Model Testing

Numerical calculations are inevitable part of any structural strength assessment, but they need
verifications. Sometimes, as previously mentioned, verification is indirect, as the number of work
cycles without failure. The clear evidence of verification of numerical calculations would be experi-
mental testing of phenomenon obtained by numerical calculations.

However, sometimes is not possible to perform the experiment on the real structure. Instead on
the real structure, one can perform experiments on its sub-scaled model (fundamentals of model test-
ing). Model testing enables to predict the stresses and deformation, and dynamic behavior of the real
structure regarding stresses, deformation, and dynamic behavior of the model. Experimental testing
on laboratory model instead on real structure results in great saving of money and time. The idea of
modal testing is shown in Fig. 6.

FEM model of FEM model of
the real structure sub-scaled structure

T

experimental testing
on laboratory model

Fig. 6 The idea of model testing
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Simplified, idea of model testing could be down to: one performs numerical calculations of
both, real structure and sub-scaled model, then performs experimental testing of the model that con-
firms numerical computational model of the sub-scaled model, and indirectly (circumstantially) con-
firms numerical computational model of the real structure.

Recommendations for model testing are well-known and part of theory of similarity and are
confirmed on a model testing of a SchRs 630 bearing structure [4]:

- all dimensions and thicknesses are decreased 10 times, loading is decreased 100 times com-

paring to the real construction,

- stress filed looks the same as the stress field of the real construction,

- stress values (between sub-scaled and real construction) are different in different zones,

- structure of stress in in all zones is analyzed, share of membrane, sheer and bending stress;
coefficients are formulated as follows membrane stress-coefficient 1, sheer and bending
make a difference,

- dynamic calculation, free frequencies of the sub-scaled model are 10 time higher than free
frequencies of the real construction.

Pressure vessels and pipes are good candidates for model testing, considering that they are

loaded with internal pressure causing membrane stress, except in the zones of nozzles etc.

4. Ultimate Strength, Influence of Welded Joints in Plasticity

Ultimate strength considers once-in-a-lifetime loadings, that include overloading scenarios that
lead to structural collapse, i.e., ultimate strength. When ultimate strength and plastic deformation are
considered, welded joints must be included in the analysis because variations in the mechanical prop-
erties of different weld regions (base metal, weld metal and heat affected zone) have a significant
influence on the overall structural integrity, like shown in [5]. Firstly, methodology for material char-
acterization of heat affected zone is developed. That methodology did not include small specimens
taken from heat affected zone, and then tested, rather included deformation obtained using digital
image correlation experimental method [6] and iterative numerical and experimental approach. Ob-
tained material properties of heat affected zone are illustrated in Fig. 7.
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Fig. 7 Hlustration of material properties obtained using inverse iterative methodology [5]

Later, three numerical computational models of a pipeline are made, the one without welded
joint, the one containing welded joints but treats heat affected zone having the same characteristics
as base material, and third containing heat affected zone with its own characteristics. Result is stress
concentration factor shown in Table 1.
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Table 1 Nonlinear analysis (plastic domain) of the pipeline [5]

Internal Stress in the zone of Stress in HAZ Stress in WM | Stress concen-
pressure parent material [MPa] [MPa] tration factor
[MPa] [MPa] 1
The second model 77 285 326 454 1.59
(HAZ = parent material)
The third model 77 282 373 416 1.47

[1]

[2]

3]

[4]

[5]

[6]

5. Conclusions

— Numerical calculation based on Finite Element Method is inevitable tool in structural diag-
nostics,

— Stress is not the only one indicator of structural behaviour, dynamic calculation could be
used for obtaining the whole insight into structural behaviour and for redesign proposal,

— Numerical calculations need verification — significance of the experimental testing is high-
lighted,

— When is not possible to perform the experiment on the real structure, one can perform ex-
periments on its sub-scaled model (model testing),

— Traditional approach in structural designing and strength assessment that observes structure
without welded joints is sufficiently accurate in terms of elastic response; When it comes to
ultimate strength and plastic deformation, welded joints must be teken into account consid-
ering its vast influence to structural strength in plasticity.
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Deponijski gas nastaje kao proizvod anaerobnog razlaganja biodegradabilnih komponenti
ostatka komunalnog otpada na deponiji i prosecno sadrzi oko 50-55% metana i 45-50% ugljen-diok-
sida. To znaci on predstavlja obnovljivi izvor energije, ali se moze posmatrati i kao znacajan izvor
gasova sa efektom staklene baste. Cilj upravljanja deponijskim gasom je najpre sprecavanje zagade-
nja koje on moZe uzrokovati, a nakon toga i iskoristiti njegove potencijale kao izvora energije. Isto-
vremeno, podatke o kolicinama generisanog i emitovanog gasa potrebno je dostaviti nadleznim orga-
nima koji se bave Zivotnom sredinom. Prvi korak u procesu projektovanja sistema za iskorisc¢enje
deponijskog gasa je odredivanje raspolozZivih kolic¢ina gasa. Osim toga, sa stanovista upravljanja
otpadom, neophodno je imati i uvid u predikcije o generisanim kolicinama gasa u nekom vremenskom
periodu. Cilj ovog rada je prikazati na studiji slucaja metodologiju za efikasno upravijavijanje de-
ponijskim gasom na primeru regionalne deponije. Ona ima dve osnovne funkcije: a) pracenje kolicina
i sastava odlozZenog otpada, kao i vremena njegovog odlaganja sto ima za posledicu izracunavanje
kolicina generisanog deponijskog gasa dostupnog za iskoriscenje i b) predvidanje buducih kolicina
gasa.

Landfill gas (LFG) is a product of anaerobic decomposition of biodegradable components of
municipal waste disposed on landfills. It contains about 50-55% methane and 45-50% carbon di-
oxide. This means that it is a renewable energy source, but it can also be a significant source of
greenhouse gases. The main goal of landfill gas management is to prevent the pollution it can cause,
but also to use its potential as an energy source. Also, LFG emitters should report data on the quan-
tities of generated and emitted gas to the environmental protection agency. The first step in the pro-
cess of designing a system for landfill gas utilization is to determine the available quantities of gas.
The aim of this paper is to present a methodology for landfill gas management using a case study of
a regional landfill. It has two basic functions: a) monitoring the quantities and composition of dispo-
sed waste, as well as the time of its disposal, which results in determination of generated landfill gas
available for utilization, and b) predicting future LFG quantities.

1. Uvod

Upravljanje otpadom je aktivnost ¢iji ciljevi su zastita zivotne sredine, ali i valorizacija eleme-
nata tog procesa. U hijerarhiji upravljanja otpadom odlaganje na deponiju oznaceno je kao najmanje
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pozeljno. Medutim, u zemljama u razvoju ovo je i dalje najzastupljeniji metod tretmana [1]. Odlaga-
nje otpada na deponiju je sloZzen tehnoloski proces. Prilikom projektovanja deponije moraju se ispu-
niti tehni¢ko-tehnoloski uslovi definisani Uredbom o odlaganju otpada na deponije [2]. Posebno zna-
Cajno su obezbedivanje vodonepropusnosti dna i finalne prekrivke, sakupljanje i tretman procednih
voda i sakupljanje, tretman i kori$éenje deponijskog gasa. Deponije na kojima se otpad deponuje u
skladu sa propisima nazivaju se sanitarne deponije. Prema Nacionalnoj strategiji za upravljanje otpa-
dom u Republici Srbiji odlaganje otpada bi se vrsilo na 29 regionalnih deponija. U ovom trenutku
izgradeno je 12 sanitarnih deponija, i to dve lokalne i deset regionalnih.

Deponijski gas je produkt anaerobnog razlaganja biodegradabilnog otpada. Ova razgradnja
odvija se u Cetiri faze, od kojih je najznacajnija Cetvrta faza u kojoj se odvija anaerobna, stabilna
proizvodnja metana. Ona uglavom nastupa nakog godinu dana od odlaganja otpada i uobicajeno traje
oko 20 godina [3]. Ovo je posledica brzine razgradnje biodegradabilnog otpada; dok se hrana razlaze
veoma brzo, zeleni otpad kao $to su drvena masa i sli¢no razlazu se veoma sporo. Nastali deponijski
gas sastoji se pretezno od metana i ugljen dioksida. Procenjeno je da 11% emisija metana u svetu
potice od komunalnog otpada, $to ga ¢ini tre¢im najznacajnijim izvorom [4]. Prema Zakonu o ko-
ris¢enju obnovljivih izvora energije deponijski gas klasifikovan je kao obnovljivi izvor energije [5].
Njegov energetski potencijal prvenstveno zavisi od sadrzaja metana, i iznosi izmedu 16 i 30 MJ m?.
Prema Nacionalnom akcioniom planu za koris$¢enje obnovljivih izvora energije koji je donesen 2013.
godine, cilj je bio da do 2020. godine ucescée energije koja je dobijena iz obnovljivih izvora bude 27%
od bruto finalne potrosnje energije [6]. Do danas, u pogon je pusteno 39 elektrana na biogas, ukupne
snage 39 MW. Energetski potencijali deponijskog gasa se jo$ uvek ne koriste.

Cilj ovog rada je da prikaze metodologiju koja moze pomo¢i u donosenju odluka u vezi uprav-
ljanja deponijskim gasom na primeru hipoteticke regionalne deponije. Koris¢enjem multidisciplinar-
nog pristupa, razvijen je softverski alat Deponis. Dve osnovne funcije ovog softverskog reSenja su:
a) pracenje kolicina i sastava odloZenog otpada, kao i vremena njegovog odlaganja S$to ima za posle-
dicu izraCunavanje koli¢ina generisanog deponijskog gasa dostupnog za iskoris¢enje i b) predvidanje
budu¢ih koli¢ina gasa. Takode, predmetni softver omogucava jednostavan pristup i1 generisanje po-
dataka za izvestaje koje su regionalne i lokalne deponije duzne da podnose Agenciji za zastitu Zivotne
sredine.

2. Metodologija

Upravljanje otpadom je vazan element odrzivog razvoja. Metodologija predstavljena u ovom
radu moZe pomo¢i donosiocima odluka na razli¢itim nivoima odlucivanja.

2.1. Deponijski gas

Koli¢ine deponijskog gasa koje se generisu na deponiji mogu se odrediti proracunima ili direk-
tnim merenjima. Budu¢i da direktna merenja imaju znacajne nedostatke, kao Sto su definisanje repre-
zentativnih vrednosti, osetljivost uslova potrebnih za merenje, kao i cena, uobic¢ajena je upotreba raz-
li¢itih proracunskih metoda. U ovom radu koli¢ine deponjskog gasa odredene su primenom alata De-
ponis.

Odredivanje koli¢ina deponijskog gasa pomocu softverskog alata Deponis zasniva se na kom-
binaciji dva dostupne metodologije: jednacine brzine razgradnje prvog reda i Global Methane Initia-
tive modela (u daljem tekstu GMI). Jednacine brzine razgradnje prvog reda su Siroko korisé¢ene. Neke
od najznacajnijih modela, kao $to su LandGem i IPCC model zasnivaju se na ovim jednac¢inama.

Model LandGem razvila je Americka agencija za zastitu Zivotne sredine na osnovu empirijskih
podataka sa americkih deponija [7]. Proracun se vr$i na osnovu podataka o koli¢inama odlozenog
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otpada i izabranih vrednosti konstanti k i Lo. Osnovna prednost ovog modela je njegova jednostav-
nost, a mana nedovoljna fokusiranost na podatke za konkretnu lokaciju.
Proracun se vrsi na osnovu jednacine 1:

Qch. =X X k Lo (Mi/10) (e™%) (1)

gde je: Qchs — protok metana, m®/god, i = 1-godi3nji inkrement, j = 0,1- godi3nji inkrement, k =
konstanta brzine stvaranja metana (1/god), Lo = potencijal stvaranja metana, m*/tona, Mi = masa
otpada odlozenog u i-toj godini, tona, tij = starost otpada odlozenog u i-toj godini.

Konstanta brzine stvaranja metana (k-parametar) je parametar koji definiSe brzinu generisanja
metana iz mase odlozenog otpada. Preporucena vrednost ovog parametra ima veoma Sirok interval
nepouzdanosti (od -40 do +300%) te se preporucuje odredivanje njegove vrednosti za svaki pojedi-
nacni slucaj [8]. Softverski alat Deponis koristi GMI metod za proracun k-parametra.

Modeli GMI metoda razvijeni su za osam reprezentativnih klimatskih uslova za ispitivane ge-
ografske regione [9]. Najznacajniji parametri su dubina deponije/visina otpada, stepen sabijanja
otpada, karakteristika sloja za oblaganje dna i prekrivnog sloja, prekrivni sloj, upravljanje procednim
vodama. U Deponisu GMI model se koristi za izracunavanje vrednosti konstante brzine stvaranja
metana na osnovu podataka o udelima razli¢itih biorazgradivih kategorija otpada i potataka o klimat-
skim karakteristikama podrucja na kojem se deponija nalazi.

2.2. Studija slucaja

Hipoteticka regionalna deponija otvorena je 2020. godine, i ima kapacitet 250.000 tona.
Prikupljanje deponijskog gasa vrsi se putem biotrnova. Sastav odloZzenog otpada odgovara prosecnom
sastavu otpada u Republici Srbiji. Padavinski rezim na lokaciji deponije je umereno vlazan.

Glavni meni Deponisa prikazan je naslici 1.

GLAVNI MENI

.........
Pregled protoka
CH4 na deponiji
FIW wok:
Ddlaganje otpada
Simalselja

4/20/2026 Zatvorl nopeﬂs 11:27

Slika 1. Glavni meni DeponlS-a

U okviru glavnog menija vrsi se unos osnovnih podataka o firmi, to je prikazano na slici 2.
Predvideno je da jedna firma moze upravljati i sa vise deponija, te se podaci za svaku unose zasebno
(slika 3). Kao korisnik postoje tri nivoa autorizacije. U ovom polju od posebnog znacaja je ispravan
unos tipa padavinskog rezima i tip kasete. Padavinski rezimi su podeljeni u pet kategorija: 1.vlazni,
2. umereno vlazni, 3. prosecan, 4. umereno suv i 5. suv. Za hipoteti¢ku deponiju izabran je umereno-
vlazni padavinski rezim.
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= GlavniMen = frmFirma L —
3 FIRMA ]
7|
—— Administt FirmalD |1 hadZer m—
Naziv Regionalna deponija d protoka
Firma deponiji
PIB 10000001
o d protoka
Deponi MatieniBroj | 01 1 u kaseti
Adresa Siroki put
. ulacija
Korisn OpstinalD Beograd-Zemun v
L} 4 » M = &R
4/22/2026 11:12

Slika 2. Unos osnovnih podataka o firmi

Kasete se po tipu mogu podeliti na uredena plitke, uredena duboka, neuredena duboka, neu-
redena plitka i nepoznato. Podatak o tipu kasete koristi se za odredivanje korekcionog faktora metana,
koji odreduje do kojeg stepena se otpad anaerobno razgraduje. Za sve deponije visine preko 10m
ocenjuje se da je sva razgradnja otpada anaerobna, te je vrednost ovog faktora 1. Ovi podaci unese se
u formular prikazan na slici 3.

=

. DEPONIJA ©
DeponijalD 1 Polozaj X Y
Naziv Regionalna deponija 1 Firma Regionalna deponija v
Tip vlasnistva JAVNO PRIVATNO v Naselje Beograd (Zemun) ~
Vrsta REGIONALNA ~ Mikra Lokacija
Povrsina (ha) 20 Padavinski rezim 2 ~

KasetalD Tip Godina Godina Kapacitet  Srednjavisina Maseni udeo Nacin
Kasete Otvaranja  Zatvaranja (t) otpada metana (F) Prikupljanja Gasa

3 1|| UREDJENA DUBOKA v 2020 2030 250000 20 50 || KLASIENI BIOTRN ~
W ~ ~
Record: M 4 1of1 b M b | Search

M 4 > M =

Slika 3. Unos osnovnih podataka o deponiji

U toku kori$¢enja ovog alata, mogu se unositi podaci za svako pojedinac¢no odlaganje (slika 4).
Kako bi se olakSao unos podataka, dodato je dugme kojim se aktuelnom otpadu dodeljuje neki pre-
definisani podrazumevani sastav. RaspoloZivost mesta u Kaseti se raCuna automatski, $to olakSava
predvidanje rada deponije u buducnosti.



39. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 167

=2] frmOdlaganjeOtpada ®
-
ODLAGANIJE OTPADA )
Deponija Regionalna deponija ~ Vrsta otpada (%)
Kaseta 1 ~ *[[1HrANA ~| | 12.00%
Redni broj odlaganja u kasetu 1 2BASTENSKI |+ 7.00%
Kolicina odlozenog otpada (t) 50000 3DRVO ~ 8.00%
o
Datum unosa u bazu 4/22/2026 11:28:43 AM cElas [ 3.00%
N STEKSTIL ~| | 10.00%
Period od - do 06-May-20 = 09-Apr-26|
6 STAKLO ~ 15.00%
DEFINIS| SASTAV OTPADA PODRAZUMEVANI SASTAV JPLASTIKA  |w| | 11.00%
8 METAL ~ 8.00%
Kapacitet kasete [1] 250000
9 PAPIR ~ 9.00%
Ukupno otpada u kaseti [t] 50750 10 KARTON 7.00%
Raspolofivo mesta u kaseti [t] 199250 11 PELENE - 2.00%
12 KOZA ~ 6.00%
M 4 » M = =R

Ukupne: | 100%

Slika 4. Unos podataka o kolicinama i sastavu otpada u kaseti

Nakon unosa svih podataka, alat omogucava uvid u protok deponijskog gasa i na deponiji i u
pojedina¢nim kasetama, kao i izvodenje simulacija sa ciljem donosenja menadzerskih odluka.

3. Rezultati i diskusija

Jedan od klju¢nih aspekata upravljanja otpadom je i bezbedno odlaganje otpada na deponije.
Ovo se moze posti¢i odlaganjem na dobro projektovane deponije, koje smanjuju rizike po Zivotnu
sredinu na minimum. Uspesno rukvodenje deponijom moze se videti i kao povecanje odrzivosti,
smanjenje ugljeni¢nog otiska, smanjenje emisija metana kao gasa sa efektom staklene baSte i
ekonomsku dobit. Stoga je vazno razvijati metodologije kojima se unapreduje upravljanje de-
ponijskim gasom na efikasan i efektivan nacin. Softverski alat Deponis omogucava da se u bilo kom
trenutku generisu izvestaji sa osnovnim podacima o deponiji i pojedina¢nim kasetama. U okviru op-
cije pregled protoka metana na deponiji moze se dobiti informacija o trenutnom protoku metana na
deponiji (slika 5) ili se generisati izveStaj prikazan je na slici 6. Podatak o prose¢cnom sastavu otpada
u kaseti je izraCunat na osnovu sastava otpada navedenih prilikom upisa podataka za svako
pojedinacno odlaganje.

5] frmProtokCH4poDeponijama £

PREGLED TRENUTNOG | BUDUCEG PROTOKA
— METANA NA DEPONIIAMA NA OSNOVU =

Microsoft Access x

Protok CH4 na izabranoj deponii je 69007700.42 m3/god.

TRENUTNI PROTOK METANA NA DEPONUI IZVESTAJ

4/27/2026 11:56

Slika 5. Prozor sa informacijom o trenutnom protoku metana na deponiji
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[E rptStanjeKasete

Podaci o DEPONIJI

Deponija ID: 1
Oznaka:

STANJE KASETA NA DEPONIJAMA

Mikro Lokacija
Povrsina (Ha): 20

Naziv: Regionalna deponija

Protok CH4 [m3/god]. s

Kaseta ID:

-

Oznaka kasete:
Tip kasete: UREDJENA DUBOKA
Godina otvaranja: 2020

Godina zatvaranja: 2030

Kapacitet [t]: 250000

Preostali kapacitet [t]. 199250
Srednja visina ofpada [m]: 20
Maseni udeo metana F: 50

Ukupna kolitina otpada u kaseti [f]: 50750

LISTA UNOSA U KASETU:

Protok CH4 [m3/god]. ##ss:

PROSECAN SASTAV OTPADA U KASETI:

ID  Naziv Masa u kaseti Procentualni udeo

1 HRANA 6,090.00 12.00%

2 BASTENSKI 3,552.50 7.00%

3 DRVO 4,060.00 8.00%

4 GUMA 1,522.50 3.00%

5 TEKSTIL 5,075.00 10.00%

6 STAKLO 7,612.50 15.00%

7  PLASTIKA 5,582.50 11.00%

8  METAL 4,060.00 8.00%

3 PAPR 4,567.50 9.00%

10  KARTON 3,552.50 7.00%

11 PELENE 2,030.00 4.00%

12 KOZA 3,045.00 6.00%
50,750.00 | | 100.00% |

Wednesday, April 22, 2026

Rbr unosa Kolicina Datum unosa Period od
1 50000 4/22/2026 5/6/2020
2 750 4/22/2026 4/19/2026

Period do

4/9/2026
4/22/2026

DeponliS v1.0

Slika 6. Generisanje opsteg izvestaja sa podacima o kolicinama metana, sastavu i masi otpada po
kasetama na deponiji

Opcija Pregled protoka metana u kaseti omogucava uvid u trenutni protok deponijskog gasa u
datoj kaseti, kao i tabelarne podatke o godiSnjim protocima za 40 godina (slika 7) i desetogodisnjim

protocima u narednih sto godina (slika 8).

EH PodaciMetandd o B =

Godina - LFG - CH4 - -
112,234.30  5,611,714.00
Ea] frmProto 2021 216,897.60  10,844,880.00
2022 314,500.60  15,725,030.00

P 2023 405,519.60  20,275,980.00 =|
2024 490,398.70  24,519,930.00
2025 569,552.10  28,477,610.00
2026 1,380,154.00  69,007,700.00
2027 1,287,053.00  64,352,650.00
2028 1,200,232.00  60,011,610.00
2029 1,119,268.00  55,963,410.00
2030 1,043,766.00  52,188,290.00
e 2031 973,356.50  48,667,820.00
META 2032 907,696.80  45,384,840.00
2033 846,466.30  42,323,310.00
2034 789,366.30  39,468,310.00
2035 736,117.90  36,805,900.00
2036 686,461.70  34,323,080.00
2037 640,155.00  32,007,750.00
2038 596,972.10  29,248,600.00
2039 556,702.20  27,835,110.00
2040 519,148.70  25,957,440.00

2041 484,128.50  24,206,430.00 -]

Record: M 1of41 L Search

OKA

Slika 7. Godisnji protoci deponijskog gasa i metana u izabranoj kaseti
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= PodaciZaGrafikon o B =)
Godina - LFG - CHa
- bo2} 112,234.30 5,611,714.00
=l frmP 2030 495,469.30 24,773,460.00 2
2040 246,436.70 12,321,240.00
2050 122,572.80 6,128,642.00
2060 60,965.33 3,048,267.00
2070 30,322.97 1,516,148.00
2080 15,082.05 754,102.60
2090 7,501.52 375,075.90
2100 3,731.11 186,555.40
2110 1,855.78 52,789.02
2120 522.03 46,151.45
RN | * 0 0.00 0.00 I
MET
Record: M 1of 11 LI ¢ Search

Slika 8. Generisanje opsteg izvestaja sa podacima o koli¢inama metana

Osim podataka koji se odnose na tekuce poslovanje na deponiji, moguce je dobiti i podatke o
simuliranim situacijama. Primer je odredivanje koli¢ina deponijskog gasa koje su ekonomski isplative
za eksploataciju i donoSenje odluke o radnom veku i kapacitetima postrojenja za iskoriS¢enje de-
ponijskog gasa. Primer izgleda prozora sa ovom opcijom prikazana je na slici 9.

5] frmSimulacija b
£ SIMULACIA ()
Kaseta: 1~ Dugme ,Trenutno stanje
gasa” je vidljivo sve dok

Deponija: 1| ne unesete neku godinu
Kaseta: fl vecu od tekuée.
Rbr unosa: 1 Nakon toga postaju

. dostupna dugmad za
Godina: 2030 ~Stanje gasau
Kolicina: 7142.857 buduénosti” i ,Grafikon

predvidanja”.

Zavrsi unos

Slika 9. Izgled prozora za simulaciju

4. Zakljudak

Efikasno upravljanje otpadom i deponijskim gasom ima viSestruke benefite: smanjuje se nega-
tivan uticaj na zivotnu sredinu i omogucava ostvarivanje ekonomske dobiti. U ovom radu prikazana
je metodologija koja je alat koji moZe olakSati donoSenje menadzerskih odluka. Softverski alat De-
ponis kombinuje jednacinu brzine razgradnje prvog reda i GMI metod za proracun generisane
koli¢ine deponijskog gasa, te omogucava efikasnije upravljanje na razliitim nivima Na sva-
kodnevnom, operativnom nivou omoguéena je brza i jednostavna evidencija o koli¢inama i sastavu
otpada u pojedina¢nim kasetama, kao i na celoj deponiji u realnom vremenu. Za potrebe viseg niva
upravljanja, omogucen je uvid u trenutne i akumulativne koli¢ine deponijskog gasa i metana u po-
jedina¢nim kasetama, kao i zbirno na deponiji. Jednostavno je i generisanje izveStaja sa podacima o
koli¢inama i sastavu odlozenog otpada, kao i koli¢inama generisanih koli¢ina metana. Prema Pravil-
niku o metodologiji za izradu nacionalnog i lokalnog registra izvora zagadivanja, kao i metodologiji
za vrste, nacine i rokove prikupljanja podataka ("Sl. glasnik RS", br. 91/2010, 10/2013 i 98/2016)
privredni subjekti u oblasti upravljanja otpadom u obavezi su da Agenciji za zaStitu zivotne sredine
podnose godis$nji izvestaj o koli¢ini i vrsti odloZzenog otpada, kao i podatke o koli¢inama zagadujucih
materija emitovanih u vazduh, ukljucujuci i metan. Poznavanje generisanih koli¢ina metana olaksace
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menadZerima planiranje troSkova poslovanja povezanih sa zasStitom Zivotne sredine. Na strateSkom
nivou, kroz simulacije, omoguceno je predvidanje koli¢ina deponijskog gasa koje ¢e se generisati u
buducnosti. Ove informacije olakSavaju donoSenje odluka o investicijama u sisteme za iskoriS¢enje
deponijskog gasa. Poznavanje ovih podataka od posebnog je zna¢aja za definisanje optimalnog tre-
nutka u kome je poZeljno zapoceti iskoriS¢enje gasa, ali i odredivanje trenutka u kome ¢e dalja ek-
sploatacija biti neisplativa usled male koli¢ine generisanog gasa.

5. Zahvalnica

Istrazivanja u ovom radu izvrsena su u okviru aktivnosti koje finansira Ministarstvo nauke,
tehnoloskog razvoja i inovacija Republike Srbije pod ugovorom evidencioni broj 451-03-33/2026-
03/200287.

6. References

[1] Clemente, E., E. Domingues, R. M. Quinta-Ferreira, A. Leitdo, R.C. Martins, European and
African landfilling practices: an overview on MSW management, leachate characterization and
treatment technologies, Journal of Water Process Engineering, 66 (2024), 105931,
doi.org/10.1016/j.jwpe.2024.105931.

[2] Uredba o odlaganju otpada na deponije, Sl. glasnik RS, br. 92/2010

[3] Kurniawan, T. A., X. Liang, D. Singh, M. H. D. Othman, H. Hwang Goh, P. Gikas, A. O.
Kern, T. D. Kusworo, J. A. Shogeir, Harnessing landfill gas (LFG) for electricity: A strategy
to mitigate greenhouse gas (GHG) emissions in Jakarta (Indonesia), Journal of Environmental
Management, 301 (2022) 113882, DOI: 10.1016/j.jenvman.2021.113882.

[4] Shogeir, J. A. H., E. O. M. Mansour, The potential of electricity generation from landfill gas
(LFG) as a strategy to mitigate greenhouse gas emissions, Waste Management Bulletin, 3 (2025)
4, pp. 100256, doi.org/10.1016/j.wmb.2025.100256.

[5] Zakon o koris¢enju obnovljivih izvora energije Sl. glasnik RS, br. 40/2021, 35/2023 i 94/2024 -
dr. zakon

[6] Zakljucak o usvajanju nacionalnog akcionog plana za kori$éenje obnovljivih izvora energije Re-
publike Srbije, SI. glasnik RS, br. 53/2013.

[7] Krause, M., S. Thorneloe, Landfill Gas Emissions Model (LandGEM) Version 3.1 User Manual
and Tool. (U.S. EPA Office of Research and Development, Washington, DC, EPA/600/B-
24/160, 2024)

[8] Wang, Y., C. Zhou, Z. Lou, H. Zhang, A. Hussain, L. Zhan, K. Yin, M. Fang, X. Fei, Un-
derestimated Methane Emissions from Solid Waste Disposal Sites Reveal Missed Greenhouse
Gas Mitigation Opportunities, Engineering, 36, (2024), pp. 12-15, DOI: 10.1016/j.eng.
2023.12.011

[9] GMI, User's Manual Central-Eastern Europe Landfill Gas Model (U.S. EPA, 2014)



A 39. Medunarodni kongres
& 0 procesnoj industriji
N\~ Negotin, 3.i 4. jun 2026.

Stru¢ni rad

Kijuéne reci: — ANALIZA TERMOTEHNICKIH USLOVA

mehanicka ventilacija;

viazno odsumporavanje: U OBJEKTIMA ZA ODSUMPORAVANJE DIMNIH GASOVA
termomenanika; termotenika. g1 AK O\/A B1 | B2 TERMOELEKTRANE
NIKOLA TESLA B“, OBRENOVAC

Key words: - ANALYSIS OF THERMOTECHNICAL CONDITIONS

mechanical ventilation;

wet desulfurization:  IN FACILITIES FOR FLUE GAS DESULFURIZATION
thermomechanic G B| OCKS B1 AND B2 OF THE “NIKOLA TESLA B”
THERMAL POWER PLANT, OBRENOVAC

Viadimir JEVTIC  Republika Srbija, Ministarstvo za javna ulaganja, Beograd

Dorde KARIC*  Univerzitet u Beogradu, Masinski fakultet, Beograd
* djordje.karic@yahoo.com  ORCID: 0000-0003-3150-7093
Mirko KOMATINA  Univerzitet u Beogradu, Masinski fakultet, Beograd
ORCID: 0000-0002-5035-446X

U radu je analizirana uloga termotehnickih sistema u procesnim objektima postrojenja za
vlazno odsumporavanje dimnih gasova blokova B1 i B2 termoelektrane ,,Nikola Tesla B*“ u Obre-
novcu. Proces odsumporavanja zasniva se na apsorpciji sumpor-dioksida iz dimnih gasova u suspen-
ziji krecnjaka, pri cemu nastaje gips kao nusproizvod. Kontinuitet ovog hemijskog procesa direktno
zavisi od stabilne pripreme i transporta krecnjacke suspenzije, kao i od rada sistema za tretman i
susenje gipsa. U objektima pripreme krecnjaka i susenja gipsa dolazi do znacajne procesne disipacije
toplote usled rada mlinova, pumpi, transportnih sistema i elektroenergetske opreme. Projektom je
definisan temperaturni opseg rada (minimalno +5 °C u zimskom periodu radi sprecavanja smrzava-
nja instalacija i maksimalno 38 °C u letnjem periodu), kao i mehanicka ventilacija velikog kapaciteta
radi odvodenja viska toplote. Rad pokazuje da odvodenje toplote predstavlja faktor pouzdanosti
sistema za odsumporavanje. Porast temperature iznad projektovanih vrednosti dovodi do pregreva-
nja elektromotora, smanjenja pouzdanosti mehanickih sklopova i poveéanog rizika od zastoja u pri-
premi reagensa. Svako narusavanje kontinuiteta pripreme krecnjacke suspenzije direktno utice na
stepen uklanjanja sumpor-dioksida, c¢ime se smanjuje ekoloska efikasnost postrojenja. Mehanicka
ventilacija, stoga, nije samo prateci tehnicki sistem, vec¢ integralni deo tehnoloske stabilnosti procesa
odsumporavanja. Analiza ukazuje da odrzavanje projektovanog temperaturnog rezima obezbeduje
stabilan rad sistema pripreme reagensa, kontinuitet hemijske reakcije u apsorberu i pouzdano ispu-
njavanje ekoloskih zahteva. Rad naglasava znacaj integracije termotehnickih i procesnih aspekata u
analizi i projektovanju savremenih postrojenja za odsumporavanje dimnih gasova.

The paper work analyzes the role of thermal engineering systems in the process facilities of the
wet flue gas desulfurization units of blocks B1 and B2 at the "Nikola Tesla B" thermal power plant in
Obrenovac. The desulfurization process is based on the absorption of sulfur dioxide from flue gases
in a limestone suspension, resulting in gypsum as a by-product. The continuity of this chemical pro-
cess directly depends on the stable preparation and transportation of the limestone suspension, as
well as the operation of the gypsum treatment and drying systems. In the limestone preparation and
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gypsum drying facilities, significant process heat dissipation occurs due to the operation of mills,
pumps, transport systems, and electrical equipment. The project defines the operating temperature
range (minimum +5 °C in the winter period to prevent freezing of installations and a maximum of 38
°C in the summer period), as well as high-capacity mechanical ventilation to remove excess heat. The
study shows that heat removal is a reliability factor for the desulfurization system. An increase in
temperature above the designed values leads to overheating of the electric motors, reduced reliability
of mechanical assemblies, and an increased risk of downtime in reagent preparation. Any disruption
in the preparation of the limestone suspension directly affects the degree of sulfur dioxide removal,
thereby reducing the environmental efficiency of the plant. Mechanical ventilation, therefore, is not
just an auxiliary technical system, but an integral part of the technological stability of the desulfuri-
zation process. The results indicate that maintaining the designed temperature regime ensures stable
operation of the reagent preparation system, continuity of the chemical reaction in the absorber, and
reliable fulfillment of environmental requirements. The paper emphasizes the importance of integra-
ting thermotechnical and process aspects in the analysis and design of modern flue gas desulfuriza-
tion plants.

1. Uvod

Termoelektrane na ugalj i dalje predstavljaju znacajne proizvodne kapacitete u elektroenerget-
skim sistemima, ali njihov rad zahteva primenu sloZenih sistema za smanjenje emisija zagadujucih
materija. Jedan od kljuénih problema jeste emisija sumpor-dioksida, koji nastaje sagorevanjem uglja
I mora se ukloniti pre ispustanja dimnih gasova u atmosferu. U tom kontekstu, vlazno odsumpravanje
dimnih gasova predstavlja jednu od najrasprostranjenijih i najefikasnijih tehnologija za uklanjanje
sumpor-dioksida iz dimnih gasova termoenergetskih postrojenja [1].

Proces vlaznog odsumporavanja zasniva se na kontaktu dimnih gasova sa krec¢njackom suspen-
zijom u apsorberu, gde sumpor-dioksid prelazi iz gasne faze u te¢nu fazu i dalje reaguje sa kalcijum-
karbonatom. Kao krajnji proizvod procesa nastaje gips, dok se precis¢eni dimni gasovi odvode ka
dimnjaku. Savremena istrazivanja pokazuju da efikasnost ovog procesa ne zavisi samo od hemijske
reakcije, ve¢ 1 od hidrodinamike apsorbera, protoka suspenzije, koncentracije reagensa, pH vrednosti,
rada pumpi i upravljanja pomo¢nim sistemima [1], [2].

U termoelektrani ,,Nikola Tesla B* u Obrenovcu, za blokove B1 i B2, primenjen je sistem vlaz-
nog odsumporavanja dimnih gasova u kome se dimni gasovi nakon elektrofiltarskog postrojenja spro-
vode do apsorbera, dok se kre¢njak transportuje, melje i priprema u obliku suspenzije koja se koristi
kao reagens. Nastala suspenzija gipsa se zatim tretira, skladisti ili transportuje dalje, u zavisnosti od
nacina kori$¢enja ili deponovanja. Prema dostavljenoj projektnoj dokumentaciji, kontinuitet ovog
procesa zavisi od stabilnog rada sistema za pripremu kre¢njaka, pumpnih stanica, sistema za suSenje
gipsa i pratec¢ih termotehnickih instalacija.

Poseban znac¢aj u ovom radu ima analiza procesne disipacije toplote. U objektima za mlevenje
kre¢njaka, suSenje gipsa, pumpnim stanicama i elektroenergetskim prostorijama toplota nastaje usled
rada elektromotora, mlinova, pumpi, transportnih sistema i transformatora. Ukoliko se ta toplota ne
odvodi kontrolisano, dolazi do povecanja temperature u procesnim prostorima, §to moze negativno
uticati na radnu pouzdanost opreme 1 stabilnost pripreme reagensa. Time se termotehnicki sistemi,
posebno mehanicka ventilacija, ne mogu posmatrati samo kao pomoc¢ni sistemi, ve¢ kao deo funkci-
onalne stabilnosti procesa odsumporavanja.

Savremena istrazivanja iz oblasti upravljanja sistemima vlaznog odsumporavanja ukazuju da je
optimizacija rada ovih postrojenja viSekriterijumski problem, jer se istovremeno moraju zadovoljiti
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zahtevi za visok stepen uklanjanja sumpor-dioksida, smanjenje potroSnje energije, stabilnost rada
opreme 1 prihvatljivi operativni troSkovi [3]. Zbog toga analiza termotehnickih uslova u procesnim
objektima ima S§iri znacaj: ona povezuje pouzdanost pomoc¢nih sistema sa hemijskom efikasnos¢u
apsorpcije i ukupnom ekoloskom funkcijom postrojenja.

Dodatni istrazivacki znacaj ogleda se u ¢injenici da toplota koja se odvodi mehanickom venti-
lacijom predstavlja oblik niskotemperaturne otpadne toplote. Prema savremenoj literaturi, iskori$¢e-
nje otpadne toplote u industrijskim sistemima moze doprineti Smanjenju potrosnje energije, ali izbor
tehnologije zavisi od temperaturnog nivoa, raspolozivog toplotnog toka, rezima rada, ekonomskih
ograni¢enja i mogucénosti integracije u postojece procese [4], [S]. U slucaju postrojenja za odsumpo-
ravanje, primarni zadatak ventilacije jeste odrzavanje projektovanog temperaturnog reZima i zastita
opreme, dok se potencijal rekuperacije toplote moze posmatrati kao dodatni pravac unapredenja e-
nergetske efikasnosti.

Cilj ovog rada je da se analizira uloga termotehnickih sistema u obezbedivanju stabilnog rada
procesnih objekata postrojenja za vlazno odsumporavanje dimnih gasova. Poseban fokus stavljen je
na znacaj mehanicke ventilacije u odvodenju procesne toplote, spre¢avanju termickog preopterecenja
opreme i ocuvanju kontinuiteta pripreme kre¢njacke suspenzije. Na taj nacin rad povezuje tehnoloski
proces odsumporavanja, pouzdanost pomo¢nih sistema i mogucénost energetskog unapredenja kroz
razmatranje niskotemperaturne otpadne toplote.

2. Tehnoloski opis procesa vlaznog odsumporavanja dimnih gasova

Proces vlaznog odsumporavanja dimnih gasova predstavlja jedan od najznacajnijih tehnoloskih
postupaka za smanjenje emisije sumpor-dioksida iz termoenergetskih postrojenja na ugalj. Njegova
osnovna svrha je izdvajanje sumpornih jedinjenja iz dimnih gasova pre njihovog ispustanja u atmos-
feru, Cime se znacajno smanjuje negativan uticaj rada termoelektrane na zivotnu sredinu.

U termoelektrani ,,Nikola Tesla B“ u Obrenovcu, blokovi B1 i B2 koriste lignit iz Kolubarskog
ugljenog basena kao osnovno gorivo. Sagorevanjem uglja u kotlovskom postrojenju oslobada se ve-
lika koli¢ina toplotne energije koja se koristi za proizvodnju vodene pare i pokretanje turbinskog
postrojenja, ali istovremeno nastaju i dimni gasovi koji sadrze ¢vrste Cestice, sumpor-dioksid i druge
gasovite produkte sagorevanja .

Dimni gasovi najpre prolaze kroz elektrofiltarsko postrojenje, gde se vrsi uklanjanje lete¢eg
pepela i ¢vrstih Cestica. Nakon toga, gasovi se sprovode do postrojenja za odsumporavanje, gde se
vr$i dodatno preciS¢avanje uklanjanjem sumpor-dioksida. Posle prolaska kroz sistem za odsumpora-
vanje, precis¢eni dimni gasovi prolaze kroz vlazan dimnjak i zatim se ispustaju u atmosferu .

Osnovni princip procesa zasniva se na apsorpciji sumpor-dioksida iz dimnih gasova u suspen-
ziji krecnjaka. Kre¢njak se doprema kamionskim i zeleznickim transportom do postrojenja, gde se
vrsi njegov prijem, skladistenje, transport i mlevenje. Nakon toga, mleveni kre¢njak se mesa sa vo-
dom i formira suspenziju odgovarajucih karakteristika koja se koristi kao reagens u procesu odsum-
poravanja .

Formirana kre¢njacka suspenzija transportuje se do apsorbera, gde dolazi u direktan kontakt sa
dimnim gasovima. U apsorberu se odvija hemijska reakcija u kojoj sumpor-dioksid iz gasne faze
reaguje sa kalcijumom iz kre¢njaka, pri ¢emu dolazi do njegovog vezivanja i formiranja gipsa kao
nusproizvoda procesa. Na ovaj nacin gasoviti zagadiva¢ se pretvara u kontrolisani ¢vrsti proizvod
koji se moze dalje tretirati i skladistiti.
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Nastala suspenzija gipsa odvodi se do postrojenja za uguscenje i tretman gipsa. Deo proizvede-
nog gipsa moze se koristiti kao sekundarna sirovina u industriji, dok se neiskori$¢ene koli¢ine tran-
sportuju hidraulickim putem do deponije gipsa. Time se dodatno smanjuje negativan uticaj procesa
na zivotnu sredinu i obezbedava kontrolisano upravljanje nusproizvodima .

Pored glavnog hemijskog procesa u apsorberu, za stabilan rad sistema od klju¢nog znacaja su
pomo¢ni tehnoloski objekti, kao §to su skladiSte kre¢njaka i gipsa, objekat za mlevenje krecnjaka sa
silosima i rezervoarima gotove suspenzije, objekat za susenje gipsa, pumpne stanice i elektroenerget-
ski objekti. Kontinuitet pripreme reagensa i transport suspenzije direktno odreduju efikasnost procesa
apsorpcije sumpor-dioksida.

U ovim objektima dolazi do znac¢ajne procesne disipacije toplote usled rada mlinova, pumpi,
transportnih sistema, elektromotora i transformatora. Ukoliko se ova toplota ne odvodi na adekvatan
nacin, dolazi do povecanja temperature u procesnim halama, §to moZe izazvati pregrevanje opreme,
smanjenje pouzdanosti rada i1 prekide u procesu pripreme reagensa. Iz tog razloga, termotehnicki
sistemi grejanja, klimatizacije i mehanicke ventilacije predstavljaju sastavni deo tehnoloske stabilno-
sti procesa vlaznog odsumporavanja dimnih gasova.

Moze se zakljuciti da proces odsumporavanja nije iskljuc¢ivo hemijski proces vezan za apsorber,
ve¢ slozen tehnoloski sistem u kome pouzdan rad pomo¢nih objekata i termotehnickih instalacija
direktno utice na ukupnu efikasnost, kontinuitet rada i ekoloSku prihvatljivost celokupnog postroje-
nja.

3. Termotehnicki uslovi u procesnim objektima

Pouzdan rad postrojenja za vlazno odsumporavanje dimnih gasova ne zavisi isklju¢ivo od efi-
kasnosti hemijskog procesa apsorpcije sumpor-dioksida u apsorberu, ve¢ i od stabilnih termotehnic-
kih uslova u pomo¢nim procesnim objektima. Objekti za pripremu kre¢njaka, susenje gipsa, pumpne
stanice 1 elektroenergetska postrojenja predstavljaju kljucne tacke sistema u kojima se obezbeduje
kontinuitet pripreme reagensa i stabilnost celokupnog tehnoloSkog procesa.

U ovim objektima prisutna je znacajna procesna disipacija toplote koja nastaje kao posledica
rada mlinova za kre¢njak, pumpi, transportnih sistema, elektromotora, transformatora i druge elektro-
energetske opreme. Deo elektri¢ne energije utroSene za rad opreme ne pretvara se u koristan meha-
nicki rad, ve¢ se oslobada u vidu toplote. Ova toplota predstavlja stalni toplotni izvor u zatvorenom
prostoru 1, ukoliko se ne odvodi kontrolisano, dovodi do povecanja temperature vazduha u procesnim
halama.

Projektom su definisani spoljasnji projektni parametri koji predstavljaju osnovu za proracun
termotehnickih instalacija. U zimskom periodu spoljasnja projektna temperatura iznosi —12,1 °C, uz
relativnu vlaznost vazduha od 90 %, broj stepen-dana 2520 i trajanje grejnog perioda od 175 dana.
Srednja temperatura grejnog perioda iznosi 5,6 °C. U letnjem periodu spoljasnja projektna tempera-
tura iznosi 35 °C, dok je spoljasnja relativna vlaznost vazduha 33 % .

Na osnovu ovih parametara definisan je unutrasnji temperaturni rezim rada procesnih objekata.
Minimalna dozvoljena temperatura u zimskom periodu iznosi +5 °C i predstavlja granicu zastitnog
grejanja Ciji je osnovni cilj spreCavanje smrzavanja procesnih instalacija, cevovoda i transportnih
sistema. U objektima za mlevenje krecnjaka, suSenje gipsa, pumpnim stanicama i kompresorskim
stanicama ovo grejanje se ostvaruje pomocu elektri¢nih kalorifera koji se aktiviraju kada temperatura
u prostoru padne ispod zadate vrednosti .

Maksimalna dozvoljena temperatura u letnjem periodu definisana je na nivou od 38 °C. Ova
vrednost predstavlja gornju granicu sigurnog rada procesne i elektroopreme. Povecanje temperature
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iznad projektovane vrednosti dovodi do pregrevanja elektromotora, ubrzanog starenja izolacionih
materijala, smanjenja pouzdanosti lezajeva i mehanickih sklopova, kao i1 povecanog rizika od hava-
rijskih zastoja. Posebno je znacajno Sto svaki prekid rada mlinova ili pumpi direktno utice na pri-
premu krecnjacke suspenzije, ¢ime se smanjuje koli¢ina reagensa u apsorberu i naruSava efikasnost
procesa uklanjanja sumpor-dioksida.

1z tog razloga projektovana je mehanicka ventilacija velikog kapaciteta sa zadatkom eliminacije
disipirane toplote i odrzavanja stabilne unutraS$nje temperature. U objektu za mlevenje kre¢njaka i u
objektu za suSenje gipsa ugradeni su aksijalni ventilatori postavljeni u gornjim zonama fasade
objekta, dok se nadoknada izbacenog vazduha vrsi preko zastitnih Zaluzina sa motornim pogonom.
Sistem ventilacije dimenzionisan je za temperatursku razliku od 5 °C, a kontrola rada ventilatora vrsi
se preko termostata postavljenih u prostorijama. Kada temperatura prede zadatu vrednost, ventilatori
se automatski ukljucuju, dok se zaluzine otvaraju i omogucavaju strujanje svezeg vazduha .

U objektima gde borave zaposleni, kao Sto su skladiste krecnjaka 1 gipsa i elektroprostorije,
pored zastitnog grejanja primenjeni su i sistemi klimatizacije tipa single split sa inverter tehnologi-
jom, ¢ime se obezbeduju odgovarajuéi uslovi rada i zastita osetljive elektroopreme. U prostorijama
transformatora i elektroenergetskih sistema dodatno je projektovana prinudna ventilacija radi odvo-
denja toplote koja nastaje usled znacajne disipacije transformatora i elektri¢ne opreme.

Moze se zakljuciti da termotehnicki uslovi u procesnim objektima predstavljaju jedan od kljuc-
nih faktora pouzdanosti sistema za vlazno odsumporavanje dimnih gasova. OdrZavanje projektova-
nog temperaturnog rezima nije pitanje komfora, ve¢ osnovni uslov za kontinuitet pripreme reagensa,
stabilnost hemijskog procesa u apsorberu i ispunjavanje ekolo3kih zahteva rada termoelektrane.

4. Analiza mehanicke ventilacije i odvodenja procesne toplote

Mehanicka ventilacija u postrojenju za vlazno odsumporavanje dimnih gasova ima znatno Siru
funkciju od klasi¢ne razmene vazduha u zatvorenom prostoru. Njena osnovna uloga nije obezbediva-
nje komfornih uslova rada, ve¢ odrzavanje termicke stabilnosti procesnih objekata i spreCavanje ne-
gativnog uticaja procesne disipacije toplote na pouzdanost rada celokupnog sistema.

U objektima za mlevenje krec¢njaka, susenje gipsa, pumpnim stanicama i elektroenergetskim
prostorijama prisutni su stalni izvori toplote nastali radom tehnoloske opreme. Mlinovi za pripremu
kre¢njaka, elektromotori velike snage, transportni sistemi, pumpe i transformatori oslobadaju zna-
¢ajnu koli¢inu toplote kao posledicu elektri¢nih 1 mehanickih gubitaka. Ova toplota se akumulira u
prostoru i, ukoliko se ne odvodi kontrolisano, dovodi do porasta temperature iznad projektovanih
granica.

Projektom je definisano da maksimalna temperatura u procesnim objektima ne sme preci 38 °C.
Ova vrednost nije odredena slucajno, ve¢ predstavlja granicu nakon koje dolazi do znacajnog sma-
njenja pouzdanosti rada opreme. PoviSena temperatura izaziva pregrevanje elektromotora, smanjenje
radnog veka izolacionih sistema, pove¢ano habanje lezajeva i mehanickih spojeva, kao i ¢eS¢e pojave
zastoja 1 havarijskih stanja. U uslovima kontinuiranog industrijskog procesa, ¢ak i kratkotrajni zastoj
moze izazvati ozbiljne posledice po rad celokupnog sistema. Dodatni znac¢aj termotehnickih sistema
ogleda se u Cinjenici da mehanicka ventilacija direktno uti¢e na energetsku efikasnost 1 radni vek
industrijske opreme u uslovima visokog toplotnog optere¢enja. Savremena istrazivanja pokazuju da
nepravilno dimenzionisani ili nedovoljno efikasni ventilacioni sistemi dovode do povec¢anja unutras-
njih temperatura, veéeg optere¢enja elektromotora, smanjenja pouzdanosti rada i povecanja potrosnje
elektri¢ne energije usled dodatnih gubitaka u sistemu. Optimizacija ventilacionih reZima omogucava
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ne samo odrzavanje projektovanih temperaturnih granica, ve¢ i smanjenje operativnih troSkova, po-
vecanje energetske efikasnosti i produZzenje eksploatacionog veka opreme. U procesnim objektima
postrojenja za odsumporavanje, gde je prisutna kontinuirana disipacija toplote usled rada mlinova,
pumpi i transportnih sistema, pravilno projektovana mehanicka ventilacija predstavlja jedan od
osnovnih uslova za stabilan i dugoro¢an rad celokupnog tehnoloskog sistema [6].

Posebno kriti¢an uticaj pregrevanja odnosi se na sistem pripreme kre¢njacke suspenzije. Mle-
venje kre¢njaka i transport suspenzije predstavljaju osnovu za kontinuirano snabdevanje apsorbera
reagensom neophodnim za hemijsku reakciju uklanjanja sumpor-dioksida. Ukoliko zbog termi¢kog
preopterec¢enja dode do zastoja mlinova, pumpi ili transportnih sistema, dolazi do smanjenja koli¢ine
kre¢njacke suspenzije koja ulazi u apsorber. Posledi¢no se smanjuje stepen apsorpcije sumpor-diok-
sida, povecava emisija zagadujuc¢ih materija i naruSava osnovna ekoloska funkcija postrojenja.

Iz tog razloga, mehanicka ventilacija predstavlja direktan faktor ekoloSke efikasnosti sistema
za odsumporavanje. Njena funkcija nije samo tehnicka zastita opreme, ve¢ i oCuvanje kontinuiteta
hemijskog procesa u apsorberu. Stabilna temperatura u procesnim objektima omogucava stabilan rad
pomoc¢nih sistema, a time i konstantan stepen uklanjanja sumpor-dioksida iz dimnih gasova. Projek-
tovano reSenje zasniva se na primeni aksijalnih ventilatora velikog kapaciteta postavljenih u gornjim
zonama objekata, gde se akumulira najtopliji vazduh. Sistem rada je automatizovan preko termostat-
ske kontrole. Kada temperatura u prostoru prede zadatu vrednost, ventilatori se ukljucuju, a motorne
zaluzine omogucavaju ulazak svezeg spoljnog vazduha. Na taj nacin se ostvaruje kontinuirano odvo-
denje viska toplote i odrzavanje stabilnog temperaturnog rezima. Kada ventilatori nisu u radu, nepo-
vratne klapne i1 zatvaranje Zaluzina spreCavaju nezeljenu infiltraciju vazduha i1 dodatne energetske
gubitke .

Sa energetskog aspekta, procesna toplota koja se odvodi ventilacijom predstavlja oblik nisko-
temperaturne otpadne toplote. Iako je u ovom projektu tretirana iskljucivo kao nezeljeni nusprodukt
koji mora biti uklonjen radi stabilnosti sistema, teorijski postoji moguénost njenog delimi¢nog isko-
riS¢enja kroz sisteme rekuperacije, pre svega za predgrevanje svezeg vazduha u zimskom periodu ili
za pomocne sisteme grejanja. Medutim, zbog relativno niskog temperaturnog nivoa, rasprsenosti
izvora i prioriteta koji je dat pouzdanosti rada, projektno reSenje je usmereno na bezbedno i efikasno
odvodenje toplote, a ne na njeno energetsko iskoriscenje.

Analiza pokazuje da mehanicka ventilacija nije pomo¢ni, ve¢ integralni deo tehnoloskog pro-
cesa vlaznog odsumporavanja dimnih gasova. Njena uloga direktno uti¢e na stabilnost rada sistema
pripreme reagensa, pouzdanost opreme i kontinuitet hemijske reakcije u apsorberu. Odrzavanje pro-
jektovanih temperaturnih granica predstavlja osnovni preduslov za siguran rad postrojenja i ostvari-
vanje projektovane ekoloske efikasnosti sistema.

5. Zakljucak

Postrojenje za vlazno odsumporavanje dimnih gasova u termoelektrani ,,Nikola Tesla B u
Obrenovcu predstavlja jedan od kljuénih tehnoloskih sistema za smanjenje emisije sumpor-dioksida
i uskladivanje rada termoenergetskih blokova sa savremenim ekoloskim zahtevima. Osnovni princip
rada zasniva se na apsorpciji sumpor-dioksida iz dimnih gasova u suspenziji kre¢njaka, pri ¢emu
nastaje gips kao nusproizvod procesa. Efikasnost ovog sistema direktno zavisi od kontinuiteta pri-
preme reagensa, stabilnog rada pomoc¢nih objekata i pouzdanosti celokupnog tehnoloskog lanca.

Analizom je utvrdeno da termotehnicki sistemi imaju znacajno vec¢i znac¢aj od klasi¢ne funkcije
grejanja i ventilacije objekata. U procesnim objektima, kao Sto su objekat za mlevenje kre¢njaka,
objekat za suSenje gipsa, pumpne stanice i elektroenergetski prostori, prisutna je znacajna procesna
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disipacija toplote nastala radom mlinova, pumpi, elektromotora, transformatora i transportnih
sistema. Ova toplota predstavlja stalni izvor termickog opterecenja koji, ukoliko se ne odvodi ade-
kvatno, moZe dovesti do pregrevanja opreme, smanjenja pouzdanosti rada i zastoja u pripremi kre¢-
njacke suspenzije.

Posebno je pokazano da prekid rada sistema pripreme reagensa direktno uti¢e na proces apsor-
pcije sumpor-dioksida u apsorberu. Smanjenje koli¢ine kre¢njacke suspenzije dovodi do smanjenja
stepena uklanjanja sumpor-dioksida, povecanja emisije zagadujué¢ih materija i Smanjenja ukupne e-
koloske efikasnosti postrojenja. Na taj nacin termotehnicki uslovi u pomoénim objektima postaju
direktno povezani sa osnovnom funkcijom sistema za odsumporavanje. Projektovana mehanicka ven-
tilacija velikog kapaciteta, sa aksijalnim ventilatorima, termostatskom kontrolom i automatskim do-
vodom svezeg vazduha, omogucava odrzavanje maksimalne unutrasnje temperature od 38 °C 1 spre-
¢ava termicko preopterecenje procesne opreme. Zastitni sistemi grejanja obezbeduju minimalnu tem-
peraturu od +5 °C u zimskom periodu, ¢ime se spre¢ava smrzavanje procesnih instalacija i odrzava
kontinuitet rada sistema.

Rad potvrduje da mehanicka ventilacija nije pomo¢ni tehnicki sistem, ve¢ integralni deo tehno-
loSke stabilnosti procesa vlaznog odsumporavanja dimnih gasova. Odrzavanje projektovanog tempe-
raturnog rezima predstavlja osnovni uslov za pouzdan rad sistema pripreme reagensa, stabilnost he-
mijske reakcije u apsorberu i ispunjavanje ekoloskih zahteva rada termoelektrane.

Poseban znacaj ogleda se u povezivanju termotehnickih i procesnih aspekata rada industrijskog
postrojenja. Pokazano je da se efikasnost procesa odsumporavanja ne moze posmatrati isklju¢ivo kroz
hemijsku reakciju u apsorberu, ve¢ kroz celokupan sistem u kome termicka stabilnost pomoc¢nih obje-
kata predstavlja jedan od kljucnih faktora pouzdanosti i dugoro¢nog rada postrojenja.
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IIpeomep u npedpauyn onpeme 3a cauerpe noxcapa je obasezan 0eo I nagnoe npojekma 3aut-
mume 00 nodxcapa, Enabopama 3awmume 00 nodxcapa, xao u Ilnana 3awmume 00 noxcapa. Koo nac
ce Opoj u mun NPOMUBNONCAPHUX ANAPANA, HEONXOOHUX 30 3AUMUMY 00 NOXHCapa pasmampanoz
objexma, oopehyje najuewthe na ocHogy cneyughuynoz nodxcapro onmepehera, npu uemy ce He y3u-
Majy y 003up opyeu bumnu pakmopu, Ha npumep Op3uUHA WUpera noxcapa Ui Op3uHa 3a0UM/ba-
eara. Ha nouemxy npeoasarna 6uhe oam npeened oomahux 3aKOHCKUX U MEXHUUKUX NPONUCA KOJU
peecynuuty 08y oonacm. [locie moea buhe npedcmasmena jeOna nobobuana memooonocuja 3a oope-
husare muna, 6poja u pacnopeda moounnux ypehaja 3a cauterbe nodxcapa, Koja je yckuahena ca 0o-
Mmahum nponucuma.

Specification of fire-extinguishing equipment is a mandatory part of the fire protection
technical documentation: Final Design of Fire Protection, Study on Fire Protection and Fire
Protection Plan. In Serbia the number and type of fire-extinguishers required for fire protection of
the object are determined mostly on the basis of a specific fire load, as well as taking into account
other important factors, for example, the speed of fire spread or smacking speed. In the first part of
a lecture an overview of the domestic legal and technical regulations that regulate this field will be
given. Subsequently, an improved methodology will be presented for determination of the type,
number and layout of mobile fire extinguishers which is harmonized with our national regulations.

1. YBox

[IpaBunan n360p u oaroapajyhu pacnopen MmoomHuX ypehaja 3a rameme moxapa je o1 u3y-
3€THOT 3Haydaja 3a 0JaroBpeMEHO raliemke oXkapa y nmodetHoj dasu. M306o0p u pazmemrame ypehaja
KOjH M0CTaBJbajy y rpal)eBUHCKUM 00jeKTHUMa Cy pa3Marpanu y panosuma [1,2], a y pany [4] 3a ana-
paTe HaMemHE 3a 3aITUTy MOTOpHUX Bo3zuia. C 003upom 1a je o1 o0jaBibuBama pamosa [1,2] mpo-
IO 8 TOAMHA, Y TOKY KOjUX je Pa3BOj TEXHOJIOTH]E IOBEO JIO M0jaBE HOBUX MOXKAPHUX OMACHOCTH,
Kao M JI0 HOBUX TEXHHYKHU pelllerha y 00JIacTH ramiema 1moxapa, jaBuia ce o0jeKTHBaHa norpeda 3a
yHarpeheme npenopyka natux y [1,2], mro je u mpeaMer oBOT paja.

[IpBU HanMOHATHU MPOMUC KOjH je AeduHnCcao obaBe3y moceaoBama MOOUITHUX ypehaja 3a ra-
meme nmoxapa je [Ipapmnauk [6]. Mel)yTuM TeXHHUYKH YCIOBH KOj€ MOpa J1a UICITyHH MOOWITHH ypehaj
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3a raimeme Mnokapa cy ImpBHU MyT Ae(pUHUCAHU Yy TPYNH JYTOCIOBEHCKHX CTaHAapAa ca 00aBe3sHOM
npumenoMm JUS Z.C2 xojy je moneo Cape3nu 3aBoj 3a ctangapauzanujy 1970. rogune. Cranmapan
rpynie JUS Z.C2 cy peunupanu 1981. roguHe kaga cy 00jaBibe lbUXOBA HOBA n3/ama. thuxosa oba-
BE3Ha MIPUMEHA je moceOHO moTBpheHa qoHomemeM Hapeaou [7,8]. Y Haioj cagammoj Ip)kaBu Je-
¢unncanu cy Ilpasminukom [5], koju u3mel)y ocranor nponucyje o0aBe3Hy MpUMEHY CTaHAap/aa
SRPS Z.C2.020:1981 (xojum ce yTBphyjy Aedununyje, kmacudukanmja u OMIITH 3aXTEBU KOjH ce
OJIHOCE Ha CBE CTaHJapJHE TUIIOBE PYYHMX M IPEBO3HUX alapara 3a rameme noxapa); SRPS
7.C2.022:1981 (xojum ce yTBphyjy MeTOJie HCIIUTHUBAKbA PYYHUX U MPEBO3HUX arapara 3a rauieme
noxkapa) kao u cragaapae SRPS Z.C2.35:1981, SRPS Z.C2.40:1981, SRPS Z2.C2.135:1981, u SRPS
Z.C2.140:1981. Yka3yjemo 1a 1a Cy HaBeJICHH TEXHUYKH MTPOTHCH TIOHETH Mpe 45 ToauHa U J1a HUCY
y CKJIaJly ca aKTyeJIHOM TEXHHYKOM PEryJIaTUBOM pa3BHjeHUX 3eMasba.

[IpBU HaIMOHAIHM TIPOIUC KOjH je neuHMcao KIace mokapa, je jyrocJIOBEHCKH CTaHaap/l ca
ob6ase3noMm npumenoM JUS Z.C0.003:1979, koju je mpakTUYHO MPEy3e0 OApea0e eBPOICKOT CTa-
Haapaa EN 2:1972. 1994. ronune je ycojen ctanmapa JUS ISO 3941:1994 xoju je uaeHTHyaH ca
mehynapogaum crangapaom ISO 3941:1977, a 2011. esponicku cranaapa SRPS EN 2:2011, koju je
UJCHTHYAH ca eBpornckuM crangapaom EN 2:1992 + A1:2004. C o63upom J1a je HeJaBHO YCBOjE€HO
HOBO u3/ama TexHuukor nponuca [SO 3941:2026. moxe ce 0UeKMBATHU J1a C€ Y HAPETHOM MEPUOTY
ycBOje oaroBapajyhu eBporcku ¥ HalMOHATHNA TTPOTIHACH.

2. ObaBe3a mocen0Bamba PyYHHUX H IPEBO3HUX
amapara 3a ramieme noxapa

VY umanky [3] mar je mperyien HallMOHATHUX MPOIMKCA KOJH peryjuiry npeametHy odmact. C
0031pOM J1a je U3BpIICHE OMTHE N3MEHE HEKOJHMKO MOI3aKOHCKUX aKaTa HaBeleHUX y [3], y TeKCTy
KOjH CIIe[IN CE M3JIaKe TPEeTJIe]] aKTYTHUX MPOITUCA.

2.1 Yman 17. 3akoHa 0 3ama/bUBHM M TOPUBUM TEYHOCTHMA W 3amajbUBUM racoBuma (Ciry-

xkOenu rnacauk PC 54/2015), nponwucyje na O0jeKTH U MOCTPOjerba ca 3arnabuBUM U TOPUBUM TeU-

HOCTHMa U 3allaJbUBHM racOBUMa MOpajy OUTH ONpeMJbeHH MOTPeOHUM arapaTtuma 3a IMO4eTHO ra-
HICHE MOXKapa.

2.2 UYnan 2. Ypende o 06aBe3HUM CpeICTBUMA M OIPEMH 3a JINYHY, y3ajaMHY U KOJIEKTUBHY
3aIITUTY O] eJIEMEHTAapHUX Henoroaa u npyrux Hecpeha (Ciyx6enu rnmacauk PC 3/11 u 37/15), npo-
MHACYje BIACHUKY CTaMOCHE jeIMHUIIE, OJTHOCHO Kyhe /1a 3a moTpede TMYHE 3aIlTUTE U CriacaBama 1
3aIlTUTE U ClIacaBamba WiaHOBA MOPOJUYHOT JOMahMHCTBA, Ka0 U UMOBUHE, HA0ABH U IP)KU UCIIPAB-
HOM CTamy amnapar 3a raliemhe NOYEeTHUX Mokapa — S6 M eKBUBaJeHTaH mwemy. Yian 6. Mcre V-
pende Hanake CKyIIITHHA CTaHapa 3rpaje y cTaMOeHUM 3rpajaMa, Koje ce y CKIIaay ca 3aKOHOM
HaJlaze y eTaKHOM BJIACHUINTBY I'paljaHa, a Koje MMajy HajMame 1Ba MIIU BHILE CIIPATOBa, 1a HabaBu
U Ip’KU y UCTIPAaBHOM CTamy HajMame jeJJaH BaTPOCHHU arapar 110 CIpary, y CKJIaJy ca IMpornucuma u3
MPOMKMCHMA O 3AIITUTH OJ1 TToXkKapa.

2.3 Unan 24. YpenOe o Mepama 3allITUTE O] TTOXapa MpH U3BOHEeHY pajoBa 3aBapuBama, pe-
3ama u Jemsbema (Ciyx6enu rmacauk CPC 50/79), Hanaxke 1a ce Ha MECTUMa 3aBapuBama 00e30e/e
onromapajyhu amapaTu 3a rameme moxapa.

2.4 TlpaBUITHUK O TEXHUYKMM HOpPMaTHBHMa 3a 0€30€THOCT 01 To’Kapa M €KCIUIO3H]ja MOCTPO-
jema 3a TeYHH HaTHU Tac M O YCKJIaIUINTaBamby U MpeTakamy TedHor HagTHor raca (CiyxOeHu
rnacHuk PC 77/21 u 41/25) nanaxe y unany 33 na Hagzemuu pesepBoap 3a Te4HH HaTHU rac Mopa
6utu 3amTuheH jerHuM MOOMIIHUM ypehajem 3a raimeme nmoxapa Kanalurera nymwema HajMame S50
kg mpaxa unm apyror oarosapajyhercpeactsa 3a rameme oxapa, a BUIe Ha/JI3eMHUX pe3epBoapa
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Mopajy OuTh 3amrTuheHu ca 1o jeJHUM TakBUM ypehajem Ha cBaka nBa pesepBoapa. M3y3eTHo of
HaBEJICHOT, HaJ[3eMHU MaJIM U IPEHOCHU pe3epBOapy MOCTAB/HLEHH M0j€AMHAYHO UIIN Y CUCTEMY KOJ
moTpoIIaya Mopajy OuTH 3amTuheHn caHajMame aBa MOOMIIHA ypehaja 3a rameme mokapa Kamnaiu-
TeTa mymema 9 kg mpaxa winm npyror oarosapajyher cpencrsa. Unan 44 nponucyje ucty odaBesy 3a
noj3eMHe pesepBoape. Unan 79 nponucyje na [Iperakanumre Mopa OuTH 3amTHheHO ca HajMambe
jenHuM MOOMIHUM ypelhajem 3a rameme moxapa KanamnureTa nmymbema Hajmame 50 kg npaxa wim
Apyror oxarosapajyher cpeacrsa 3a ramieme, IO CBAaKOj NMPHUKIJbYYEHO] TPAHCHOPTHO] LUCTEPHU;
IyMII€ U KOMIIPECOPH Mopajy OUTH 3alITHheHH ca HajMame 1Ba MOOMIIHA ypehaja 3a ramemne mnoxapa
Kamamurera nymema 9 kg npaxa unu apyror oaronapajyhercpezicTsa; MecTo 3a IpeTakambe Mallux
pe3epBoapa Koj moTpoinaya Mopa OuTy 3amTuheHo ca HajMame JABa MOOWIHA ypehaja 3a rameme
nmoXkapa KamanuteTa nymema 9 kg npaxannu npyror onroapajyher cpeacra. Unan 93 mponucyje
na rpal)eBUHCKH 00jeKaT HaMEHEeH UCKJbYUHBO 32 MyHhEHhe 0011a 1/UIIH MPEHOCHUX pe3epBoapa Mopa
OouTH 3amrTrheH MOOUITHUM ypehajuma 3a ralieme MoKaparnocTaBJbeHUX Tako J1a ce Ha cBakux 100
kg raca y Oomama, 0JHOCHO Ha CBaku KyOHHM MeTap raca y peHOCHUM pe3epBoapuma ooe3oenu 9 kg
npaxa Wiy apyror oaronapajyhercpencrsa. Ynan 106 nmponmcyje na ckiaguimre 60m1a ca TEYHUM
HapTHUM racoM Mopa O6uTu 3amrTuheHo MOOMIHMM ypehajuma 3a rameme moxapa MmoCTaBJbeHUX
Tako na ce Ha cBakux 500 kg raca y 6omama, 0THOCHO Ha CBaku KyOHM MeTrapraca y MpeHOCHUM
pesepBoapuma obe30enu 9 kg mpaxa unu apyror oaroapajyher cpeactsa 3a rameme noxapa. Ynax
122 mponucyje aa cucteMm ca Oomama Mopa OWTH 3amTHheH MOOWIHUM ypehajuma 3a Taimiemne Io-
Kapa, TOCTaB/beHU Tako na ce Ha cBakux 100 kg raca y Oomama o6e36enu 9 kg npaxa wim apyror
onromapajyher cpeacTsa 3a rameme nmoxapa. Ynan 123 mpommcyje ucty ob6aBesy 3a CUCTEM ca pe-
3epBoapuma. Ynan 137 npomnucyje aa ucnapuBad Mopa OMTH 3amITHheH ca HajMambe jeJHUM MOOUII-
HUM ypehajeM 3a ramieme noxapa Kanaurera nymema 9 kg npaxa i npyror oarosapajyher cpea-
CTBA.

2.5 TIpaBWIHUK O TEXHUYKHM HOpMAaTUBHUMA 3a 0€30€THOCT OJ1 TIOYkKapa U SKCIUIO3H]ja TIOCTPO-
jema u objekara 3a 3anajbuBe U TOPUBE TEUHOCTH U O YCKIIQJUINITAaBakby U MpeTakamwy 3arnabuBUX U
ropuBux TeuHocTH (Cmyx6enu rmacauk PC 114/2017 u 85/2021) y wnany 70 mponucyje 1a CBaku
HaJ[36MHH Pe3epBOap ca TOPUBUM TEYHOCTHMA MOpa OWTH 3amTHNEeH ca HajMamke 1Ba MOOMITHA ype-
haja 3a rameme mo)kapa KamanuTeTa nymema 9 kgnpaxa umu npyror onaroapajyher cpenctsa, a
BHIIIC HAJ3EMHHX pe3epBoapa Mopajy ouTH 3amruheHu ca mo aBa Taka ypehaja Ha cBaka qBa pesep-
BOApa; a Jia HaJA3EMHHU pe3epBoap ca 3arnabuBUM TEYHOCTHMA MOpa OMTH 3aiITHNEH ca HajMambe jel-
HUM MOOWIJIHUM ypehajeMm 3a raieme noxapa KarnanuTera mymhema HajMambe S0 kg mpaxa wium gpyror
oarosapajyher cpeacrtsa 3a rameme oXxapa, a BUIIE HAJ3eMHUX pe3epBoapa Mopajy OUTH 3aIiTh-
henu ca nojenHuM TakBUM ypehajem Ha cBaka JBa pezepBoapa. Uman 75. n1a mpocTopuja 3a CMEIITa]
HaJ3E€MHUX pe3epBoapa, yKOJIHUKO ce OHU IIOCTaBJbajy y 3aTBOPEHOM IPOCTOPY MOpa OUTH 3amtuhena
MOOWIHHNM ypehajuma 3a ramemne noxapa unju 6poj ce oapehyje y ckinaay ca wianom 70. Hcto jey
ywrany 89. nmpomucaHo 3a moa3eMHe pezepBoape. Unanom 107 je mpommcaHo Ja ce y HEMOoCpPeaHo]
OJIM3MHU KOHTEjHEpa Yy KOME Ce CKJIAJUIITE 3arajbhBe WM FTOPUBE TEUHOCTH MOpPA CE Hajla3uTH MO-
OounHM ypehaj 3a rameme noxkapa Kamnaurera nymema 9 kg nmpaxa oqHOCHO apyror oarosapajyher
cpeacrta. Yian 111 mponucyje aa ckiaguiiTe Nocy/a ca 3arnabuBUM WM TOPUBUM TEUHOCTUMA Ha
0TBOpeHOM MpocTopy CKIaguIITe IOCy1a HA OTBOPEHOM MPOCTOPY Mopa OMTH 3amTHheHo MOOuII-
HUM ypehajuma 3a ramiemne rnoxxapa Kanaurera nymema 9 kg mpaxa ogHOCHO JIpyror oaroapajyher
cpenctBa. bpoj MoOmiHUX ypehaja 3a rameme moxapa ce oapehyje npema ymyTcTBy npousBohada,
Tako Ja pacrojame u3Mehy nBe rpyne ypehaja usnocu Hajsumie 10 m. Ynan 112. npomnucyje ce na
MIPOCTOPHja Y KOjOj C€ CKIAIUIITE MOCY/IC 3a 3allaJbUBE WM TOPUBE TEUHOCTH MOpa OWTH 3amTuheHa
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MOOWIHNM ypehajuma 3a raimeme moxkapa, mpu 4eMy CBaku ypehaja uma HajMame 9 kg mpaxa uiam
Ipyror ojroapajyher cpeicTBa 3a rameme, pyu 4eMy pactojame u3mel)y ypehaja e cme na Oyzae
Behe o 10 m. Y unany 135. je mponucano na ce ykymad 6poj MOOWIHKX ypehaja 3a ramemne moxapa
3a 3aIITHTY NPETAKAIUINITA 32 3aMaJbuBe WIA TOPUBE TCYHOCTH JIe(UHUILE TIpeMa YITyTCTBY TPOH3-
Bobhaua, Tako ga ypehaju caapke Hajmame 9 kg mpaxa wnum apyror oaronapajyher cpeacrsa 3aBucu
OJ1 TIOBPILIMHE KOja Ce IITHTU U OHU CE MOpajy MOCTAaBUTH TAKO J1a yaa/beHOCT n3Mel)y 1Ba MoOMIIHa
ypebaja ne Oyne Beha ox 10 m. 3a Bpeme npeTakama Mopa ce y3 TPaHCIIOPTHY LUCTEpHY 00€30e1uTH
HajMame jenal ypehaj xoju canpxku Hajmamwe S50 kg mpaxa unm apyror oarosapajyher cpencrsa 3a
rameme mnoxapa.

2.6 IIpaBWJIHUK O TEXHUYKUM HOpMATHBUMA 3a 0€30€/IHOCT 01 ToKapa U eKCIJI031]ja CTaHuIIa
3a cHab/ieBalkbe TOPUBOM MPEBO3HUX CPEJICTaBa y APYMCKOM caolpahajy, MambUX MJIOBUJIA, MAabUX
MIPUBPEIHUX U CHOPTCKHX BazayxorioBa (CinykO6enu rnacHuk PC 54/17, 34/19 u 92/21) y wiany 34.
MPOMHKCYje /1a ce MOope CBaka JBa ypehaja 3a Touewme ropuBa Mopa ce HaJIa3WuTH IO jeJlaH MOOMITHU

ypehaj 3a rameme moxapa KanamnureTa mymbema HajMame 9 kg mpaxa wim apyror oxarosapajyher
CpeZCTBa 3a raimeme 1moxapa, a 1a ce y3 ypehaje 3a u3MeHy yjba y MOTOPY M KOHTPOJIY IPUTHCKA Y
MHEYMaTHIIIMa Mopa ce Halla3uTH jelaH MOOWIIHU ypehaj 3a raiieme mokapa KarnauuTeTa Mymhembha
Hajmame 9 kg mpaxa wim apyror oAroBapajyher cpeicTsa 3a ramieme moxkapa. Y UCTOM 4iIaHy je
neUHUCAHO Ja c€ y MPOCTOPH]H 32 CMEIIITa] 3aIOCICHOT 0C00Jba, MOpa Ce HAJIA3UTH HajMambe jefaH
MOOWIHH ypehaj 3a ralieme mokapa KamnauTeTa Nymbemha HajMambe 9 kg mpaxa uimu apyror oArona-
pajyher cpeacTBa 3a rameme noxapa. Yman 35. ucror [IpaBriiHuKa Mpomucyje 1a ce 3a BpeMe Impe-
Takama ropuBa 13 ayTo-LIUCTEPHE y pe3epBoap, Ha MECTY Ha KOME c€ BpIIIU MIpeTaKkame, Mopa Halla-
3UTH MIPUNIPEMIbEH 3a yNoTpeOy jeaan MOOMIHH ypehaj 3a ramiemne rnoxapa Kananurera nymemba Haj-
Mmame 50 kg mpaxa unm npyror oarosapajyher cpeactsa 3a ramieme noxkapa. M3ysetHo Ha mecty
IpeTakama rOpHUBa U3 ayTO-LIUCTEPHE y PE3epBOAP MOXKE C€ yMECTO MOOMIIHOT ypehaja 3a rameme
noJkapa KamalureTa mymbema HajMame 50 kg npaxa KopucTuTy mect MoOWIHUX ypehaja 3a rameme
roXkapa KaraluTeTa mymbemha HajMamke 9 kg npaxa uiam apyror oarosapajyher cpeacTsa 3a raiemhe
rmokapa, ¢ TUM Jia TUM arapaTuMa pyKyjy HajMame Tpu jmna. Ynan 36. ucror [IpaBunHuka npomnu-
cyje na ce y OJM3MHM MecTa Ha KOjuMa je MOTYhHOCT ITpOCHIIama 3amajbuBUX U TOPUBUX TEUYHOCTH
Ha CTaHWIIM HajBeha, mocTaBIbajy ce CaHAYIH ca MeCKoM 3anpemMuHe HajMame 0,03 m?.

2.7 IlpaBWJIHUK O TEXHUYKHM HOpMaTHUBHMa 3a POJEKTOBamE, Ipal)erhe, OTOH U OP)KaBaE

racHux kotnapuuna (Ciuyxoenu guct COPJ 10/90 u 52/90) y unany 21. mpomucyje 3a racHe KOTiap-

Hue cienehy MOGMIIHY OIIpeMy 3a Talllere Moxkapa: 3a KOTJIapHHIle IOBpIIHHE Toja 10 50 m? - 1Ba
S6 amapara u jegan CO25 amapart; 3a KOTJIapHUIIE MOBpIIMHE mona ox S50 m? mo 400 m? - mBa S9
amapara, jeqal S6 amapat u jeman CO25 amapat; a 3a KOTJIapHUILE TIOBPIIMHE Moja Tpeko 400 m?,
MOOMIIHA oTipemMa Oupa ce Ha OCHOBY IpopadyHa. Mictu wian neduHwMIe qa ce anmapatu MOCTaBIbajy
Ha yOUJGMBO M JIAKO NPUCTYTAYHO MECTO Y3 3UJ] M HEMOCPEIHO MOpe]] BpaTa, a Hajuie 10 1,5 m?
n3Haj 1ia. MelhycoOHa ynasbeHocT anapaTta He cMe Outh Beha ox 20 m. AKO ce OCHM TacOBHTOT
ropuBa KOPUCTU U T€YHO TOPUBO, Y KOTJIAPHHUIIU CE MOPA HAJTa3UTH U CaHIYK Ca MECKOM.

2.8 TlpaBHJIHUK O TEXHWYKUM HOpMAaTHBHMA 3a 0e30€QHOCT OJ MoKapa M eKCIUIO3Uja MpU
CKJIAUILTEY U IPJKaby yiba 3a JoXeme U racHux yiba (CiyxOenu rimacauk PC 102/20, 122/20 u
90/21) y unany 28 na ce y KoTJIapHUIIaMa Koje cy usrpalene kao nocedaH rpaljeBUHCKU 00jekar, Kao
U MPOCTOpHjaMa KOTJIAPHHUIIE CMEIITEHUM Yy 3rpaju MOTpoIladya WIM y3 3rpaay MOTpollaya Mopa
IpEeBUICTH CaHIyK ca IeckoM caapxkuHe 10 0,25 mS ca momatom, kao 1 moTpe6aH 6poj MOOHITHIX
ypebaja 3a rameme noxapa, y CKJagy ca TEXHUUYKUM IMPOIMKCHMa U YIyTCTBUMA Mpou3Bohaya ype-
haja u onpeme, anu He Mame OJ1 J1Ba anapata tumna S-9. Mctu wian o6aBesyje na ce y mpocTopujama
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y KOjuMa Ce JIP>KH WK CKJIQIMIITH yJbE 3a JIOKESHE MOpajy OMTH MIOCTaB/heHA HajMake IBa MOOMITHA
ypehaja 3a rameme mokapa KanamuTeTa nymbema 9 kg nmpaxa unu apyror onroapajyher cpeacrsa.

2.9 Uman 132. IIpaBmiHrKa 0 TEXHUYKHM HOpMaTHBHMA 3a ypehaje y KojuMa ce HaHOCE
cyme npemasHa cpeacTsa (Ciyx6eru muct COPJ 57/85) mponucyje na ce y mpocTopruMa JIJaKUPHHIIE
Mopajy 00e30euTH oAroBapajyhu anapatu 3a raiieme noxapa.

2.10 ITpaBHJIHUK O TEXHUYKHM HOPMaTHUBUMa 32 6€30€THOCT OJ1 MOXKapa M eKCIUIo3Huja o0jeKaTa
Masionposiaje 6oma ca TeuHuM HadTHUM racoM (CiyxO6enn rimacHuk PC 75/19 u 85/21) y unany 14.
nponucyje a objekar 3a Majgonpojaajy 6oma ca TedHMM HapTHUM racoM Kamamurera 1o 1 000 kg
Mopa OMTH OIpeMJbEH ca HajMame JBa MOOMIHA ypelhaja 3a ramieme nmoxapa KanauTera Mymhembha
HajMame 9 kg nmpaxa wim apyror oaroapajyher cpefcTBa 3a ramemne moxxkapa, a 00jekar KanarureTa
Beher ox 1 000 kg ca Hajmame yeTupu MoOMITHA ypehaja 3a rameme moxapa Kanaiurera nymbermha
HajMame 9 kg mpaxa unu apyror oaroapajyher cpeactsa 3a rameme moxapa.

2.11VYpenba o TEXHHYKUM 3aXTeBUMa O 0e30€IHOCTH O] MoKapa M €KCIUIO3Hja CTaHWIA 3a
cHabeBame OpoJIoBa U TEXHUYKUX IJIOBHUX oOjekara TeuHuM ropuBoM (CmyxOenu rmacauk PC
115/13) y unany 56. nporucyje 1a Ha CBaKkoj CTAaHULIM MOPajy OUTH ITOCTaBJbEHA HAjMambe TP BaTPO-
racHa anapata o 9 kg, Kao u jeagaH MpeBO3HU BaTporacHu amapat ol Hajmame 50 kg cpeacrasa 3a
raumeme 3a kiacy noxapa A, B u C, pacniopehenux Ha cnenehu HaunH: ope cHabieBauke jeJUHHIIE
anapat on Hajmame 50 kg; mopen TpancmopHe jenuHuIe amapat o 9 kg; mopen mepuia amnapar o
9 kg; u mopen pezepBoapa cranuiie anapar ox 9 kg. Unan 59. uctor [IpaBuinuka nedunuiie na ce
TIpe ¥ 3a BpeMe UCTaKama roprBa U3 ayTOILMCTEpHE BO3UIIA LIUCTEPHE Y pe3epBOape Ha CTaHUIIU MOpa
MPUIPEMUTH IPEBO3HU BaTpOTracHU anapar o HajMame 50 kg cpencraBa 3a ramieme 3a Kjiacy noxapa
A, BuC.

2.12 O6aBe3a apxama arnapara y eleKTpOSHEPreTCKUM MOCTPOjelhUMa PEryircaHa je 4iaHo-
BuMa 32, 33, 34 u 3. [IpaBUIHHKA O TEXHUYKMM HOPMATHMBHMMA 33 3AIITUTY CICKTPOCHEPIETCKHX
mocTpojema U ypehaja ox moxkapa (Ciyx6enu nuct COPJ 74/90).

2.13Ipema unany 79. [IpaBuaHMKA 0 TEXHHYKUM HOPMATUBHUMA 33 3aIITUTY BUCOKUX 00jeKaTa
on noxapa (Cayx6enu raacuuk PC80/15, 67/17, 103/18_ ) y BucokoM 00jeKTy MOpa Ce Hala3uTH
onrosapajyhu Opoj amapara 3a IOYETHO Talllemkhe MoXKapa, y CKIIaay ca TEXHUYKUM MPOIMCUMA U Y-
MyTCTBHMMA Mpon3Bohava anapara u onpeme. Hajseha ynasseHocT n3mely Mecra Ha KojeM je cCMeTeH
amapar 3a IMO4eTHO raliemne Mmoxapa ¥ MecTa Ha KojeM ce Moke 3arehu ocoba y ciydajy mokapa He

cme ourtu Beha o 20 m.
2.14Ynan 4. [IpaBruIHUKA 0 TEXHUYKUM HopMarusuMa 3a nekape (Cinyx6enu auct CPJ 13/92)

mpormnucyje odaBe3y Jpkama MPOTUBIIOKAPHUX arapara y rnekapama.
2.15IpaBUiIHUK O TEXHUYKMM HOPMATUBUMA 34 3aALLTUTY YIOCTUTEILCKUX 00jeKarTa o [moxapa

(Cayx6enu rnacauk PC 20/19) y unany 44. neduHuiie a ce y yrocTUTEJLCKOM 00jeKTy MOpa Ha-
Ja3uTH oiroBapajyhu 6poj amapara 3a MOYETHO raliekhe Mokapa, y CKIaay ca TEXHHYKUM MPOIIcruMa
W YIIyTCTBMMA MPOW3BOlaya amaparta W OmpeMe, ajld He Mame O] JIBa amapaTta Tuna S9 Ha CBaKoj
€Taku yrocTutesbekor oojexra. Hajeeha ynasbeHocT u3mel)y Mecta Ha KOjeM je CMEIITEH arapar 3a

MOYETHO Tallleke MoXKapa U MECcTa Ha KOjeM ce Moxke 3arehu ocoba y cirydajy moxapa He cMe OUTH
Beha o 20 m.
2.16 IIpaBUJIHUK O TEXHUYKUM HOPMaTHUBUMA 32 3aIITUTY UHJIYCTPH]CKHUX 0OjeKara o mokapa

(Cirysx6enu rnacauk PC 1/18 u 81/23) y unany 30. npomnucyje fa ce y HHAYCTPHjCKUM 00jeKTHMA,

Y 3aBUCHOCTH O] BpCTE€ TEXHOJIOIIKOT MpoIieca, Mopa MpeaABUACTH oTpedan Opoj MoOuIHuX ypehaja
3a ramieme Mokapa, y CKJaay ca TeXHHYKHM IMPOIUCHMAa M YIyTCTBUMa mpou3Bohaua ypehaja u
orpeMe.
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2.17 IIpaBrIHMK O 3aIITUTH HA PaJy M O TEXHWYKHM MepamMa 3a pa3Brjade aleTuicHa U ale-
tusieHcke cranuite (Ciyxo6enn et COPJ 6/67, 29/67 u 27/69) y wnany 68 nponucyje na ce 3amna-

JbEHU alleTHJICH TaCH CyBHM MIECKOM WIIM arapaTuMa 3a ramemne nmoxapa tuna COz.
2.18 IIpaBWIIHUK O TEXHHYKUM HOPMATHBHMA 3a 3aIITHTY O] TI0’Kapa CTAaMOCHHUX U TIOCITIOBHUX
o0jexaTa u objekara jaBHe HameHe (CiyxOenu rnacuuk PC 22/19) y unany 58 aa ce y ctaMOeHuM,

MIOCJIOBHUM M jaBHUM 00jeKTHMa MOpa IpeABHIETH moTpedan Opoj MobmimHuX ypehaja 3a rameme
noxkapa, y CKJIaJy ca TEXHUYKHM IPOMUCHMa U YIYTCTBHUMa Ipou3Bohaua ypehaja u onpeme.

2.19 OnmTH NpaBUJIHUK O XMTHjeHCKUM U TEXHUYKHUM 3alITUTHUM Mepama pu paay, (Ciy-
x0enu nuct ®HPJ 16/47 u 36/50) y unany 11 nponucyje ynorpely mnecka Wiy anapara 3a Taiieme
no)Xkxapa NeHOM Ha MECTHMa TJIe Ce 3a ralliehe He CMe KOPHCTHTH BOJA.

2.20 Ynan 16 IIpaBmiHKKa 0 TOIETH MOTOPHUX M MIPUKJbYYHUX BO3WJIA U TEXHUYKUM YCIIO-
BHMa 3a Bo3mja y caobpahajy Ha myreBuma, Cryorcoenu enacnux PC, 40/2012, 102/2012, 19/2013,
41/2013, 102/2014, 41/2015, 78/2015, 111/2015, 14/2016, 108/2016, 7/2017, 63/2017, 45/2018,
70/2018, 95/2018, 104/2018, 93/2019, 2/2020, 64/2021, 129/2021 u 48/2023) npomnucyje aa ce mpe-
HOCHHU arapar 3a raiiemne MoueTHHX Moxkapa, ca Baxehum Joka3oM 0 UCIIPaBHOCTH y CKIIay ca Ipe-
MOPYKOM Ipou3Bohaya, MOpa MOCTOjaTu U OUTH NOCTaBJ/BEH Ha JOCTYITHOM MECTY, TaKO Jia ce Yy CITy-
Yajy Mokapa MoXe yInoTpeOUTH y MOTOPHHUM BO3MJIMMA, OCHUM y BO3WJIMMA BpcTe L U y BO3miInMa
BpcTe M1 KOjuMa ce He BPIIK jaBHH MIPEBO3 ITyTHUKA y caoOpahajy Ha myTeBuMa. Amapar 3a raieme
nmokapa Mopa racutu noxape kiaca A, B u C u enextpo nHcrananyja nox HamoHoMm. CpeacTBo 3a
ramiene je CyBH Mpax MM eKBUBAJICHTHA KOJMYMHA JPYTOT TIOrOIHOT CPE/ICTBA 3a Talleke, Y CKIIaTy
ca mpenopykoM npousBohaua Tor cpencrsa. Ha nexmaparnuju anapara 3a raiemne Mo4eTHUX Hoxapa
Mopa OWTH HaBEJCH MOJATaK O €KBUBAJICHTHO] KOJIMYHHY CyBOT IIpaxa KOjy 3aMemyje CPEACTBO 32
rameme Koje ce Hajla3u y anmapaTy. Y BO3WJIMMa BpcTe M1 KojuMa ce BPIIM jaBHU MPEBO3 MMyTHHUKA
Mopa ce HaJa3UuTH HajMame jeJlaH anapaT ca CpEICTBOM 32 Talllelhe Y eKBUBAIEHTHO) KonnuuHu 1 kg
cyBor mpaxa. ¥ BozwimuMma Bpcte Mz, Ms, N1, N2, N3, Ksa u Ksb mopa ce Hanasutu HajMame jenan
armapar ca Cpe/ICTBOM 3a Trallemhe y eKBUBAJIICHTHO] KoumunHK 2 kg cyBor mpaxa. Y NMpHUKJbYYHHM
BO3MJIMMA 32 JaBHH IIPEBO3 IIyTHUKA, MOPA CE€ HAJIA3UTH HAjMamke jeJaH amapar ca CpeJICTBOM 3a ra-
IIEHE Y €KBUBAJICHTHO] KOTWYMHY 3 kg cyBoOT mpaxa.

3. Knacuuxanuja noxapa

N360p Tuma MmoOmITHOT ypehaja 3a rameme mokapa Koju he ce KOpUCTHTH Y HEKOM TTPOCTOPY,
jako je OuTHO neduHUCATH Kjace MmoXkapa Koje cy Moryhe y mpeaMeTHoM npoctopy. Hanmonamuau
TEXHUYH MPONHC Koju aedunuiie kiracudukammjy moxapa je SRPS EN 2:2011, koju je uneHTHuaH
ca eBporckuM crangapaom EN 2:1992 + A1:2004.

Tabena 1. Knacuguxayuja noxcapa npema SRPS EN 2:2011

Kinaca noxapa Jedpununmja
A MOKapy YBPCTUX 3allaJbUBUX MaTepuja
B MOKapy 3anajbUBUX TEYHOCTH WM TOIJBUBUX UBPCTHX MaTepHja
C II0’Kapy 3ala/bUBUX racoBa
D IIO’KapH 3alaJbUBUX MeTasa
F nokapu MacHoha y KyXUECKUM araparuma
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[IpeTxoaHu TEXHUUYKH TIPOIKCH Cy U Kiacy E - kK0joj cy mpumnanganu noxapu Ha ypehajuma u
WHCTAaJaIjaMa 1MoJ] eJICKTPUIHUM HAIOHOM (€JIEKTPOMOTOPH, TpaHCc(hopMaTopH, pa3BoIHA ITOCTPO-
jema u cnnyHo). HemaBHo ycBojeHO u3name Texanukor nponuca [SO 3941:2026 yBoau kiacy moxap
L xoja obyxBara nmokape Ha ypehajuMa Koju KopucTe JUTHjMCKe OaTepuje.

Tabena 2. [lpeened mexnuuxkux nponuca

HAI[MOHAJIHU MIPOIINC €6PONCKU nponuc melhyHapoonu npo- Kaace nocapa
nuc

JUS 7.C0.003:1979 EN 2:1972 - A,B,C,D,E

JUS ISO 3941:1994 EN 2:1992 1ISO 3941:1977 A,B,C,D

SRPS EN 2:2011 EN 2:1992 + A1:2004 1SO 3941:2007 A,B,C,D,F

4. OnpehuBame HeomxogHor 6poja MoOMIHUX Ypehaja
H NIPABIJIA 32 BUX0BO Pa3MeITambe

VY pamosuma [ 1,2] cy AeTasbHO aHATM3UPAHH TOCTYIIH 3a H300p MOOMITHUX ypehaja 3a rameme
noxkapa y ckinany ca EN, BS u NFPA nHopmama, kao U AyroroguiismboM HallMOHAJIHOM ITPakcoM. Y
TEKCTY KOjU CIEAH U3JIaXKy Cce MPErnopyKe ayTopa 3a u3dop Tumna, Opoja u yrBphuBama pacnopena y
cily4yajeBUMa Kaja To Huje oapeheHo HanmoHaTHuM npornrcuMa. Kao ocHOBHM mapamMeTpu u3adpaHu
Cy KJjlaca OIacHOCTH O] ToXkapa M KamalMTeT raniema. KamanureT ramema npeHocHUX ypehaja 3a
rameme moxapa je nedunucan rpynom crangapaa SRPS EN 3. 3a ypehaje koju ¢y y ckitany ca mpa-
BIWJIHHMKOM [5] a He moceyjy ucmpane o ycariameHocTs ca rpynom ctangapaa SRPS EN 3 kamanurer
ramema ce yrBphyje y ckiany ca Tabenom 3. Kanamurer ramema npeBo3Hux ypehaja 3a rameme
noxapa je nepunucan rpynom crangapaa SRPS EN 1866. 3a ypehaje xoju cy y ckiany ca nmpaBui-
HUKOM [5] a He moceyjy HcIpaBe 0 ycariameHocTu ca rpynom cragaapaa SRPS EN 1866 kananuter
ramema ce yrephyje y ckiany ca Tabemom 3.

Amnanuza nata y [2] moka3syje ma cy S ampaT HajeMKaCHHjU 3a raimicikhe Hajuemnux THITOBa
noxapa. [Topen Tora, mruxoBa HabaBHA IIEHA U IIeHA OJIp)KaBama Cy (IIITO y OBOM pajy HHUje TOCeOHO
pasMaTpaHo) Cy MOBOJbHH]E y OJTHOCY Ha JAPYyTe THIOBE amapara. S amaparH ce He CMejy KOPUCTUTH
3a rameme ypehaja koju cy noa HarmonoM Behum ox 1.000 V, kao HE 3a rameme onpeme u ypehaja
KOje OW mpax MOTrao Jia OIITETH.

Amapare tuna CO210 Tpeba u3beraBatu, rjae roj je To Moryhe, jep je lbUX0Ba [IEHa OTIIPHIIUKE
Tpu nyta Beha o nene CO25 amapara. [Ipema ToMe 3a mpocTope y KojuMa Cy HHCTAIMpaHe MalluHe
u ypehaju koju page nog Hamonom usmehy 1.000 V u 10.000 V tpeba npensuneru CO25 anapare.

3a rameme eIeKTPOHCKe onpeMe U ypehaja koju 6u Ounu omreheHu y ciaydajy KOHTaKTa ca
CYBUM TIPAaxOM WJIM YTJbE€H-IHOKCHIOM, HEOTIXOHO je 00e30enuTn onroapajyhe amapare, mymeHe
HEKOM O/ 3aMeHa 3a XaJIOH.

VYKynaH KanamureT raiema rnoxkapa kiace A rpymne npeHocHux ypehaja 3a ramieme noxxapa ce
onpehyje cabupameM HyMEPUYKHUX JIeJI0BA O3HAKE KAMAIUTET raliemka oipel)eHor rpynom cTanaapaa
SRPS EN 3, ogHocHo 3a ypehaje, koju Hucy arectupanu y ckiany ca SRPS EN 3, a craBibenu cy y
ynoTtpely npe crynama Ha cHary oBor IIpaBuinHuka, Ha ocHOBY TaGene 3.
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Tabena 3. Kanayumem cawerba koju cy y cknaoy ca [5]anu ne u ca XapmoHu308aHum cmaHoapoom

O3naka amapata Kanamurer kitaca A Kananuret xi1aca B CTaHIap.
S1 3A 5B SRPS EN 3
S2 5A 8B SRPS EN 3
S3 8A 13B SRPSEN 3
S6 13A 21B SRPS EN 3
S9 21A 34B SRPS EN 3
S12 34 A 55B SRPS EN 3
S50 - 1B SRPS EN 1866
C0O22 - 13B SRPS EN 3
Cc0o23 - 21B SRPS EN 3
CO25 - 34B SRPS EN 3
CO210 - 55B SRPS EN 1866
C0230 - 89B SRPS EN 1866
CO260 - 144 B SRPS EN 1866

Ipumep: 2 ypehaja xanmauutera ramema 21A u 3 ypehaja kamanurera ramema 27A UMajy
YKyNaH KanaluTeT ramema 123A.

4.1. Pazmewimarse npernocrux moounnux ypelaja 3a 2awerve noxycapa knace A

VY cBakoj etaxxu rpal)eBUHCKOT 00jeKTa MOpa Ce HAJIa3UTH HajMame jeJlaH MpeHoCcHu ypehaj 3a
raiieme moXkapa Kamamurera ramema HajMame 13A. Hajsehe 103BosbeHO pacTojame MpOu3BOJHHE
Tayke rpaleBHHCKOT 00jekTa o/l HajOIrmker mpeHocHor ypehaja 3a rameme moxapa kinace A je 20
m. Hajsehe no3BosbeHo pacrojame n3Mmel)y aBa npenocHa ypehaja 3a rameme noxapa kiace A je 30
m, TIpy YeMy ce Ipel)eHu MyT CTENEHUIITEM payyHa Kao Jy>KWHA CTENEHUIITa IIOMHOXeHa ca 1,5.
AKO y IO’KapHOM CEKTOPY IIOCTOjU OIACHOCT Of 33IMMJbEHha, OHJIA je HajBehe 103BOJbEHO pacTojame
u3mely nBa mpeHocHa ypebhaja 3a rameme moxapa kinace A je 20 m, mpu yeMy Ha CBaKOj €TaXKH
MoOpajy HajazuTh 0ap 2 MpeHoCHa ypehaja 3a rameme moxxapa.

VYKyIaH KanamnuTeT ramekha moxapa Kiiace A rpyre NpeHoCHuX ypehaja 3a rameme moxapa ce
onpehyje cabupameM HYMEPHYKHX JIeJIOBA O3HAKE KallalMTeTa ramiema ojapeheHor TpynoM cTa-
uaapaa SRPS EN 3, onnocHo Ha ocHoBy Tabene 3.

Ipumep: 2 ypehaja xanmauurera ramema 21A u 3 ypehaja kamanurera ramema 27A UMajy
YKyIlaH KanauuTeT ramema 123A.

MuHMMaTHU YKYITHH KalayuTeT rpyne MOOWIHUX ypehaja 3a ramemne noxapa kiace A, Hame-
HCHHX 32 3aIUTUTY jeIHOT IMOKapHOT CeKTopa U3pauyHasa ce npema Taberne 4.
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Tabena 4. Munumanuu ykynuu kanayumem epyne ypehaja 3a eawerve noxcapa xkuace A

[ToBpimHa noxapHor be3 onacHocTH IIpucyTHa onacHocTu ox
cexTopa [m?] 011 Op30T 3aIUMIbCHA Op30T 3aIMMIbEHA
1o 50 13A 13A
50-100 13A 13A
100-150 13A 26A
150-200 26A 34A
200-300 26A 42A
300-400 26A 50A
400-500 34A 60A
500-750 50A 80A
750-1000 65A 100A
Ha cBakux mamux 500 34A 55A

4.2. Pazmewimarse npenocrux moounnux ypelaja 3a 2aweroe
noxcapa knace B, C, D u F

Hajsehe no3BosbeHe pacTojame MpoU3BOJbHE Tauke TpaleBUHCKOT 00jeKTa, KOja MOXKe OWUTH
3axBahena noxxapuma kiace B, D wim F no Hajommker moOumHor ypehaja 3a rameme moxapa, a-
TECTUPAHOT 3a Talllelhe MoXKapa mpeaMeTHe kimace nmoxkapa je 10 m. MoOumnu ypehaj 3a rameme
rmo>kapa Mopa OUTH Ha UCTOj €TaXKH, Ha KOJO] C€ HaJla3| JKapHUIITE MOTCHIIU]aJTHOT MOXapa.

Ha pactojamy Behem ox 2 m a mamem ox 20 m, o1 MOBPIIMHE KOja MOXe OMTH 3axBaheHa
nokapom kiace B, mocrassba ce rpyna MoouiaHHX ypehaja arecTupaHuX 3a Tralieme noxapa Kiace
B. Ilpu ToMe ce 3a yrpoxeHy nospuuay Behy o 1 m? a Mamy of 2 m? nocTaBjbajy HajMame JIBa
ypehaja, a 3a yrpoxene nospiuse ehe oa 3 m? nocrasibajy HajMame Tpu ypehaja. BbuxoBu MUHH-
MaJIHU KamaluTeTH ramema natu ¢y y Tabemu 5. CBu moOmiHu ypehaj 3a rameme moxapa Mopa
OWTH Ha KCTO] €TaXH, HA KOjO] CE HaJIa3| JKAPHUIITE MOTEHIIN]AJTHOT TOXKapa.

Ha pactojamy Behem ox 2 m a mamem ox 20 m, o1 MOBPIIMHE KOja MOXe OMTH 3axBaheHa
nokapoMm kimace D, mocTaBsba ce rpyma MoOuimHUX ypehaja 3a rameme moxkapa 4Mju ce yKyImHHU
KalalyTeT Taniemka noxapa kiace D, m3padyHaBa npema ymyTcTBY mpou3Bohaya.

Ha pacrojamy mamem on 20 m o moBpIInHe Koja Moxe OuTu 3axBaheHa noxkapom kiace F,
MocTaBJba ce Ipyrna MoOMIHUX ypehaja. lbuxoBrn MUHUMATHY KanallUTeTH Tallema aatu cy y Tabenun
6.

Ha eraxu Ha K0joj MOCTOjU MOTEHLIMjAJIHO XKapHUILTE MoXKkapa kiace noxapa C, mocrassbajy ce
HajMame JBa MOOWIIHA ypehaj 3a rameme mo)kapa, aTecThpaHa 3a rameme moxapa kiace C, Ha
pacTojamy OJ TOTECHIINjATHOT JKapuIinTa, Behem o1 2 m a MmamweMm o 20 m.
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Tabena 5. Munumanuu ykynuu kanayumem epyne ypehaja 3a eauerve noxcapa kuace B

yTpO’KEHa MOBpUIMHA MHUHHMaJaH Opoj ype- | MUHUMaJIaH KalaluTeT raiemha jeHOT ype-
[m?] haja haja
0,14 1 21B
0,23 1 34B
0,37 1 55B
0,47 1 70B
0,59 1 89B
0,75 1 113B
0,96 1 144B
1,22 2 183B
1,41 2 113B
1,80 2 144B
2,29 2 183B
2,88 2 144B
3,66 3 183B
4,66 3 233B

Tabena 6. Munumannu ykynuu kanayumem epyne ypehaja 3a eauterve nosxcapa xknace F

yTpOKEHa MOBp- MHUHHMaJaH O0poj ypehaja MUHHMAaJIaH KalalyTeT ramema je/-
mrHa [M?] Hor ypehaja
0,015 m? 1 5F
0,020 m? 2 SF
0,040 m? 1 25F
0,060 m? 1 40F
0,110 m? 1 75F
0,180 m? 2 40F
0,240 m? 2 75F
0,270 m? 2 75F
0,300 m? 2 75F
0,400 m? 2 75F
5. 3akbyuak

[IpaBunan n360p u oaroapajyhu pacnopen MmoomHuX ypehaja 3a rameme moxapa je o1 u3y-
3€THOT 3Haydaja 3a 0JaroBpeMEHO raliemkhe okapa y modetHoj dasu. M306o0p u pazmemrame ypehaja

KOJH MOCTaBJbajy y TpalleBUHCKHM O0jeKTHMa Cy pa3Marpanu y pagosuma [1,2]. C o63upom aa je o
o0jaBspuBama pagosa [1,2] mponuio 8 ronuHa, y TOKY KOJUX j€ pa3B0j TEXHOJIOTH]E JOBEO JI0 110jaBe

HOBHX ITO’KapPHUX OMACHOCTH, KA0 U 10 HOBUX TEXHUYKH pelleha y 00JacTu ramema noxapa, jaBuia
ce o0jexkTuBaHa norpeda 3a yHanpehemwe npenopyka natux y [1,2], mro je u mpeaMer oBor y pajga. ¥

JPYTroOM TOTJIaBJbY j€ U3BPIICHO U aXXypHUpame Mperjena o0aBe3a MporrucaHuX HAIIMOHAIHOM TPaB-

HOM PETYJIaTHBOM Ca aKTYEJIHUM IpPOMHCHUMa. 3a cIydjeBe KOjU HUCY HOPMUPAHU MPAaBHUM TEXHUY-

KUM TIPOMKCHMa JaTa Cy IpakTU4YHaA yIyTCTBa 3a u300p u pacnopehuBame MoOumHuX ypehaja 3a
ramieme rmoxapa, koja cy ckianay ca EN, BS u NFPA HopMama, Kao ¥ Tyrorouiim»0M HAIIHOHATHOM

MIPaKCOM.
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Rad razmatra mogucnost da se upravljanje kvalitetom u postrojenjima odrZive energetike tu-
maci kao prosireni organizacioni okvir koji, pored tehnickih i proceduralnih pokazatelja, obuhvata
transparentnost, edukaciju javnosti i drustvenu legitimnost. Polazeci od studije slucaja Vizitorskog
centra Energane na otpad u Prahovu, rad razvija integrisani filozofsko-komunikoloski model zasno-
van na hermeneutici, teoriji komunikativne racionalnosti, narativnom identitetu, filozofiji tehnike,
teoriji akterskih mreZa i sociologiji znanja. Metodoloski, istrazivanje je koncipirano kao preopera-
tivna analiticka rekonstrukcija koja povezuje teorijsku analizu, studiju slucaja i interpretaciju plani-
ranih komunikacionih i edukativnih funkcija Vizitorskog centra. Rezultati analize ukazuju na to da se
kvalitet u ovakvim sistemima ne moze svesti iskljucivo na tehnicku usaglasenost i proceduralnu kon-
trolu, ve¢ ga treba razumeti i kao sposobnost kompanije da tehnoloske procese ucini razumljivim,
proverljivim i drustveno prihvatljivim. Posebno se apostrofira mogucénost posmatranja Vizitorskog
centra kao prevodilackog prostora izmedu tehnickog sistema, institucionalnih zahteva i ocekivanja
zainteresovanih strana. Prakticni doprinos rada ogleda se u predlogu konceptualnog modela koji se
moZe dalje operacionalizovati povezivanjem sa principima upravljanja kvalitetom prema 1SO 9001 i
sa savremenim okvirima odrzivosti i ESG izveStavanja.

This paper examines the possibility of interpreting quality management in sustainable energy
plants as an expanded organizational framework that includes not only technical and procedural
indicators, but also transparency, public education, and social legitimacy. Drawing on the case study
of the Visitor Center of the waste-to-energy plant in Prahovo, the paper develops an integrated phi-
losophical-communication model grounded in hermeneutics, communicative rationality, narrative i-
dentity, philosophy of technology, actor-network theory, and sociology of knowledge. Methodologi-
cally, the research is designed as a pre-operational analytical reconstruction that combines theore-
tical analysis, case-study reasoning, and interpretation of the planned communication and educatio-
nal functions of the Visitor Center. The findings indicate that quality in such systems should not be
reduced to technical compliance and procedural control alone, but should also be understood as the
company’s capacity to make technological processes understandable, verifiable, and socially accep-
table. The analysis further suggests that the Visitor Center can function as a translational space
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between the technical system, institutional requirements, and stakeholder expectations. The practical
contribution of the paper lies in the proposed conceptual model, which can be further operationalized
through alignment with ISO 9001 quality management principles and contemporary sustainability
and ESG disclosure frameworks.

1. Uvod

Savremena industrijska postrojenja odrzive energetike predstavljaju kompleksne tehnolosko-
organizacione sisteme u kojima se tehnicki, drustveni i komunikacijski procesi medusobno preplicu.
U takvom kontekstu, upravljanje kvalitetom viSe nije moguce posmatrati iskljucivo kroz normativne,
proceduralne ili tehnicke parametre, ve¢ zahteva §iru perspektivu koja obuhvata nacine razumevanja
tehnologije, interpretaciju internih praksi i dinamiku odnosa izmedu institucija i javnosti. Kvalitet se
ovde posmatra relacijski, kao medudejstvo industrije, tehnologije i druStva, pa se upravljanje
kvalitetom odnosi ne samo na tehnicke i proceduralne pokazatelje, ve¢ i na razumevanje tehnologije,
komunikaciju sa javno$¢u, interpretaciju praksi i druStvenu legitimaciju industrijskih procesa. Pose-
bno mesto u ovoj dinamici zauzimaju vizitorski centri koji funkcioniSu kao otvoreni prostori u kojima
se omoguc¢ava razumevanje kompleksnih tehnoloskih procesa, oblikuju narativi o ulozi u javnosti i
grade uslovi za poverenje i legitimnost. U tom smislu, Energana na otpad u Prahovu pruza prikladan
empirijski okvir za promisljanje ovih pitanja jer pokazuje kako transparentnost procesa i edukativna
infrastruktura postaju sastavni elementi celokupnog sistema kvaliteta, odnosno kako sistem kvaliteta
nije samo tehnicki, ve¢ i integrisani tehnicki, komunikacioni i drustveni okvir.

Uprkos rastu interesovanja za pitanja odrzivosti, javne komunikacije i percepcije tehnoloskih
rizika, u postojecoj literaturi retke su studije koje ove fenomene razmatraju iz perspektive filozofske
hermeneutike, filozofije tehnike, teorije akterskih mreza i sociologije znanja. Takode, jo$ rede se ovi
teorijski okviri povezuju sa konceptima upravljanja kvalitetom ili sa infrastrukturom vizitorskog cen-
tra kao delom kompanijske prakse. Imajuci to u vidu, ovaj rad nastoji da integriSe Gadamerovu teoriju
razumevanja, Habermasovu komunikativnu racionalnost, Rikerov narativni identitet, Hajdegerovo
poimanje tehnike, Laturovu teoriju aktera i Manhajmovu dijagnostiku drustvenih promena u
jedinstven analiti¢ki okvir primenjen na industrijsko postrojenje odrzive energetike. Rad polazi od
pretpostavke da takvo objedinjavanje pruza mogucnost za dublje i preciznije razumevanje kvaliteta
kao relacijski zasnovane kategorije u kojoj su edukacija, transparentnost i druStvena odrzivost
medusobno uslovljene. Cilj je da se pokaze da Vizitorski centar i otvorena komunikacija na kojoj se
on zasniva nisu tek dodatak slozenom tehnickom sistemu kakav je Energana na otpad u Prahovu, ve¢
bitan ¢inilac kvaliteta i dugorocne drustvene legitimnosti. Drugim re€ima, rad nastoji da Vizitorski
centar predstavi kao mesto gde se tehnoloski procesi prevode u druStveno razumljive strukture
znacenja, ¢ime se dodatno jaca uloga postrojenja kao odgovornog aktera u javnom prostoru. Upravo
integracija ovih dimenzija predstavlja vazan preduslov stabilnosti, prihvatanja i dugoroéne odrzivosti
celokupnog sistema.

2. Metodoloski pristup

Istrazivanje je zasnovano na kvalitativnom i konceptualnom pristupu, a uz primenu studije
sluc¢aja i analiticke rekonstrukcije kao osnovne metodoloske strategije. Predmet analize jeste Vi-
zitorski centar Energane na otpad u Prahovu posmatran kao komunikacioni, edukativni i organi-
zacioni element Sireg sistema upravljanja kvalitetom. Osnovni cilj rada nije empirijsko merenje
efekata, vec teorijsko uobli¢avanje modela koji pokazuje na koji nacin transparentnost, interpretacija



39. MebUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 193

tehnoloskih procesa i odnos prema zainteresovanim stranama mogu biti ukljuceni u proSireni pojam
kvaliteta u odrZivoj energetici.

Analiza se oslanja na tri grupe izvora: relevantnu filozofsku i drustveno-teorijsku gradu, litera-
turu iz oblasti upravljanja kvalitetom i odrZivosti, kao i raspoloZive projektne i konceptualne elemente
koji se odnose na planiranu funkciju Vizitorskog centra. U analiticCkom smislu, teorijski pojmovi nisu
koris¢eni ilustrativno, ve¢ kao operativne kategorije za tumacenje Cetiri dimenzije proSirenog
kvaliteta: hermeneuticke, komunikativno-transparentne, narativne i mrezno-institucionalne. Na taj
nacin uspostavlja se veza izmedu filozofske interpretacije, korporativne komunikacije i savremenih
zahteva za kvalitet, odgovornost i odrzivost (Gadamer, 1978; Habermas, 2017; Ricoeur, 2004, Latour,
2005; Manhajm, 1968).

OgranicCenje rada proizlazi iz Cinjenice da Vizitorski centar u trenutku izrade teksta jo$ nije
operativan, pa zaklju¢ci nemaju status empirijski potvrdenih nalaza o iskustvu posetilaca. Zbog toga,
rad treba razumeti kao preoperativni model i osnovu za buduca istrazivanja. Njegova empirijska
provera mogla bi da se sprovede nakon otvaranja centra kroz anketiranje posetilaca, polustrukturisane
intervjue, analizu percepcije transparentnosti i razumevanja tehnoloskih procesa, kao i kroz pracenje
pokazatelja poverenja, zadovoljstva i kvaliteta komunikacije sa zainteresovanim stranama.

U cilju budu¢e empirijske operacionalizacije predlozenog modela, moguce je definisati skup
kvalitativnih 1 kvantitativnih indikatora koji bi omogucili proveru njegove prakti¢ne primenljivosti.
Hermeneuti¢ka dimenzija kvaliteta mogla bi se analizirati kroz nivo razumevanja tehnoloskih procesa
kod posetilaca, sposobnost interpretacije osnovnih funkcija postrojenja i stepen percepcije transpar-
entnosti sistema. Komunikativno-transparentna dimenzija moze se operacionalizovati pomoc¢u indi-
katora kao Sto su poverenje u instituciju, procena dostupnosti i razumljivosti informacija, zado-
voljstvo komunikacijom sa stru¢nim osobljem i spremnost zainteresovanih strana na dijalog. Nara-
tivna dimenzija mogla bi se pratiti kroz percepciju institucionalnog identiteta, doslednosti korpora-
tivnih vrednosti i druStvene odgovornosti postrojenja, dok bi ontoloSko-mrezna dimenzija bila ana-
lizirana kroz mapiranje odnosa izmedu tehnickih, institucionalnih i drustvenih aktera ukljuc¢enih u
funkcionisanje sistema. Buduc¢a empirijska istrazivanja mogla bi obuhvatiti kombinaciju metoda kao
Sto su anketiranje posetilaca, polustrukturisani intervjui sa zaposlenima i predstavnicima lokalne
zajednice, fokus grupe, analiza medijskog diskursa 1 pra¢enje komunikacionih indikatora povezanih
sa transparentnos$cu i poverenjem. Na taj nacin, predlozeni filozofsko-komunikoloski model mogao
bi biti razvijen iz konceptualnog okvira u operativni alat za procenu kvaliteta i druStvene odrzivosti
industrijskih postrojenja odrzive energetike.

3. Teorijski okvir

Rezonovanje nacina na koji se industrijski tehnoloski procesi predstavljaju, razumeju i pri-
hvataju u javnoj sferi zahteva teorijski horizont koji prevazilazi tehnicke opise i ukljucuje dublje
filozofsko-komunikoloSke uvide. U ovom radu, takav kontekst zasniva se na tri komplementarne per-
spektive: hermencutickoj filozofiji Hansa-Georga Gadamera, teoriji komunikativne racionalnosti
Jirgena Habermasa i narativnoj hermeneutici Pola Rikera (Gadamer, 1978, Habermas, 2017, Ricoeur,
2004). Ove tri tradicije omogucavaju da se Vizitorski centar Energane na otpad u Prahovu razume
kao prostor interpretacije, konstruktivnog dijaloga i narativnhog konstruisanja identiteta. U toj per-
spektivi, javno razumevanje tehnologije shvata se kao hermeneuticki dogadaj, komunikacija kao pro-
ces zajednickog razumevanja, a institucionalna legitimnost kao rezultat otvorene, argumentovane i
transparentne komunikacije sa zajednicom. Time se stvaraju teorijske pretpostavke za razumevanje
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Vizitorskog centra ne samo kao edukativnog segmenta industrijskog postrojenja, ve¢ kao bitnog ele-
menta u oblikovanju poverenja, naraciji institucionalnih vrednosti i1 uspostavljanju relacije izmedu
tehnologije i javnosti.

Gadamerova hermeneuticka perspektiva omogucava da se javno razumevanje tehnologije
posmatra ne kao puki prenos informacija, ve¢ kao hermeneuti¢ki dogadaj. Prema ovom filozofu,
razumevanje nije samo mehanicki tok prijema poruka, nego dinamicki proces u kojem se ukrstaju
horizonti strana koje aktivno u€estvuju u razgovoru i predmeta razgovora koji treba da se razume
(Gadamer, 1978). U tom smislu, Vizitorski centar industrijskog postrojenja moze se shvatiti kao pro-
stor interpretacije, gde posetilac dolazi u kontakt sa tehnoloskim procesima kroz Sirok spektar
razli¢itih narativnih struktura i medusobno uporedivanje sopstvenog predrazumevanja sa novim in-
formacijama koje institucija nudi, a u cilju postizanja obuhvatnijeg razumevanja. Prema Gadameru,
,,u provodenju razumijevanja dolazi zbiljski do stapanja horizonata® (Gadamer, 1978: 340), pri cemu
je vazno naglasiti da ,,ste¢i horizont uvijek znaci uciti da gledamo preko onog $to je blizu i1 preblizu,
ne samo da bismo od toga odvojili pogled ve¢ da bismo ga bolje vidjeli u jednoj vecoj cjelini i u
pravilnijim razmjerama* (Gadamer, 1978: 339). Takav pristup pretpostavlja da Vizitorski centar nije
isklju¢ivo komunikacioni kanal ¢ija je funkcija da jednosmerno (a neretko i selektivno) prenosi in-
formacije, ve¢ prostor u kojem se podstice razumevanje kao interakcija izmedu posetioca, interpreta-
tivnog materijala i tehnoloskog procesa. Dakle, tehnologija u ovom kontekstu nije samo predmet
tehnickog opisa, ve¢ i predmet interpretacije, a Vizitorski centar postaje mesto gde se stvara smisao
koji povezuje tehnicki sistem sa kulturnim, drustvenim i vrednosnim okvirom uze i/ili Sire zajednice.
Hermeneutika tako obezbeduje teorijsku osnovu za tumacenje nafina na koji javnost dolazi do
razumevanja slozenih industrijskih sistema.

Nadalje, Habermasova teorija komunikativne racionalnosti pruza konceptualne kriterijume za
razumevanje transparentnosti kao normativnog zahteva modernih institucija (Habermas, 2017). U
njegovoj teoriji, komunikacija je usmerena ka postizanju medusobnog razumevanja, zasnovana na
argumentaciji, razmeni razloga i verifikaciji informacija, a ne na pokusajima manipulacije. Ovo znaci
da institucije (ukljucujuéi industrijska postrojenja) sticu legitimnost svaki put kada omoguce javnosti
pristup informacijama na nacin koji je otvoren, razumljiv i ukljucen u racionalno-javne procese. 1z te
perspektive, Energana i Vizitorski centar mogu se poistovetiti sa delom javne sfere jer sluZze kao mesta
gde se odvija komunikacija izmedu industrije i zajednice/javnosti. U habermasovskom okviru komu-
nikativne racionalnosti, transparentnost se moze razumeti kao deo strukture komunikativne akcije
budu¢i da informacije o tehnologiji, rizicima, procedurama i merama zastite moraju biti iznete tako
da omogucavaju formiranje racionalnog suda (Habermas, 2017). U tom smislu, otvorena komu-
nikacija izmedu industrije i zajednice/javnosti nije samo poZzeljan dodatak, nego osnovni uslov legit-
imnosti. Vizitorski centar time postaje kljuni element kvaliteta institucionalnog delovanja jer
doprinosi stvaranju poverenja putem pristupa¢ne, argumentovane i javno dostupne komunikacije.

Filozofija narativa Pola Rikera omoguc¢ava razumevanje nacina na koji institucije grade nara-
tivni identitet (Ricoeur, 2004). Prema ovom filozofu, identitet nije stati¢na kategorija, ve¢ se konsti-
tuiSe u procesu pripovedanja, kroz nacin na koji pojedinac, zajednica ili institucija organizuju svoje
iskustvo u koherentnu pricu. Primena ovih uvida na industrijsko postrojenje znaci da Vizitorski centar
ne prenosi samo informaciju, veé oblikuje narativ tipa: ,,Ko smo mi?“ i ,,Sta radimo?*. Na taj nacin,
tehnologija postaje razumljiva kroz pricu, objasnjenja, dijagrame, istorijske prikaze, vrednosne pozi-
cije i interpretacije koje se nude posetiocu. Oslanjajuci se na Rikerov koncept narativnog identiteta,
Vizitorski centar moZe se razumeti kao prostor narativne artikulacije institucionalnog identiteta; u
njemu se tehnoloski procesi Energane povezuju sa vrednostima odrzivosti, odgovornosti, brige za
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zajednicu i racionalnog upravljanja resursima (Ricoeur, 2004). Ova narativna struktura ne sluZi
dekorativnoj funkeciji, ve¢ postaje konstitutivni element nacina na koji javnost formira percepciju o
tehnoloskim praksama, njihovoj legitimnosti i njihovom mestu u drustvu.

U narednim poglavljima, ovaj teorijski okvir bi¢e nadograden pomocu perspektiva Hajdegera,
Latura i Manhajma, koje omogucavaju produbljivanje ontoloske, mrezne i socioloske dimenzije
razumevanja tehnoloskih sistema. Na taj nacin se, uz postojec¢e hermeneuticke, komunikativne i na-
rativne pristupe, formira integrisani konceptualni horizont koji obuhvata i nacin ontoloSke pojavnosti
tehnike, relacijski karakter akterskih mreza i drustvene procese oblikovanja poverenja i legitimiteta.
Preciznije, time se konstituise analiticki okvir koji omogucava sveobuhvatnije sagledavanje kvaliteta
u industrijskim postrojenjima odrzive energetike.

4. Tehnologija kao predmet razumevanja

Dok su Gadamer, Habermas i Riker omogucili razumevanje tehnologije kao interpretativnog,
komunikativnog i narativnog fenomena, Hajdeger otkriva dublju, ontoloSku dimenziju tehnike, bez
koje integrisani filozofsko-komunikoloski pristup upravljanju kvalitetom ostaje nepotpun. Njegovo
promisljanje tehnike pomera fokus sa onoga Sta tehnika radi na pitanje kako se svet kroz tehnicku
praksu uopste pokazuje. Upravo ta dimenzija ima presudni znacaj za razumevanje modaliteta na koji
industrijsko postrojenje odrzive energetike ulazi u odnos sa zajednicom/javno$éu, nacinima
tumacenja i1 percepcije rizika, ali i za to kako se gradi ili naruSava poverenje u tehnicke sisteme.
Hajdeger odbacuje shvatanje tehnike kao neutralnog sredstva i uvodi pojam ,,Gestell” (po-stav), pod
kojim podrazumeva nacin na koji tehnoloski sistem organizuje i otkriva svet tako da on postaje vid-
ljiv, merljiv i operativan (Heidegger, 1982). S tim u vezi, ovaj filozof iznosi sledece obrazlozenje:

Po-stav se na nas svuda odnosi neposredno. On je, ako joS smemo tako reci, stvarniji od svih
atomskih energija i Citavog sveta masina, stvarniji nego snaga organizacije, informacije 1 automa-
tizacije. Jer, ono $to zovemo po-stavom vise ne zati¢emo u horizontu predstavljanja koji nam dopusta
da o bicu bivstvujuéeg razmisljamo kao o prisutnosti; po-stav se na nas vise ne odnosi kao nesto
prisutno, te nam je stoga u prvi mah stran. On ostaje stran pre svega zato Sto nije neSto poslednje,
nego nam najpre daje ono §to zapravo prozima konstelaciju bica i ¢oveka. Sapripadanje Coveka i bica
na naéin uzajamnog izazivanja pokazuje nam, sa zaprepascuju¢om snagom, da je — i kako — covek
prisajedinjen bicu, a da je — i kako — bi¢e dodeljeno ¢oveku. U po-stavu vladaju neobi¢no prisajedin-
javanje i neobi¢no dodeljivanje. Mi ovo prisajedinjavanje i dodeljivanje, u kojima su ¢ovek 1 bi¢e dati
jedno drugom, moramo prosto da iskusimo (...) (Heidegger, 1982: 51-52)

Energana na otpad tako nije samo infrastruktura za energetsko valorizovanje otpada; ona je
izraz odredenog nacina postavljanja sveta u kojem se otpad transformiSe u resurs, tokovi materije
pretvaraju u parametre, energija oblikuje kao merljiva jedinica, dok se rizik prikazuje kroz grafike i
brojcane indikatore. Ovaj preobrazaj nije iskljucivo tehnic¢ki buduéi da oblikuje ne samo nacin na koji
ljudi dozivljavaju industrijsko postrojenje, ve¢ i nacin na koji percipiraju svet oko sebe. Time se di-
menzija kvaliteta pomera izvan granica tehnickih specifikacija i ulazi u polje ontologije, odnosno u
modus na koji posetilac dozivljava i razume svet koji mu se otkriva. Ukoliko je tehnika nacin ot-
krivanja sveta, onda je Vizitorski centar prostor u kojem se posetiocu omogucava susret sa na¢inom
na koji sistem otkriva resurse, rizike i procese, tehnicki sistem prevodi u oblik koji se moze razumeti,
odnosno ,,Gestell* postrojenja ¢ini vidljivim, transparentnim i interpretativno pristupacnim. Na taj
nacin Vizitorski centar deluje kao interpretativni balans Hajdegerove problematizacije tehnike.
Naime, dok tehnoloski sistem po sebi tezi instrumentalizaciji, Vizitorski centar omogucava vracanje
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tehnickog sistema u horizont razumevanja, dijaloga 1 znacenja, Cime se njegov nacin otkrivanja sveta
otvara za javnost, odnosno odbija da ostane skriven u stru¢nim i proceduralnim kodovima.

Hajdegerovo poimanje tehnike objaSnjava zaSto percepcija rizika nikada nije samo funkcija
statistike. Naime, ljudi ne reaguju samo na broj¢ane vrednosti emisija, ve¢ 1 na iskustvo prisutnosti
samog postrojenja — na ambijent i ukupnu atmosferu koji tehnologija proizvodi u njihovom sva-
kodnevnom okruzenju. Upravo iz tog razloga, dva tehnicki jednaka sistema mogu izazvati potpuno
drugacije reakcije javnosti; narativ i nain predstavljanja tehnologije postaju deo samog kvaliteta,
dok se poverenje ne zasniva iskljucivo na ¢injenicama, ve¢ na celovitom dozivljaju tehnologije. Up-
ravljanje kvalitetom, nadalje, posmatrano iz hajdegerovske perspektive, obuhvata i ontolosku od-
rzivost: u kojoj meri tehnoloski sistem omogucava zajednici da svet koji otkriva doZzivi kao smislen,
bezbedan i razumljiv.

Dok sa Gadamerom deli hermeneuticko poreklo tj. stav da razumevanje tehnike nije neutralan
¢in, ve¢ da je isti uslovljen horizontom posmatraca, Hajdeger proSiruje Habermasovu koncepciju
transparentnosti isticu¢i da ono §to je jasno i proverljivo ne mora nuzno biti i egzistencijalno smisleno.
U kona¢nom, sa Rikerom se povezuje u ideji narativa isticu¢i da svet koji tehnika otkriva mora biti
isprican tako da bude deo identiteta zajednice i institucije. Na taj nacin Hajdeger nadograduje
prethodno postavljen teorijski okvir dodajué¢i dimenziju na¢ina na koji se tehnika pojavljuje, a §to
postaje sastavni deo kvaliteta (Heideger, 1982, Gadamer, 1978, Ricoeur, 2004). U kontekstu uprav-
ljanja kvalitetom u odrzivoj energetici, hajdegerovska filozofija tehnike omogucava da razumemo da
je kvalitet ujedno 1 nac¢in pojavnosti tehnoloskog sistema, da edukacija i transparentnost nisu samo
dopunske aktivnosti, ve¢ deo ontoloskog ¢ina otkrivanja tehnologije, da Vizitorski centar stabilizuje
ne samo znanje, ve¢ i osecaj sigurnosti I poverenja zajednice, kao i da percepcija rizika proizilazi iz
nacina na koji se tehnologija dozivljava, a ne samo iz toga $ta meri. U nastavku rada, analiza ¢e biti
prosirena uvidima Laturove teorije aktera koja omogucava sagledavanje industrijskog postrojenja kao
mreze medusobno povezanih ljudskih i neljudskih aktera, te Manhajmovom sociologijom znanja koja
objasnjava kako se vrednosne orijentacije i druStveni konteksti oblikuju oko tehnoloskih sistema. Na
taj nacCin, slede¢a poglavlja logi¢no nadovezuju i dopunjuju dosadasnje hermeneuticke, komu-
nikativne i narativne uvide, otvarajuci put integrisanom pristupu razumevanju kvaliteta u odrzivoj
energetici.

5. Tehnologija kao mreza aktera

Latur uvodi radikalno drugaciji na¢in razumevanja tehnike i tehnologije, pomerajuci fokus sa
esencije tehnoloskog objekta na mrezu odnosa koja omoguc¢ava da tehnoloski sistem funkcionise,
opstaje i proizvodi efekte (Latour, 2005). Za razliku od tradicionalnih teorija koje prave strogu razliku
izmedu druStvenog i tehni¢kog, Latur insistira na tome da je takva podela veStacka budu¢i da je svaka
tehnologija ujedno drustvena, te da je svaki drustveni proces uvek materijalno-tehnicki utemeljen. U
tom konceptualnom okviru pridev drustveno ne oznacava izdvojeni entitet medu drugim entitetima,
ve¢ specifiCan modalitet povezivanja medu stvarima koje, posmatrane same po sebi, ne poseduju
drustvena svojstva. Upravo iz tog razloga, Laturov pristup je kljuan za razumevanje industrijskog
postrojenja odrzive energetike, gde se vrednovanje kvaliteta ne ti¢e samo tehnicke pouzdanosti, ve¢
1 stabilnosti odnosa izmedu ljudi, institucija, normi 1 materijalnih elemenata.

Laturova aktantsko-mrezna teorija polazi od nacela simetrije, prema kojem su ljudski i neljud-
ski akteri ravnopravni u oblikovanju sistema, a njihova agensnost ne zavisi od toga da li su subjekti
ili objekti. On podvlaci da tehnologije, uredaji, dokumenti, propisi i prirodni procesi imaju jednako



39. MebUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 197

vaznu ulogu kao i ljudi u formiranju ishoda u mrezi. Ovo stanoviste je jasno artikulisano u sa-
vremenim interpretacijama njegove teorije, gde se isti¢e da ona tretira ljude, tehnologije, ideje 1 ob-
jekte kao jednako vazne aktere koji oblikuju ishode. To znac¢i da industrijsko postrojenje samo po
sebi nije centralni agent, ve¢ da je CvoriSte mnogostrukih veza: senzora, protokola, zaposlenih,
standarda, dozvola, algoritama, normi i o¢ekivanja zajednice. Kvalitet i odrZivost proizlaze iz toga
kako su te veze organizovane i stabilizovane. Latur tvrdi da svet nije sastavljen od odvojenih entiteta,
ve¢ od heterogenih mreza koje se neprestano preoblikuju i u¢vrséuju. Drustveni poredak, tehnicki
sistem ili naucni rezultat nisu unapred dati entiteti, ve¢ postignuc¢a slozenih, heterogenih mreza. Za
Energanu na otpad ovo znaci da sistem nije samo skup uredaja i ljudi, ve¢ mreza meduzavisnosti,
zatim da kvalitet nije atribut objekta, ve¢ stanje mreze, kao 1 da odrzivost nije svojstvo tehnologije,
ve¢ rezultat dugotrajnog uskladivanja aktera. Dakle, u svetlu Laturove teorije, Energana na otpad se
javlja kao mreza u kojoj u€estvuju: gradani (kao nosioci percepcija i normativnih o¢ekivanja), op-
erateri, maSine, mreza senzora, pravni standardi, laboratorijske analize, odlagaliSta otpada, regula-
torne agencije, pa ¢ak i atmosferski i termodinamicki procesi. Svi ovi entiteti su aktanti koji zajedno
proizvode stabilnost ili nestabilnost sistema.

Jedan od kljuc¢nih pojmova u Laturovoj teoriji je prevodenje tj. proces u kojem akteri uskladuju
svoje interese, redefiniSu identitete i stabilizuju odnose u mrezi. Prevodenje je mehanizam preko ko-
jeg se gradi jedinstveni sistem iz mnoStva heterogenih elemenata. To je proces u kojem akteri pre-
govaraju, redefiniSu i stabilizuju svoje uloge 1 odnose. U kontekstu Energane, proces prevodenja
obuhvata kako senzori pretvaraju fizicke procese u podatke, kako inZenjeri te podatke preoblikuju u
operativne odluke, kako se pravni standardi transponuju u tehnicke zahteve, te kako Vizitorski centar
tehnicki sistem prevodi u narativ razumljiv zajednici/javnosti. Kvalitet sistema zavisi od toga koliko
su ovi prevodi stabilni i razumljivi jer svaki poremecaj (kvar senzora, medijski nesporazum, ne-
dovoljno razumljiv prikaz rizika) menja konfiguraciju mreze. U integrisanom okviru ovog rada, Vi-
zitorski centar predstavlja idealnu ilustraciju Laturovog ucenja. On funkcioniSe kao mrezno ¢voriste
u kojem se susrecu i stabilizuju interesi razli¢itih aktera: inzenjera (koji objaSnjavaju procese),
tehnologije (koje vizualizuju podatke), lokalne zajednice (koja traZi razumevanje i sigurnost), regu-
latornih tela (koja zahtevaju standarde i nadzor), te narativa (koji treba da bude dosledan praksama).
Vizitorski centar u tom smislu nije samo komunikacijski dodatak, ve¢ je mehanizam stabilizacije
mreze aktera jer omogucava prevodenje izmedu tehnickih procesa i1 drustvenih ocekivanja. Time se
direktno uti¢e na kvalitet u prosirenom smislu; kvalitet kao sposobnost mreze da ostane koherentna,
transparentna i poverljiva.

Laturov doprinos prirodno se povezuje sa Gadamerom buduci da je i kod jednog i kod drugog
filozofa naglaSena relacijska priroda razumevanja. Sli¢na veza uspostavlja se i sa Habermasom jer
komunikativna transparentnost predstavlja uslov stabilnosti i legitimnosti odnosa unutar mreze ak-
tera. Rikerova perspektiva je takode kompatibilna sa Laturovim pristupom jer mreza mora biti nara-
tivno predstavljena kako bi postala ne samo prepoznatljiva, nego i drustveno prihvatljiva. Konacno,
Laturov okvir konkretizuje Hajdegerovo razumevanje ontoloskog otkrivanja sveta, pokazujuéi kako
se to otkrivanje ostvaruje kroz materijalne i drustvene veze koje konstituiSu akterske mreze (Latour,
2005; Gadamer, 1978; Habermas, 2017; Ricoeur, 2004; Heideger, 1982). Laturova perspektiva
doprinosi integrisanom filozofsko-komunikoloskom pristupu upravljanju kvalitetom time Sto kvalitet
pozicionira kao stanje mreze, a ne kao svojstvo izolovanog objekta. Ona pokazuje da su komunikacija
i edukacija sastavni elementi mreZe, a ne naknadni prilozi tehnici, te da je poverenje rezultat stabi-
lizacije aktera, a ne samo politicke odluke ili informativnih kampanja. Istovremeno, Laturov okvir
omogucava operacionalizaciju kvaliteta kroz mapiranje aktera, analizu prevoda i stabilnosti veza,
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¢ime priprema teren za Manhajmovu dijagnostiku druStvenih promena buduci da mreze uvek deluju
u konkretnim istorijskim i vrednosnim kontekstima.

6. Odgovornost industrije

Manhajm je velikim delom posvecen razumevanju nacina na koji se druStvene promene od-
raZzavaju na sisteme znanja, institucije i kolektivne orijentacije (Manhajm, 1968). On tvrdi da razlicite
drustvene grupe razvijaju razlicite nacine misljenja zasnovane na sopstvenom druStvenom polozaju i
iskustvu, a Sto predstavlja njegovu Cuvenu koncepciju relacionizma. Promene u industrijama i
tehnologijama ne uticu jednako na sve segmente drustva buduéi da stvaraju raskorak u znanju, dozi-
vljaju rizika i razumevanju svrhe industrijskih postrojenja. Ovaj uvid je presudan za odrzivu ener-
getiku jer tehnoloski sistem moze biti objektivno bezbedan, ali ako razli¢ite druStvene grupe imaju
razli¢ite druStvene pozicije, njihova tumacenja rizika i poverenja bi¢e divergentna. Upravljanje
kvalitetom, stoga mora obuhvatiti i upravljanje druStvenim ocekivanjima, a Sto je direktan rezultat
Manhajmove dijagnostike modernog drustva.

Manhajmova osnovna teza glasi da se modernost suocava sa pluralno$¢u ideologija i vrednos-
nih sistema koji su posledica istorijskih lomova i ubrzanih promena (ratovi, tehnoloske tranzicije,
drustvene krize). Njegovo shvatanje modernosti opisuje fragmentaciju zajednickih znacenja i rastué¢u
nesigurnost u institucije. U analizi posleratne Evrope, Manhajm naglasava da su raspad konsenzusa i
kriza vrednosti tipicna obelezja modernog drustva, te da razli¢ite ideologije nastaju kao odgovori na
drustvene lomove. lako svoje uvide razvija u kontekstu rane modernosti, njegove dijagnostike plu-
ralizacije vrednosti, krize institucionalnog poverenja i fragmentacije zajednickih znacenja ostaju
podjednako relevantne i za savremenu fazu kasne ili refleksivne modernosti. Stoga je njegovo
razumevanje modernog drustva primenljivo i na savremeni kontekst energetskih tranzicija i od-
rzivosti. Imaju¢i u vidu da industrija odrzive energetike deluje u kontekstu klimatskih promena,
ekoloskih zahteva, energetske tranzicije, ali i lokalnih socio-ekonomskih tenzija, ne sme se smetnuti
s uma da upravo u takvim okolnostima odgovornost industrije nije samo regulatorna, ve¢ i socioloska
1 eticka.

Manhajm razvija ideju da drustvo ne moze opstati bez aktivnog socijalnog planiranja, jer lais-
sez-faire poredak, odnosno prepustanje drustvenih procesa spontanim tokovima bez koordinisanog
planiranja ili institucionalnog posredovanja, u periodima dubokih transformacija proizvodi haos i
krize legitimiteta. Prema njegovom misljenju, moderno drustvo zahteva institucije koje svesno up-
ravljaju informacijama, transparentno komuniciraju i odgovorno grade poverenje. Kada taj uvid pre-
vedemo u kontekst odrzive energetike dolazimo do zaklju¢ka da industrijsko postrojenje ima aktivnu
odgovornost da gradi poverenje, da Vizitorski centar funkcioniSe kao deo planirane infrastrukture
javne orijentacije, zatim da transparentnost nije dobra volja, ve¢ normativni zahtev modernog drustva,
kao i1 da su kvalitet i legitimitet nerazdvojivi od drustvene odgovornosti. Drugim re¢ima, Manhajm
pruza teorijski osnov da se komunikacija, edukacija i javno ukljucivanje tretiraju kao integralni deo
sistema kvaliteta industrije, a ne kao dodatne aktivnosti.

Osnovna poenta Manhajmove sociologije znanja jeste da se uverenja i interpretativni obrasci
uvek formiraju u druStvenim kontekstima. Saznanje o industriji (npr. da je proces bezbedan) nije neu-
tralna Cinjenica, ve¢ je deo kolektivnog tumacenja koje se menja kroz komunikaciju, iskustvo i institu-
cionalni kredibilitet. U tom smislu, statisticko saznanje o emisijama i rizicima ima smisla samo ako se
uklopi u drustveni okvir razumevanja, poverenje u industriju zavisi od toga da li zajednica veruje
njenoj interpretaciji sveta, dok Vizitorski centar postaje mesto gde se proizvodi i stabilizuje zajedni¢ko
razumevanje. Manhajmov stav da se ideje oblikuju u odnosu na drustveni polozaj i istorijski kontekst
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direktno objasnjava zasto industrija mora aktivno raditi na komunikaciji. Znanje nije samo tehnicki
resurs, ve¢ drustvena ¢injenica koja se gradi u mrezi odnosa izmedu industrije, zajednice, medija i
institucija. Manhajmovo insistiranje na odgovornosti institucija i potrebi za demokratskim planiranjem
dobija novu dimenziju kada se primeni na industrije koje upravljaju infrastrukturom visokog uticaja
(energetika, otpad, zastita zivotne sredine). Njegovo stanovisSte da su moderni sistemi skloni krizama,
te da je neophodna koordinirana institucionalna briga o dugoro¢nim posledicama, otvara put
razumevanju odgovornosti industrije kao obaveze kako prema sadasnjim generacijama (bezbednost i
transparentnost) tako i prema buduc¢im narastajima (odrzivost i klimatska stabilnost). Uz to, ne smeju
se zanemariti ni obaveze prema drustvenom poretku (legitimitet i stabilnost institucija). Drugim
reCima, industrija je akter drustvene stabilnosti, a ne samo ekonomskog rasta.

U ovom radu Manhajm zauzima klju¢nu sociolosku poziciju u filozofsko-komunikoloskoj os-
novi upravljanja kvalitetom. Gadamer objasnjava hermeneuticko razumevanje tehnologije, Habermas
normativnu osnovu komunikativne transparentnosti i racionalne javnosti, Riker narativni identitet in-
stitucije, Hajdeger ontoloski nacin pojavljivanja tehnike, Latur relacijski i mrezni karakter tehnickih
sistema, a sam Manhajm druStvene promene, legitimitet, vrednosnu orijentaciju i institucionalnu od-
govornost. Nadalje, on uvodi element drustvene reprodukcije poverenja, naglasavajuéi da kvalitet
nije samo tehnicko svojstvo sistema, nego 1 pitanje drustvene interpretacije, vrednosne uskladenosti
i institucionalne odgovornosti. Iz svega reCenog proizilazi da se Manhajm prirodno uklapa u centralnu
tezu rada da je upravljanje kvalitetom u odrZivoj energetici interdisciplinarni i relacijski proces koji
povezuje tehnoloske performanse, komunikativnu transparentnost, hermeneuticko razumevanje i
drustveni legitimitet (Manhajm, 1968; Habermas, 2017; Latour, 2005).

7. Studija slucaja: Vizitorski centar i Energana na otpad u Prahovu
(pre-operativna analiticka rekonstrukcija)

U ovoj studiji slucaja analizira se Vizitorski centar Energane na otpad u Prahovu u fazi nje-
govog konceptualnog i infrastrukturnog razvoja, budu¢i da u trenutku izrade rada Centar jo§ uvek
nije otvoren za javnost. Stoga, umesto evaluacije postojec¢ih praksi, pristup se zasniva na analiti¢koj
rekonstrukciji tj. metodi koja omogucava primenu teorijskog okvira na projektovanu strukturu vi-
zitorskog iskustva, planirane sadrzaje i ulogu Vizitorskog centra u budu¢em sistemu kvaliteta postro-
jenja. Primarna intencija je da se pokaze kako integrisani filozofsko-komunikoloski okvir moze biti
implementiran u posetilackom okruzenju industrijskog postrojenja odrzive energetike, iako sam Cen-
tar jo$ nije operativan. Pri tome, analiticka rekonstrukcija po¢iva na dostupnim elementima: pro-
jektnoj dokumentaciji, idejnom dizajnu vizitorskog prostora, konceptualnim edukativnim materi-
jalima i planiranoj komunikacionoj strategiji postrojenja. Na taj nacin, studija slu¢aja omogucava da
se Cetiri dimenzije proSirene metrike kvaliteta (hermeneuticka, komunikativno-transparentna, nara-
tivna i ontoloSko-mrezna) prikazu kao predvideni funkcionalni elementi Vizitorskog centra.

Iako neposredna iskustva posetilaca jo§ ne postoje, predvideni interpretativni moduli Vi-
zitorskog centra ukazuju na to kako ¢e hermeneuticka dimenzija biti ostvarena. Naime, tok posete je
koncipiran tako da posetioca vodi od Sireg konteksta odrzive energetike ka razumevanju konkretnih
procesa Energane, kroz kombinaciju naracije, vizuelnih prikaza i fizickog uvida u tehnologiju. Up-
ravo to omogucava usaglaSavanje predznanja posetioca sa novim informacijama, a $to je osnovni
Gadamerov hermeneuticki uslov razumevanja. Kroz planirane sadrzaje, posetiocu se omogucava ak-
tivno tumacenje tehnoloskih procedura, ¢cime se Vizitorski centar pozicionira kao prostor transfor-
macije horizonta razumevanja, a ne puke prezentacije informacija.
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U skladu s habermasovskim principima komunikativne racionalnosti, planirane aktivnosti i
sadrzaji predvidaju jasno prezentirane podatke o tehnoloskim procesima, bezbednosnim proce-
durama, merama zastite Zivotne sredine i kontrolama emisija. Informacioni paneli, vizualizacije per-
formansi 1 dostupnost klju¢nih podataka imaju za cilj da omoguce racionalno preispitivanje i prover-
ljivost tehnoloskih informacija. Tokom posete planirana je dvosmerna komunikacija izmedu stru¢nih
vodica i posetilaca, ¢cime Vizitorski centar funkcioniSe kao mikro-javna sfera u kojoj se legitimitet
tehnoloskog sistema gradi putem direktne, otvorene i argumentovane komunikacije. Time se trans-
parentnost postrojenja ne tretira kao komunikacijska dopuna, ve¢ kao strukturni element kvaliteta.

U fazi projektovanja vec je oblikovan koherentan narativ o ulozi Energane u lokalnoj (ali i
Siroj) zajednici, njenim vrednostima odrzivosti i odgovornog upravljanja resursima. Tok kretanja
posetilaca Vizitorskog centra predvida narativno organizovan prikaz tehnoloskih procesa, koji nije
samo tehni¢ko objasnjenje, ve¢ deo Sire price o transformaciji otpada u energiju, druStvenoj odgo-
vornosti postrojenja, smanjenju ekoloskog opterecenja i odrzivim praksama. U skladu sa Rikerovim
konceptom narativnog identiteta, postrojenje se posredstvom Vizitorskog centra ne predstavlja kao
puki tehnicki dodatak, ve¢ kao akter sa identitetom i misijom. Koherentnost izmedu planiranog nara-
tiva 1 projektovanih praksi postaje vazan indikator kvaliteta, budu¢i da narativ oblikuje nacin na koji
¢e javnost doziveti tehnologiju i njenu legitimnost.

Planirane aktivnosti i sadrzaji Vizitorskog centra omogucavaju, nadalje, implementaciju uvida
Hajdegera, Latura i Manhajma u operacionalni okvir upravljanja kvalitetom. Hajdegerovska dimen-
zija ogleda se u nacinu na koji Centar treba da otkriva svet tehnologije: posetiocu se omoguc¢ava uvid
u to kako tehnoloski sistem tretira otpad kao resurs, kako rizici postaju merljivi i kako se svet po-
javljuje u tehnickoj formi. Time se tehnologija prevodi iz apstraktne infrastrukture u iskustveni,
smisleni horizont. Laturova mrezna perspektiva prisutna je u nacinu na koji Vizitorski centar
funkcioniSe kao cvoriste prevodenja izmedu aktera: projektovana struktura omogucava susret
tehnickih podataka, regulatornih okvira, stru¢nih tumacenja, vrednosnih oc¢ekivanja zajednice i in-
stitucionalnih narativa. Kvalitet se tu shvata kao stanje stabilnosti mreze, a Centar je zamisljen kao
kljucni element njene stabilizacije. Manhajmova socioloska dimenzija odnosi se na predvideni na¢in
na koji Vizitorski centar treba da upravlja divergentnim oc¢ekivanjima i vrednosnim orijentacijama
razli¢itih drustvenih grupa. Edukativni sadrzaji osmisljeni su tako da unaprede razumevanje savreme-
nih ekoloskih i energetskih izazova 1 time doprinesu dugoro¢noj legitimnosti postrojenja.

U ovoj analiti¢koj rekonstrukeiji, Vizitorski centar funkcioniSe kao primenjeni model integrisa-
nog filozofsko-komunikolodkog pristupa upravljanju kvalitetom. Cetiri dimenzije proSirenog
kvaliteta jasno su ugradive u njegovu projektovanu strukturu: hermeneuticka (kroz interpretativnu
organizaciju sadrzaja), komunikativna (kroz planiranu transparentnost), narativna (kroz artikulisani
identitet postrojenja) i ontoloSko-mreZna (kroz stabilizaciju odnosa izmedu tehnike, institucije i
zajednice). Na taj nacin, Vizitorski centar Energane na otpad u Prahovu predstavlja idealnu ilustraciju
na koji nacin se filozofske teorije mogu integrisati u operativni model industrijske komunikacije 1
kako transparentnost, edukacija i narativna koherencija postaju strukturni elementi kvaliteta i legit-
imiteta savremenog postrojenja odrzive energetike.

Vazno je naglasiti i da se predloZeni integrisani model moze tumaciti kao dopuna klasi¢nom
razumevanju upravljanja kvalitetom u skladu sa principima na kojima pociva ISO 9001. Posebno su
relevantni usmerenost na zainteresovane strane, rukovodenje, ukljucivanje ljudi, procesni pristup,
stalno unapredenje, odlu¢ivanje na osnovu dokaza i upravljanje odnosima. U tom okviru, Vizitorski
centar se ne pojavljuje samo kao komunikacioni dodatak, ve¢ kao kompanijski mehanizam koji po-
drZzava razumevanje potreba zainteresovanih strana, jata doslednost komunikacionih procesa i
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doprinosi poverenju u sistem kvaliteta. Transparentna prezentacija tehnoloskih procesa, bezbednos-
nih procedura i mera zastite Zivotne sredine moze se posmatrati kao deo Sire kompanijske kulture da
kvalitet u¢ini proverljivim i razumljivim (ISO, 2025; ISO, 2026). Model je istovremeno kompatibilan
sa savremenim okvirima odrzivosti 1 ESG izveStavanja, koji naglasavaju znacaj strategije, upravljanja
rizicima i merljivih pokazatelja performansi. U tom smislu, komunikaciona i edukativna infra-
struktura Vizitorskog centra moze imati vaznu ulogu u ja¢anju drustvene dimenzije odrzivosti, pose-
bno u oblastima transparentnosti, odnosa sa zajednicom, razumevanja rizika i legitimiteta indus-
trijskog delovanja. Time se pokazuje da kvalitet u odrzivoj energetici nije samo pitanje tehnicke
pouzdanosti postrojenja, ve¢ i sposobnosti industrije da odgovorno objasni sopstvene procese, uprav-
lja ocekivanjima javnosti 1 pokaze povezanost izmedu operativnih performansi, druStvene odgo-
vornosti i dugoro¢ne odrzivosti (IFRS Foundation, 2026).

Integrisani filozofsko-komunikoloSki model razvijen u ovom radu moZze se dodatno povezati sa
osnovnim principima standarda 1SO 9001 kroz operacionalizaciju komunikacionih i interpretativnih
procesa unutar sistema kvaliteta. Hermeneuticka dimenzija modela posebno je kompatibilna sa prin-
cipom usmerenosti na zainteresovane strane buduc¢i da podrazumeva razumevanje potreba,
oc¢ekivanja i interpretativnih horizonata razli¢itih drustvenih grupa. Habermasovski koncept komu-
nikativne racionalnosti korespondira sa principima odluc¢ivanja zasnovanog na dokazima, transpar-
entnosti procesa i upravljanja odnosima jer insistira na proverljivosti informacija, argumentovanoj
komunikaciji i dostupnosti relevantnih podataka zainteresovanim stranama. Rikerov koncept nara-
tivnog identiteta povezan je sa institucionalnom kulturom, strateSkom komunikacijom i doslednos$cu
institucionalnih vrednosti, dok Laturova teorija akterskih mreza omogucava razumevanje sistema
kvaliteta kao mreze meduzavisnih tehnickih, ljudskih i regulatornih elemenata ¢ija stabilnost direktno
utice na performanse organizacije.

Predlozeni model istovremeno pokazuje visok stepen kompatibilnosti sa savremenim ESG
okvirima i principima odrzivosti. U okviru ESG paradigme, transparentnost tehnoloskih procesa,
komunikacija sa zajednicom, upravljanje percepcijom rizika i druStvena legitimnost predstavljaju
znaCajne pokazatelje druStvene i upravljacke dimenzije odrzivosti. Vizitorski centar u tom smislu
moze imati funkciju institucionalnog mehanizma za jacanje ,,stakeholder engagement* procesa, un-
apredenje drustvenog poverenja i podrS§ku odgovornom korporativnom upravljanju. Time se kvalitet
viSe ne odreduje iskljucivo tehnickim performansama sistema, veé i sposobnos$¢u kompanije da kroz
otvorenu komunikaciju, edukaciju 1 participativni pristup obezbedi dugoro¢nu drustvenu pri-
hvatljivost i odrzivost tehnoloskog sistema.

8. Zakljucak

Analiza sprovedena u radu pokazuje da se upravljanje kvalitetom u postrojenjima odrzive en-
ergetike moze produktivno proSiriti izvan usko tehni¢kog i proceduralnog okvira. Povezivanjem her-
meneutike, komunikativne racionalnosti, narativnog identiteta, filozofije tehnike, teorije akterskih
mreza 1 sociologije znanja, kvalitet je odreden kao relacijska 1 viSedimenzionalna kategorija koja
ukljucuje razumevanje tehnologije, transparentnost institucionalnog delovanja, drustvenu legitimnost
i stabilnost odnosa sa zainteresovanim stranama. Na primeru Vizitorskog centra Energane na otpad u
Prahovu pokazano je da edukativna i komunikaciona infrastruktura mozZe imati status strukturnog
elementa sistema kvaliteta. Vizitorski centar u tom smislu funkcioniSe kao prostor tumacenja,
provere, narativnog oblikovanja identiteta i posredovanja izmedu tehnickog sistema i javnosti. Takva
funkcija posebno je znacajna u oblastima u kojima percepcija rizika, poverenje i druStvena pri-
hvatljivost neposredno uti¢u na legitimitet industrijskog postrojenja.
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Originalnost predloZenog pristupa ogleda se u tome $to Vizitorski centar ne posmatra kao spol-
jni komunikacioni dodatak industrijskom sistemu, ve¢ kao njegov unutrasnji, funkcionalni i legitima-
cioni element. Time se otvara prostor za drugacije razumevanje kvaliteta u savremenim postrojenjima
odrzive energetike: kvalitet nije samo pitanje tehnicke ispravnosti i usaglasenosti sa standardima, ve¢
I sposobnosti kompanije da svoje procese ucini interpretativno dostupnim, drustveno proverljivim i
komunikativno odrzivim. U tom smislu, Vizitorski centar moze biti shva¢en kao mesto na kome se
tehnicki sistem prevodi u javno razumljiv oblik, a institucionalna odgovornost dobija konkretnu pro-
stornu i institucionalnu formu.

Prakti¢na vrednost predlozenog modela ogleda se u tome $to omogucava povezivanje filozofsko-
komunikoloske analize sa principima ISO 9001 i sa savremenim zahtevima odrzivosti i ESG izveSta-
vanja. Time se otvara mogucénost da se transparentnost, edukacija, komunikacija sa zainteresovanim
stranama i narativna koherentnost tretiraju kao merljive i upravljive dimenzije kvaliteta, a ne kao
sporedne aktivnosti kompanije. Istovremeno, potrebno je naglasiti da je rad zasnovan na preopera-
tivnoj analitiCkoj rekonstrukciji, pa njegove nalaze treba empirijski proveriti nakon otvaranja Vi-
zitorskog centra. Buduca istrazivanja mogu obuhvatiti anketiranje posetilaca, intervjue sa zaposlenima
1 predstavnicima zajednice, kao i pracenje pokazatelja poverenja, razumevanja tehnoloskih procesa i
zadovoljstva komunikacijom. Na taj nacin predlozeni model mozZze biti dalje razvijen iz konceptualnog
okvira u operativni alat za unapredenje kvaliteta i drustvene odrzivosti industrijskih postrojenja.
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Razvoj mobilnih tehnologija znacajno je uticao na obrazovno okruzenje, isticuci znacaj uprav-
lianja kvalitetom i standardizacije u pruzanju obrazovnih usluga. Mobilno ucenje (m-ucenje), kao
nastavak e-ucenja, omogucava studentima fleksibilan i interaktivan pristup obrazovnom sadrzaju pu-
tem mobilnih uredaja, Sto doprinosi standardizaciji i poboljsanju kvaliteta obrazovnog procesa u
visokom obrazovanju. Cilj ovog istraZivanja je ispitivanje faktora koji oblikuju percepciju kvaliteta
usluga mobilnog ucenja, sa fokusom na ocekivani napor, uticaj predavaca, i licnu inovativnost stu-
denata. Predlozeni model istrazivanja testiran je koris¢enjem modeliranja strukturnih jednacina par-
cijalnih najmanjih kvadrata (PLS-SEM), na osnovu podataka ankete prikupljenih od studenata Uni-
verziteta u Beogradu, pruzajuci uvid u kljucne determinante koje doprinose kvalitetu usluga mobil-
nom ucenju. Rezultati istraZivanja potvrduju sve postavljene hipoteze, ukazujuci da ocekivani napor,
uticaj predavaca i licna inovativnost studenata imaju statisticki znacajan i pozitivan efekat na per-
cepciju kvaliteta usluga mobilnog ucenja. Dobijeni rezultati pruzaju smernice donosiocima odluka i
visokoskolskim institucijama za unapredenje dizajna i implementacije mobilnih obrazovnih platformi
u cilju postizanja viseg nivoa kvaliteta i standardizacije obrazovnih usluga.

The development of mobile technologies has significantly affected the educational environment,
emphasizing the importance of quality management and standardization in the provision of educati-
onal services. Mobile learning (m-learning), as a continuation of e-learning, allows students flexible
and interactive access to educational content via mobile devices, which contributes to the standardi-
zation and improvement of the quality of the educational process in higher education. The aim of this
research is to examine the factors that shape the perception of the quality of mobile learning services,
with a focus on the expected effort, the influence of the lecturer and the personal innovativeness of
the students. The proposed research model was tested using partial least squares structural equation
modeling (PLS-SEM), based on survey data collected from students at the University of Belgrade,
providing insight into the key determinants that contribute to the quality of services in mobile lear-
ning. The research results confirm all proposed hypotheses, indicating that effort expectancy,
instructor influence, and students’ personal innovativeness have a statistically significant and posi-
tive effect on the perceived quality of mobile learning services. The obtained findings provide valua-
ble guidance for decision-makers and higher education institutions in improving the design and
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implementation of mobile learning platforms, with the aim of achieving higher levels of service qua-
lity and standardization in education.

1. Introduction

The rapid development of digital technologies has significantly transformed educational sys-
tems, with mobile learning (m-learning) playing an increasingly important role in higher education.
Mobile learning enables students to access course content and participate in educational activities via
mobile devices, providing flexibility, accessibility, and continuous learning regardless of time or lo-
cation [1, 2]. In the current context of digitalization, m-learning is increasingly regarded as a key
element of modern, student-centred educational approaches [3].

The effectiveness of mobile learning systems largely depends on users’ perceptions of the qual-
ity of services these systems offer. Service quality in digital educational environments includes as-
pects such as system reliability, ease of use, speed of access to information, and ease of navigation
[4]. Previous research indicates that higher perceived service quality positively affects user satisfac-
tion, engagement, and the intention to continue using m-learning platforms [5].

Although mobile learning has been widely accepted, the factors influencing perceptions of ser-
vice quality have not yet been thoroughly explored. Previous research mainly focuses on technology
acceptance, while recent literature stresses the importance of examining user perceptions and indi-
vidual characteristics [6]. Expected effort is a key factor, referring to how easy users perceive a sys-
tem to be. Systems that are intuitive and demand little effort are more likely to be rated positively [7].
Furthermore, the influence of lecturers as a form of social influence plays a significant role in shaping
students’ attitudes. Support and recommendations from teachers can boost students’ confidence and
encourage the use of m-learning systems [8]. Personal innovativeness is also a key individual trait, as
users who are open to new technologies are more likely to accept and evaluate them positively [9].

Based on the above, this paper aims to examine the influence of expected effort, instructor
influence, and personal innovativeness on the quality of mobile learning services. To test the proposed
model, the partial least squares structural equation modelling method was utilized. This approach
enables the simultaneous examination of multiple relationships among constructs and provides relia-
ble insights into the factors affecting service quality in the m-learning environment.

2. Literature review

In recent years, substantial research has explored the factors influencing the acceptance and use
of mobile learning (m-learning), with increasing focus on service quality as a key outcome of digital
education systems. Previous studies reveal that expected effort, lecturer influence, and personal in-
novativeness have a statistically significant impact on user behavior and their assessment of the m-
learning system [10]. Similar findings are reported in other studies, where all key constructs were
found to have a notable effect, with personal innovativeness often emerging as one of the strongest
predictors of technology acceptance [11]. Regarding expected effort, research suggests that systems
which are simple to use and intuitive are more likely to be positively evaluated by users, although its
impact is sometimes less prominent compared to other factors [7].

The influence of lecturers, as a form of social influence, has been confirmed as a significant
factor in educational contexts, where teacher support and recommendations foster greater confidence
and willingness among students to engage with m-learning systems [8].

Personal innovativeness is consistently recognized in the literature as an important individual
factor, with more innovative users demonstrating a greater propensity to accept new technologies and
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a more favorable assessment of their quality [9]. In addition, contemporary research highlights that
system quality, user experience, and platform design play vital roles in shaping perceptions of service
quality in mobile learning [3, 5]. Recent studies also reaffirm that the combination of technological,
social, and individual factors underpins the successful implementation of m-learning systems, with
integrated models providing a reliable framework for analyzing these relationships [8, 12]. Based on
a review of relevant literature, it can be concluded that expected effort, lecturer influence, and per-
sonal innovativeness are key determinants of perceived service quality. However, there remains a
lack of research directly examining their impact on the quality of mobile learning services, represent-
ing a research gap this paper aims to address.

2.1. Research dimensions and hypothesis

Understanding the factors that influence the perception of service quality in mobile learning
requires integrating technological, social, and individual determinants. Contemporary research indi-
cates that the success of digital educational systems depends not only on technical characteristics but
also on how users perceive ease of use, environmental support, and their own readiness to adopt new
technologies [12, 13]. In this context, models such as UTAUT are often used to explain user behavior
in digital environments, while recent research emphasizes the need to expand them by including ser-
vice quality as a key outcome [5, 14]. Based on the literature review, this paper analyses expected
effort, lecturer influence, and personal innovativeness as determinants of service quality in mobile
learning.

Expected effort refers to the extent to which users perceive a system as simple to use and not
requiring significant effort. In the context of mobile learning, this construct encompasses perceptions
of ease of use, interface clarity, and speed of system adoption. Research indicates that simple and
intuitive systems significantly influence perceptions of service quality, as they allow users to operate
them more efficiently without additional difficulties [7]. Recent studies confirm that ease of use re-
mains a key factor in evaluating digital educational platforms, particularly in mobile environments
where quick access to information is crucial [13]. Based on this, the following hypothesis is proposed:

H1: Expected effort has a positive effect on the service quality of m-learning.

The influence of lecturers is a key form of social influence and refers to students' perception
that they should use m-learning systems based on teachers' recommendations and support. In an aca-
demic environment, lecturers play an important role in shaping students' attitudes and behavior. Em-
pirical findings indicate that teacher support positively impacts the acceptance and evaluation of dig-
ital educational systems [8]. Recent research further confirms that interaction with teachers and their
involvement in technology use increase students’ confidence and positively influences the perception
of service quality [14]. Accordingly, the following hypothesis is proposed:

H2: Lecturer influence has a positive effect on the service quality of m-learning.

Personal innovativeness is an individual characteristic that reflects users' willingness to accept
and experiment with new technologies. This construct is particularly important in the context of dig-
ital innovation and mobile learning. Previous research shows that innovative individuals are more
likely to accept new technologies and develop positive attitudes towards their use [9]. Recent studies
confirm that personal innovativeness significantly influences the perception of quality and the suc-
cessful use of m-learning systems [12]. Such users are more open to new functionalities and more
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readily recognize the advantages of digital platforms. Based on this, the following hypothesis is de-
fined:

H3: Personal innovativeness has a positive effect on the service quality of m-learning.

The conceptual framework of this study, derived from the literature review and formulated hy-
potheses, is illustrated in Figure 1.

Expected
effort

Service quality of
m-learning

Lecturer
influence

Personal
innovativeness

Figure 1. Conceptual model of research

3. Research methodology

For this research, empirical data were collected to examine the influence of expected effort,
lecturers, and personal innovativeness on students' perceptions of the quality of mobile learning ser-
vices at the University of Belgrade. A total of 247 valid responses were obtained. A five-point Likert
scale was used to measure respondents' attitudes, ranging from 1 (completely disagree) to 5 (com-
pletely agree). The questionnaire used in this research was adapted from previously validated meas-
urement scales in the relevant literature, ensuring the reliability and validity of the observed constructs
[10]. The instrument is based on research into factors influencing the acceptance of mobile learning,
with certain adaptations to align with the objectives of this paper. The questionnaire was divided into
two parts. The first part contained questions about respondents' demographic details. The second part
included statements aimed at assessing the following constructs: expected effort (EE; 3 items), lec-
turer influence (LI; 2 items), personal innovativeness (Pl; 2 items), and service quality (SQ; 4 items).
These items were developed to evaluate respondents' perceptions of how easy it is to use the m-
learning system, the influence of lecturers, their willingness to adopt new technologies, and the qual-
ity of mobile learning services.

Of the 247 respondents included in the research, 99 are male and 148 are female, representing
40.1% male and 59.9% female. The results indicate that the female population is significantly more
represented than the male population among respondents, and that women showed greater interest in
enrolling in this faculty. The research results show the following distribution: the smallest group
comprises 11 students of metallurgical engineering (4.5%), followed by 42 students of mining engi-
neering (17.0%). In third place are 47 students of technological engineering (19.0%), while the largest
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group consists of 147 students of engineering management (59.5%). The research also shows that the
largest number of respondents are aged 22 to 25, with 143 students (57.9%), followed by 83 respond-
ents aged 18 to 21 (33.6%), 19 respondents aged 26 to 30 (7.7%), and only 2 respondents over 31
years old (0.8%).

Of the total respondents, 57 (23.1%) are poorly familiar with the term e-learning, 140 (56.7%)
are well aware of it, and 50 (20.2%) are very familiar with it. Most respondents are partly or well
acquainted with the concept of e-learning, indicating that they do not fully understand it. Therefore,
it can be concluded that e-learning is familiar to most students.

The results also show that 1 respondent (0.4%) has used a mobile phone for less than a year,
while 6 students (2.4%) have reported 2 to 4 years of experience with mobile phones. The majority,
240 respondents (97.2%), have used a mobile phone for more than 5 years. This is expected, as young
people today generally cannot live without mobile phones; all respondents own mobile phones and
have considerable experience using them. The first mobile phone in Serbia appeared at the end of
December 1995, and the year 2000 was significant for mobile phones, as it brought changes in design,
screen appearance, and device features.

Based on the data obtained, 192 respondents (77.7%) have been using a smartphone for more
than four years, 48 respondents (19.4%) have been using smart devices for two to four years, and
only seven respondents (2.8%) have been using a smartphone for at least two years. The first phone
described as a smartphone was released in 1999 and featured a touchscreen similar to those found on
today's smartphones. M-learning in education is utilized by 150 respondents (60.7%), while 97 re-
spondents (39.3%) do not use it. Based on these results, it can be concluded that more respondents
use m-learning, as most recognize the importance of knowledge and education. Data analysis shows
that 96 respondents (38.9%) do not use m-learning services at all. The largest group of respondents
who use m-services for learning do so once to five times a day (53.4%), while 17 respondents (6.9%)
use them six to ten times daily, and only two respondents reported using m-services for learning more
than ten times a day. The number of respondents who stated they know nothing about m-learning is
38 (15.4%), while 70 respondents (28.3%) have some knowledge of the concept, 110 respondents
(44.5%) understands the process well, and 29 respondents (11.7%) are very familiar with the concept
and significance of m-learning.

4. Data analysis and results

The data analysis was carried out in two main phases. First, the measurement model was assessed
to verify whether all constructs satisfied the necessary standards of reliability and validity. After con-
firming the measurement model as suitable, the second phase involved analysing the structural model
to examine the hypotheses regarding the impact of expected effort, lecturers, and personal innova-
tiveness on the quality of mobile learning services.

4.1. Measurement model

The measurement model was evaluated by analyzing factor loadings, internal consistency, and
convergent and discriminant validity. As shown in Table 1, all loading values exceed the recom-
mended threshold of 0.70, indicating that the indicators adequately represent their latent constructs.
Cronbach's Alpha and composite reliability values for all constructs are above the recommended min-
imum of 0.70, confirming the internal consistency of the measurement model. Additionally, the av-
erage variance extracted (AVE) values for all constructs are greater than 0.50, confirming satisfactory
convergent validity.
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Table 1. Construct reliability and validity (Authors)

Cronbach’s | Composite Composite | Average Variance
Construct Items | Loadings Alpha Reliability Reliability Extracted
(Ca) * (rho?) ** (rho®) ** (AVE) ****

EE_1 0.812

Expected Effort (EE) EE 2 0.847 0.787 0.792 0.875 0.701
EE_3 0.852
Ll 1 0.926

Lecturer Influence (LI) LI 2 0.896 0.797 0.811 0.907 0.830
. PI_1 0.960

Personal Innovativeness (PI) PI 2 0.936 0.980 0.924 0.947 0.899
SQ 1 0.780
. . SQ 2 0.870

Service Quality (SQ) 50 3 0.717 0.798 0.890 0.868 0.623
SQ 4 0.785

Notes: * Co > 0.70; ** rho?®> 0.70; *** rho® > 0.70; **** AVE > 0.50.

Discriminant validity was assessed using the HTMT criterion, as shown in Table 2. All HTMT
values are below the recommended threshold of 0.90, indicating that the constructs are clearly differ-
entiated from each other. Based on these results, it can be concluded that the measurement model
demonstrates a satisfactory level of reliability and validity, and is suitable for further analysis of the
structural model.

Table 2. HTMT matrix (Authors)

1 2 3 4
Service Quality (1) -
Personal Innovativeness (2) 0.451
Lecturer Influence (3) 0.501 0.400
Expected Effort (4) 0.829 0.450 0.474 -

4.2. Structural model

The structural model was analyzed by examining the path coefficients (§) and their statistical
significance. As shown in Table 3, all observed relationships between constructs are statistically sig-
nificant. The results show that expected effort has a positive and statistically significant effect on
service quality (f = 0.559; p = 0.000), confirming hypothesis Hi. The influence of the lecturer also
has a positive and significant impact on service quality (B = 0.149; p =0.011), confirming hypothesis
H>. Personal innovativeness has a positive and statistically significant impact on service quality as
well (B=0.128; p=0.021), confirming hypothesis Hs.

Table 3. Results of hypothesis testing (Authors)

Path Coeffici- Sample mean Standard de- t —value
Hypothesis Construct ent FEM) viation statistics P ) Remark
(B) (STDEV) P
H: EE — SQ 0.559 0.560 0.061 9.197 0.000" Accepted
H. LI — SQ 0.149 0.151 0.059 2.549 0.011" Accepted
Ha PI — SQ 0.128 0.126 0.056 2.301 0.021" Accepted

Note: * significant at level of 0.05.
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The coefficient of determination for the dependent variable (service quality) is R? = 0.480, in-
dicating that the model with the included constructs of expected effort, lecturer influence, and per-
sonal innovativeness explains 48.0% of the variance in service quality. This value can be considered
moderate, confirming the adequate explanatory power of the model. The results of the structural
model obtained by applying the PLS-SEM method are shown graphically in Figure 2.
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Figure 2 Results of structural model analysis (Authors)

5. Discussion

The research findings show that all observed factors, expected effort, lecturer influence, and
personal innovativeness have a statistically significant and positive effect on the quality of mobile
learning services. This confirms all three hypotheses and aligns with previous research on the ac-
ceptance and evaluation of m-learning systems [5, 7, 8]. Expected effort has the most pronounced
impact on service quality (B = 0.559), indicating that the perception of ease of use is a key factor in
the evaluation of m-learning systems. This finding is consistent with research emphasizing ease of
use as one of the main determinants of positive user perceptions and satisfaction [7, 15]. In a mobile
environment, where users often access content on the move, the system's intuitiveness and simplicity
become especially important, which explains its dominant influence in this research.

The influence of the lecturer was also found to be statistically significant (B = 0.149), though
weaker than the effect of expected effort. This result supports previous studies that highlight the im-
portance of social influence, particularly in educational contexts, in shaping students' attitudes to-
wards digital technologies [8]. However, the relatively lower coefficient may suggest that students in
modern digital environments are increasingly making independent decisions about technology use,
thereby reducing teachers' direct influence. Personal innovativeness also has a positive and significant
effect on service quality (B = 0.128), consistent with previous research indicating that more innovative
individuals have more positive attitudes towards new technologies and adopt them more readily
[9,16]. Nevertheless, its influence is weaker than expected, which may suggest that, although indi-
vidual characteristics are important, the system's functional features play a greater role in evaluating
service quality.
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The coefficient of determination indicates that the model explains 48% of the variance in ser-
vice quality, which is considered a moderate level of explanation. This result is consistent with similar
research in the field of m-learning, which indicates that a combination of technological, social, and
individual factors can significantly contribute to explaining user perception, but also that additional
factors should be included in future research [5,17]. Based on the above, it can be concluded that the
system's functionality and simplicity are key determinants of service quality in mobile learning, while
social and individual factors play a supplementary yet significant role. These results have important
implications for improving the design and implementation of m-learning systems in higher education.

6. Conclusion

Mobile learning (m-learning) is becoming an increasingly important form of education in the
digital age, offering student’s flexibility in accessing educational content and fostering autonomous
learning. Its application is especially relevant in higher education, where technological tools assist in
enhancing the learning process and boosting student engagement. This research aimed to examine the
impact of expected effort, lecturer influence, and personal innovativeness on students’ perceptions of
the quality of mobile learning services at the University of Belgrade. The results indicate that all the
examined factors have a positive and statistically significant effect on service quality. Expected effort
has the strongest influence, confirming that ease of use and system intuitiveness are essential for a
favorable perception of m-learning services. Teacher influence and personal innovativeness also play
complementary yet significant roles, illustrating that a combination of system characteristics, social
influence, and individual user traits shapes the user experience.

The scientific and theoretical contribution of this paper lies in applying and verifying the re-

search model among students in Serbia, as well as confirming previous findings on the determinants
of acceptance and evaluation of the m-learning system. The study provides an empirical foundation
for further investigation into the factors that shape the quality of digital education and enhances un-
derstanding of how students perceive and utilize mobile educational technologies.
Limitations of this study include a sample exclusively composed of students from a single university,
which may limit the generalizability of the findings. Future research could broaden the sample to
include students from multiple universities and different educational backgrounds, as well as incor-
porate additional factors such as content quality, system performance, and student motivation. It
would also be advantageous to conduct longitudinal studies to monitor the long-term effectiveness
and acceptance of the m-learning system, alongside employing complementary methodologies, in-
cluding experimental and qualitative approaches.
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U savremenom poslovnom okruzenju, organizacije se suocavaju sa sve vecim pritiskom da
usvoje hibridne modele rada koji kombinuju tradicionalno prisustvo u kancelariji sa radom na da-
ljinu. Ovo istrazivanje fokusira se na analizu kvaliteta timskog razvoja i kohezije u hibridnim okru-
Zenjima, sa posebnim osvrtom na izazove u komunikaciji, jasnocu uloga i nivo medusobnog poverenja
medu clanovima tima. Kljucni cilj istraZivanja je identifikacija promena koje se desavaju u dinamici
tima usled prostorne distance, kao i analiza faktora koji direktno uticu na socijalnu i koheziju usme-
renu na zadatak. Kroz empirijsku analizu stavova zaposlenih koji rade u hibridnom rezimu, istraZi-
vanje tezi da utvrdi kako tehnoloski alati i liderski pristupi mogu prevazic¢i osecaj izolovanosti i ne-
ravnopravnosti. Na osnovu dobijenih rezultata, rad pruza smernice i preporuke za preduzeca kako bi
efikasno unapredila timsku povezanost i osigurala efikasno poslovanje u digitalnom okruzenju.

In the contemporary business environment, organizations face increasing pressure to adopt
hybrid work models that combine traditional office presence with remote work. This research focuses
on analyzing the quality of team development and cohesion in hybrid environments, with reference to
communication challenges, role clarity, and the level of mutual trust among team members. The key
goal of the research is the identification of changes that occur in team dynamics due to spatial
distance, as well as the analysis of factors that directly affect social and task-oriented cohesion.
Through an empirical analysis of the attitudes of employees working in a hybrid mode, the research
aims to determine how technological tools and leadership approaches can overcome the feeling of
isolation and inequality. Based on the results obtained, the work provides guidelines and recommen-
dations for companies to effectively improve team bonding and ensure efficient business in the digital
environment.

1. Introduction

Teamwork and cohesion represent one of the priority factors of business success in modern
corporate systems. The hybrid model of work, which includes a combination of office environment
and remote work, caused the redefinition of previous concepts of organizational behavior and brought
specific challenges in terms of team dynamics, trust, and communication in the digital environment.
The challenges that management faces often center on the uneven flow of information, the feeling of
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isolation of members working outside the office, and the difficulty of maintaining social connected-
ness.

The motivation for research stemmed from the perceived gap between the speed with which the
hybrid work model is becoming the dominant organizational form and the slow adaptation of man-
agement practices to this change. In the domestic business context, teams are increasingly functioning
in conditions of physical separation, but the question of the quality of team development and cohesion
is rarely systematically examined.

The objective of the paper is to identify, through theoretical analysis and empirical research,
the key factors that influence the quality of development and cohesion of hybrid teams, and to propose
concrete measures to improve team efficiency based on that. The research was carried out using a
questionnaire on the Google Forms platform, on a sample of 212 respondents from the mechanical
and manufacturing industry sector in the Republic of Serbia.

2. Hybrid work model and team dynamics

In a hybrid environment, coordination, information exchange, building trust, and maintaining
cohesion depend primarily on the organization of processes and rules of communication, and not only
on the physical proximity of members [1]. Office work relies on spontaneous, informal contacts,
while remote work requires clearly defined goals, roles, and performance criteria. The sustainability
of cooperation requires uniform evaluation criteria based on work outcomes, because the visibility of
contributions can no longer rely on physical presence.

2.1. Specificities of team development in contemporary business

During development, the team goes through recognizable stages that differ in the dominant
forms of interaction, the level of clarity of roles, and the degree of acceptance of common rules. In
this framework, four phases are distinguished [2]: forming, storming, norming, and performing. Each
phase carries specific challenges and conditions with different needs in terms of coordination and
management.

In modern business, team formation takes place in a dynamic and often hybrid environment,
with a strong reliance on digital communication, which changes the way of establishing relationships
and develops cohesion. Already in the initial phase, in addition to defining goals and tasks, it is crucial
to clearly arrange communication channels and the availability of information, because otherwise
there will be inconsistencies and different interpretations [3].

The storming stage represents a critical period for cohesion, as differences in expectations,
working approaches, and priorities come to the surface. In hybrid teams, these tensions can be ampli-
fied by unequal access to information and inconsistent communication quality, increasing the risk of
misunderstandings and conflict. When roles and norms remain ill-defined, mistrust, subgroup for-
mation, and declining collaboration tend to follow. However, if differences are channeled through
clear procedures and open communication, this stage can strengthen shared norms and contribute to
long-term team stability [1,4].

The norming stage carries greater significance in hybrid settings than in traditional ones, as
norms must increasingly be defined in advance, through explicit agreements on communication,
meetings, reporting, and shared documentation, rather than emerging organically through day-to-day
interaction. This is particularly important in hybrid work, where physical separation can undermine
equal participation and information flow, making clear and verifiable norms central to stability, co-
hesion, and the quality of team development [1,5].
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2.2. Team cohesion as a factor of organizational effectiveness

Cohesion represents the degree of internal connection between team members, which manifests
itself as a force that maintains belonging, encourages cooperation, and directs behavior towards pre-
serving joint work and achieving common goals [6,7]. In the literature, two dimensions are most often
distinguished: social cohesion, which concerns interpersonal relations, a sense of belonging and emo-
tional connection, and task-oriented cohesion, which implies a focus on common goals, discipline in
work, and commitment to a common performance [6,7]. Both are important because one without the
other rarely produces good results.

Task-oriented cohesion concerns the extent to which team members have the same understand-
ing of what needs to be done. They not only know what the goal is, but also understand it in the same
way, agree on priorities, and consistently respect agreed standards and deadlines. When this type of
cohesion functions well, differences in work styles and competencies cease to be a source of disa-
greement and are transformed into an advantage. Each team member contributes in his own way, but
in the same direction. This results in less unnecessary work, fewer subsequent corrections, and fewer
situations where it turns out that someone did something in a completely different way than the rest
of the team [7].

When a team works hybridly, social cohesion becomes more sensitive than usual. There are
almost no spontaneous conversations, and interactions between employees are limited to scheduled
video calls and formal channels. In such conditions, connectivity does not build by itself, but requires
a conscious effort: predictable communication, equal participation of all in meetings, and visibility
of the contributions of those who work remotely, so that no one remains invisible and the team is not
imperceptibly divided into "those in the office™ and "those at home™ [3]. The weakening of the quality
of task-oriented cohesion is reflected in the growth of ambiguity about responsibilities and unequal
access to information. These two factors, as the research results will show, represent the most pro-
nounced challenges in hybrid teams.

3. Analysis of employee perceptions of team cohesion quality
in hybrid work settings

The study was conducted on a sample of 212 respondents from the territory of the Republic of
Serbia, primarily from the mechanical and manufacturing industry sector, with full gender balance
(50% male, 50% female). The age distribution is strongly skewed toward younger respondents: the
19-34 age group accounts for 71.7% of the sample, the 35-55 group for 25.5%, and the 56—65 group
for 2.8%. Given that younger generations are most intensively exposed to changing work practices
and digital communication, the findings can be considered representative of the population most di-
rectly affected by the hybrid work model.

By employment status, 49% of respondents are full-time employees, while 42% are students in
employment, reflecting heterogeneity in terms of organizational involvement. The most prevalent
work arrangement is hybrid (46.7%), followed by office-based (34%) and predominantly remote
(19.3%) (Figure 1). The presence of all three groups enabled a comparison of perceptions across
different work modes, directly addressing the subject of the research.

When interpreting the results, it is important to note that the proportion of respondents who
have been in their current team for less than six months is considerable (33%). This suggests that a
significant part of the sample is in the early stages of team development, where ambiguities in roles
and communication norms tend to be most pronounced and where the quality of team development
has not yet stabilized.
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UsualWork Mode

= Primarily office-
based work

® Primarily remote
work

= Hybrid

Figure 1. Distribution of respondents by work mode

One of the more significant findings concerns information flow. Nearly equal shares of re-
spondents report equal access to information (45.8%) and occasional delays (45.3%), while 9% feel
entirely excluded due to informal decision-making taking place in the office (Figure 2). This distri-
bution points to the presence of informational asymmetry — differences in access to context and
informal knowledge — which can gradually undermine trust, the sense of belonging, and the overall
quality of cohesion within the team. A direct consequence of uneven information flow is ambiguity
around roles and responsibilities: more than half of respondents (50.9%) report occasional confusion
about who is accountable for what, while 10.4% experience frequent uncertainty around priorities. In
hybrid work, this type of ambiguity carries greater consequences than in office-based settings, since
gaps are harder to address without direct contact.

Information Flow inthe Team

= Equal flow of
information

= Occasionaldelays in
information flow

= Complete exclusion

Figure 2. Assessment of information flow within the team

As many as 57.1% of respondents report difficulties with inclusion in mixed-format meetings
or the dominance of physically present participants, suggesting that simply providing a video con-
nection is insufficient to ensure genuine equality of participation (Figure 3). This finding has a direct
bearing on social cohesion: the largest share of respondents (41.5%) feel connected primarily to their
immediate project colleagues, while 18.9% report a sense of isolation and communication reduced to
operational topics. This pattern suggests that social cohesion is increasingly narrowing and giving
rise to subgroup formation within teams.

Trust within teams exists, but for 52.4% of respondents, it is accompanied by heightened status
reporting, and 10.4% report the presence of micromanagement. This distribution suggests that many
organizations remain in a transitional model — caught between monitoring presence and managing
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by results — which directly affects the psychological safety and motivation of employees working
outside the office. Contributing to this is the reduced visibility of workload in hybrid settings: for
43.4% of respondents, peer support is activated only after an explicit request, rather than in response
to an observed need.

Participationin Hybrid Meetings

= Fully equal
= Difficulties with inclusion

= Passive observer

Figure 3. Experience of participation in mixed meetings

Half of the respondents report that conflicts within their team are resolved constructively
through direct conversation. However, the share opting for avoidance and disengagement remains
high (34.9%), as does the incidence of indirect conflict through dysfunctional communication patterns
(15.1%). In a hybrid context, where rapid clarification is impeded by asynchronous communication,
such patterns carry an elevated risk of escalation and accumulated tension. Compounding this is the
issue of availability: nearly 56% of respondents report being expected to respond outside of working
hours, either occasionally or routinely, which over time increases the risk of burnout and declining
quality of collaboration (Figure 4).

Respectfor Working Hours and the Right to Disconnect

= Clear and respected
availability rules

= Occasional after-hours
availability expected

= Constant availability
expected

Figure 4. Respect for working hours and the right to disconnect

The majority of respondents rate the impact of technology on collaboration as positive (42.9%)
or satisfactory (45.3%), indicating that technological infrastructure is not identified as the primary
constraint on team cohesion quality. Nonetheless, the share viewing technology as an obstacle
(11.8%) is not negligible and may affect meeting quality and coordination effectiveness.

When asked about priority measures for improving team cohesion, respondents highlighted:
clearer definition of roles, goals, and work rules (47.2%), more frequent in-person meetings (42.5%),
organized team-building programs (37.7%), greater leader involvement (34.4%), and online meetings
dedicated to connection rather than operations (22.6%). Respondents thus identify structural measures
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— clearer role definition and work protocols in hybrid settings — as the primary solution, rather than
technology (Figure 5).

Regul te t ti
egular remote team meetings _ 22.6%

focused on team connection

Great tand invol t of
reater support and involvement o I

leaders/supervisors in hybrid work

Organized team-building programs _ 37.7%
More frequent in-person meetings _ 42.5%

Clearer definition of roles, goals, and
. 27 -2%

work rulesin hybrid conditions

0.0% 10.0% 20.0% 30.0% 40.0% 50.0%

Figure 5. Priority measures for strengthening team cohesion

3.1. Recommendations for improving the quality
of team cohesion in hybrid work

The research findings clearly indicate that hybrid teams cannot rely on the kind of spontaneous
coordination that works when everyone shares the same physical space. Physical separation need not
be a problem in itself; it becomes one when it is not accompanied by clear rules, transparent commu-
nication, and a deliberate effort to ensure that all members feel equally included.

Among the most consistent findings is the uneven distribution of information across team mem-
bers. The remedy lies in equalizing information access for all employees: all key decisions, tasks, and
changes in priorities must be documented in a single location accessible to everyone, not merely
communicated verbally in the office. In addition, roles and responsibilities should be formalized
through concise descriptions of duties and boundaries of authority, with periodic checks on shared
understanding, particularly following changes in team composition. When information is universally
accessible and roles are clearly defined, the scope for misunderstandings narrows considerably, and
misunderstandings in hybrid work tend to escalate more quickly than in office-based settings.

When part of a team is physically present, and another part joins via video, inequity can arise
without anyone intending it. The research found that as many as 57% of respondents experience some
degree of exclusion in mixed-format meetings. Management should introduce clear meeting proto-
cols, structured turn-taking, mandatory inclusion of remote participants in discussion, and a prohibi-
tion on parallel in-room conversations that are inaccessible to the rest of the team. Equal participation
in meetings directly affects social cohesion: when every voice is heard, the risk of subgroup formation
and feelings of isolation diminishes. Beyond formal meeting rules, it is equally important to periodi-
cally plan interactions and activities that are not purely operational in nature, as these are the spaces
in which interpersonal trust and a sense of belonging to something larger than one's own task are
built.

More than 60% of respondents identify heightened status reporting or micromanagement as
features of working outside the office. Management should shift its focus from monitoring presence
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to tracking outcomes, a change that directly affects the psychological safety and motivation of em-
ployees working remotely. Rather than addressing problems only after they become visible, regular
brief check-ins on priorities and workload are recommended, so that support is activated proactively
rather than only when an overburdened team member explicitly asks for help.

The research shows that nearly half of all disagreements are either ignored or resolved indi-
rectly. In a hybrid context, where rapid clarification is more difficult, this tendency can escalate. It is
therefore important to foster an organizational culture in which disagreements are addressed through
direct conversation focused on facts and agreements. Alongside this, clear rules on availability, urgent
communication channels, and response time expectations are not bureaucratic formalities; they are a
practical necessity. They create the conditions for sustainable long-term work and prevent the gradual
decline in collaboration quality that comes with burnout.

Transparency, clarity, and inclusive participation do not arise on their own in hybrid work; they
require deliberate organizational effort. When their effects are monitored and rules are adjusted based
on feedback from within the team, these measures can contribute to building a more stable and cohe-
sive hybrid team over the long term.

4, Conclusion

The results of the conducted research indicated that the hybrid work model brings specific or-
ganizational challenges that go beyond the issue of technology infrastructure. The key problem is not
that the team does not share the same physical space, but that managerial practices have often not
adapted to that change, and the consequences are most clearly visible precisely in the quality of team
development and cohesion.

Research has shown that information asymmetry, role ambiguity, and inequality in mixed meet-
ings represent three interrelated factors that together weaken the cohesion of hybrid teams. Trust
exists, but in many organizations, it is accompanied by control mechanisms that are a legacy of the
office work model. Social cohesion is restricted to immediate associates, while over a fifth of re-
spondents describe a feeling of isolation. At the same time, technology did not appear to be a limiting
issue, which shows that solutions for improving the quality of cohesion should be explored in organ-
izational processes and managerial practices.

Certain limitations of this research should be kept in mind. Since it relies on the self-assessment
of the respondents, there is a risk of subjectivity and portraying socially desirable attitudes. The sam-
ple was formed voluntarily, which limits the application of the findings to the larger population. In
addition, the research represents a cross-section of the situation at one point in time and does not
address the long-term consequences of hybrid work on cohesion and organizational culture.

These limitations open directions for future research. A longitudinal study following the same
teams over a longer period would provide insight into how cohesion changes during the various stages
of hybrid work and which techniques provide long-term outcomes. Expanding the sample to other
sectors, such as IT, service activities, or public administration, would create space for comparison
and greater generalization of the results. It would be interesting to examine how age, work experience,
and type of role in the team influence the perception of cohesion, as well as to what extent organiza-
tional and national culture shape the acceptance of the hybrid model.
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Kvalitet ERP sistema igra kljucnu ulogu u poboljsanju organizacione efikasnosti integrisanjem
poslovnih procesa omogucavanjem razmene informacija u realnom vremenu. Medutim, percepcija
kvaliteta ERP sistema moZze da varira u razlic¢itim industrijskim kontekstima. Ova studija ispituje da
li postoje statisticki znacajne razlike u percipiranim performansama ERP sistema izmedu korisnika
u diskretnoj i procesnoj industriji. Empirijski podaci su prikupljeni putem onlajn ankete medu 100
korisnika ERP sistema zaposlenih u preduzecima koja posluju u Srbiji. Kvalitet ERP sistema meren
je efikasnoScu pretrage podataka, viemenom ucitavanja sistema, preuzimanjem podataka, kreiranjem
dokumenata i izvrSavanjem zadataka. Metoda analize varijanse (ANOVA) primenjena je za testiranje
razlika u percepciji korisnika izmedu dva tipa industrija. Rezultati ukazuju na statisticki znacajne
razlike u percepcijama vezanim za efikasnost pretrage podataka i brzinu ucitavanja sistema, dok nisu
pronadene znacajne razlike za preuzimanje podataka, kreiranje dokumenata i izvrSavanje zadataka.
Studija doprinosi literaturi pruzajuci empirijske dokaze o razlikama u percepciji performansi ERP
sistema zasnovanim na industriji. Sa prakticne perspektive, rezultati isticu vaznost prilagodavanja
dizajna i konfiguracije ERP sistema specificnim operativnim potrebama razlicitih industrijskih okru-
zenja. Buduca istrazivanja bi mogla prosiriti analizu ukljucivanjem dodatnih dimenzija kvaliteta
ERP-a i Sireg uzorka.

Enterprise Resource Planning (ERP) system quality plays a critical role in improving organi-
sational efficiency by integrating business processes and enabling real-time information exchange.
However, perceptions of ERP system quality may vary across different industrial contexts. This study
examines whether statistically significant differences exist in perceived ERP system performance
between users in discrete and process industries. Empirical data were collected through an online
survey of 100 ERP users employed in enterprises operating in Serbia. ERP system quality was mea-
sured by data search efficiency, system loading time, data downloading, document creation, and task
execution. The analysis of variance (ANOVA) method was applied to test differences in user percep-
tions between the two industry types. The results indicate statistically significant differences in per-
ceptions related to data search efficiency and system loading speed, while no significant differences
were found for data downloading, document creation, and task execution. The study contributes to
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the literature by providing empirical evidence on industry-based differences in ERP system perfor-
mance perceptions. From a practical perspective, the results highlight the importance of adapting
ERP system design and configuration to the specific operational needs of different industrial envi-
ronments. Future research could extend the analysis by including additional ERP quality dimensions
and a broader sample.

1. Introduction

The accuracy and timeliness of data and information are crucial for the quality of business
processes, which contribute to overall corporate success. In this context, Enterprise Resource Plan-
ning (ERP) systems, as leading information system solutions covering most company operations, are
essential for managing organisational activities (Bali¢ et al., 2022). These systems support quality
management through business process integration and digitalisation, easier quality tracking and error
reduction, identification of process problems, analysis of deviations, and monitoring the effects of
corrective or preventive measures.

ERP systems rely on standardised business rules, providing a central repository for entering all
information and data regarding enterprise processes. Enterprises benefit from process standardisation,
resource integration, and decision-making and problem-solving based on real-time data. These bene-
fits are equally important for the enterprise and its stakeholders, as they lead to improved operations,
enhanced product and service quality, increased efficiency, and reduced delivery times (Wei, 2008;
Akrong et al., 2022).

ERP system application varies between different industry contexts, such as process and discrete
industries, due to fundamental differences in production processes, product structures, and production
planning methods (Lothary et al., 2024). As a result, ERP solutions are often developed with industry-
specific modules to support the particular requirements of manufacturing systems.

However, the existing literature rarely empirically examines these differences at the level of
ERP system users' perceptions. Therefore, a systematic analysis of differences in the perception of
ERP system performance between users from the process and discrete industries is needed to better
understand industry-specific characteristics in the evaluation of ERP solution quality. This study ad-
dresses the following research question: Are there statistically significant differences in perceived
ERP system quality between discrete and process industries?

To answer this research question, the study uses System Performance (SP) as a metric of ERP
system quality. SP refers to the operational efficiency of an ERP system, particularly its ability to
respond rapidly to business activities and support the smooth execution of organisational processes.
The ability of ERP systems to process transactions promptly and provide real-time information has
also been associated with improvements in organisational performance indicators after implementa-
tion (Shbail et al., 2024).

After conducting empirical research in discrete and process industries operating in Serbia, this
study applies a statistical approach based on the ANOVA test to assess potential differences in users’
perceptions of ERP system quality. This approach can contribute to a more precise understanding of
the factors influencing the successful use of ERP systems and provide a basis for adapting ERP im-
plementations to the specific requirements of different industrial environments.

The paper is organised as follows. The Study Background reviews the literature and highlights
the differences in ERP system usage between discrete and process industries. The Methodology sec-
tion describes the data collection process and methods applied. Results and Discussion systematically
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present the study results and clarify key findings. The Conclusion provides a brief summary, high-
lighting the study’s contributions and limitations and proposing potential future research directions.

2. Study background

Implementing integrated solutions, such as an ERP system, can provide a company numerous
benefits and improve the overall efficiency of departmental or enterprise operations. As a result, many
studies examine the quality of ERP systems (Chang et al., 2011; Shen et al., 2016; Akrong et al.,
2022; Bali¢ et al., 2022; Abu Afifa et al., 2025), based on the belief that a well-implemented, high-
quality ERP solution positively impacts the organisation.

Cebekhulu and Ozor (2022) examined the elements of quality management practices and ERP
systems to assess the relationship between organisational culture and organisational performance.
Their study suggests that ERP systems, measured through organisational impact, individual impact,
information quality, and system quality, have a statistically significant and positive effect on organi-
sational performance. In contrast, Bali¢ et al. (2022) explored the relationship between ERP system
quality and financial and non-financial organisational performance in a developing economy, cover-
ing manufacturing, wholesale and trade, information technology, and other industries. Their results
indicate that system quality and its features do not have a statistically significant effect on the perfor-
mance examined. The research suggests that ERP system quality, measured by necessary running,
quick response, ease of use, and stability, is not a predictive driver of enterprise performance.

These conflicting findings may arise because different industrial contexts affect how ERP
systems are perceived and used. Therefore, ERP system application may vary between process and
discrete industries due to fundamental differences in production processes, product structures, and
production planning methods.

In discrete industries, products consist of clearly defined components that can be disassembled
and reassembled, so ERP systems in these organisations focus on managing product structures, plan-
ning material requirements, and coordinating assembly processes (Lothary et al., 2024). In contrast,
the process industry relies on production through recipes or formulas, where raw materials are trans-
formed by chemical or physical processes. This requires ERP functionalities such as recipe manage-
ment, batch control, and traceability of raw materials and products (Itagi et al., 2023). Due to these
specificities based on the nature of production processes, ERP solutions are often developed with
industry-specific modules to support the distinct requirements of manufacturing systems.

Given that ERP systems in the process and discrete industries support different business pro-
cesses and use different functional modules, it can be assumed that users in these two industrial con-
texts perceive ERP system performance differently, particularly regarding data processing speed, in-
formation availability, and task performance efficiency. This may lead to differences in ERP system
quality perceptions.

In the literature, ERP quality is assessed through the dimensions of system quality, infor-
mation quality, and service quality. ERP system quality refers to the capability of the computerised
system to efficiently process information and the extent to which it meets required technical stand-
ards. ERP information quality relates to the relevance, accuracy, and usefulness of data provided by
the system in meeting users’ needs and expectations. ERP service quality represents the gap between
users’ expected level of technical support and the actual performance of the support services delivered
by the information system team (Ouiddad et al., 2021).
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To address the proposed research question, this paper adapts the SP construct items from Ster-
nad Zabukovsek et al. (2019), including data search efficiency, system loading time, data download-
ing, document creation, and overall task execution. As previous research (Shen et al., 2016; Bali¢ et
al., 2022) also considered rapid response and effectiveness of ERP as dimensions of quality, this
study’s approach is appropriate for measuring ERP system quality. These indicators therefore provide
a relevant basis for assessing perceived ERP system quality.

3. Methodology

To assess user perceptions of ERP system performance as a determinant of ERP system quality,
an empirical survey was conducted in 2024. Data were collected from 100 users in enterprises oper-
ating in Serbia, targeting professionals who actively use ERP systems in their work. An online ques-
tionnaire was distributed via the LinkedIn network to ERP users. Participants were informed that their
responses would be used exclusively for academic research purposes and that the data would be
treated confidentially.

The questionnaire consisted of two parts. The first part included demographic questions, while
the second comprised items related to ERP system acceptance and use (Sternad Zabukovsek et al.,
2019). Five items specifically measured perceptions of ERP system performance. Respondents indi-
cated their level of agreement using a five-point Likert scale, ranging from 1 (strongly disagree) to 5
(strongly agree).

In this study, analysis of variance (ANOVA) was used to test whether users’ perceptions of
ERP system performance differ between enterprises operating in discrete and process industries.
ANOVA is a statistical technique used to determine whether statistically significant differences exist
between the mean values of two or more groups (Stoker et al., 2020). All statistical analyses were
conducted using IBM SPSS Statistics, version 2025.

4, Results and discussion

Of the 100 ERP users surveyed, over 80% work in large companies with more than 250 em-
ployees. Approximately 70% of respondents have used ERP systems for more than three years, and
85% use ERP daily. Respondents reported using ERP systems across various company sectors, in-
cluding marketing, projects, financial management, logistics, warehousing, quality assurance, and
human resources. They also reported using ERP modules such as materials management, human re-
sources, financial accounting, production planning, and quality management.

Descriptive statistics from the crosstabulation of users’ demographic characteristics and in-
dustry type are presented in Table 1.

Table 1 shows that there were more males than females in both types of industry considered.
Regarding respondents’ age, most users in both process and discrete industries were aged 30—-39. Most
respondents held either a BSc or MSc degree. This study distinguishes the economic activity of the
companies where respondents are employed, identifying the automobile industry as an example of a
discrete industry, and pharmacy, mining and metallurgy, and food and beverage production as exam-
ples of process industries.

To test whether users’ perceptions of ERP system performance differ between those in dis-
crete and process industries, an ANOVA was conducted. Before conducting the ANOVA, the as-
sumptions of normality, independence of observations, and homogeneity of variances were examined
and met. The Cronbach alpha coefficient for the questionnaire items was 0.869, which is above the
recommended value of 0.70 (Brown, 2002). The results of the ANOVA are presented in Table 2.
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Table 1. Crosstabulation descriptive statistics

Classification Subclassification Type of industry Total
Process Discrete

Gender Male 28 25 53

Female 36 11 47
Age 20-29 17 8 25

30-39 27 20 47

40-49 16 8 24

50-59 4 0 4
Level of education High school 3 2 5

School of Applied Science 3 1 4

BSc 30 17 47

MSc 27 16 43

PhD 1 / 1
Economic activity Automobile industry / 36 36

Pharmacy 20 / 20

Mining and metallurgy 27 / 27

Food and beverage production 17 / 17

Table 2. ANOVA test results regarding type of industry
ltem E]'jﬁgfrt; Przzii‘:’;n' BetwgenNVithin Sumof | | Mean £ 5
(Mean) (Mean) roups Squares Square

SP1 - In ERP, data can be Between Groups | 4.306 | 1 | 4.306 .
searched quickly A4z 39 it Groups | 91.734 |98| 0.936 46001 0034
SP2 - The ERP system loads Between Groups | 3.770 | 1 | 3.770 .
rapidly 439 398 it Groups | 89.540 |98| 0.914 41201 0.045
SP3 - I can download data Between Groups | 1.210 | 1 | 1.210
from ERP quickly A4z 9 T ithin Groups | 58.500 |98| 0.597 2027 0.158%
SP4 - | can create a new docu- Between Groups | 1.845 | 1 | 1.845
ment in ERP quickly 436 408 \ithin Groups | 74.015 | o8| o7es | 4|04
SP5 - | complete tasks effec- Between Groups | 0.016 | 1 | 0.016
tively in ERP A7 4 T itin Groups | 82.734 |98| 0.844 0.019 0892

Notes: “statistically significant at 0.05 level; ™S not significant

ANOVA test results confirmed two statistically significant differences in users' perceptions
of ERP system performance, while the remaining three statements were not statistically significant.

Significant differences were observed for SP1 (F = 4.600, p = 0.034) and SP2 (F =4.126, p =
0.045). These results indicate that users from discrete and process industries perceive certain aspects
of ERP system speed differently, particularly those related to data search efficiency (SP1) and system
loading time (SP2). This suggests that differences in perceptions of ERP system performance between



226 39" INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

discrete and process industries may be influenced by distinct operational characteristics and industry
data processing requirements.

Discrete industries typically involve a large number of individual components, complex bills
of materials, and frequent transactional operations related to production orders, inventory tracking,
and assembly processes (Lothary et al., 2024). Consequently, ERP users in such environments often
rely heavily on rapid data retrieval and system responsiveness to support daily tasks. In contrast,
process industries usually operate with more continuous production flows and relatively standardised
process structures, which may reduce the frequency of certain types of data searches and system
queries (Itagi et al., 2023).

These findings are consistent with previous studies suggesting that perceptions of ERP system
performance are often influenced by the complexity of operational processes and the intensity of
system interaction within specific industrial environments (Madapusi & D'Souza, 2012).

No statistically significant differences were found for SP3 (F = 2.027, p = 0.158), SP4 (F =
2.414, p = 0.124), and SP5 (F = 0.019, p = 0.892). These findings suggest that users across both
industries report similar experiences regarding data downloading (SP3), document creation (SP4),
and overall task execution (SP5) within ERP systems. These functions are typically embedded within
standardised ERP workflows and may therefore be perceived similarly across different industrial con-
texts.

5. Conclusion

This study aimed to examine whether differences exist in users’ perceptions of ERP system
performance as an indicator of ERP system quality between discrete and process industries. Using
empirical data collected from 100 ERP users employed in Serbian enterprises, the study applied
ANOVA to identify potential differences in perceived system performance across the two industrial
contexts.

The results revealed statistically significant differences for two performance indicators, i.e.
data search efficiency and system loading speed, suggesting that certain aspects of ERP responsive-
ness are perceived differently by users in discrete and process industries. In contrast, no significant
differences were observed for data downloading, document creation, and overall task execution, in-
dicating that these ERP functionalities are perceived similarly across the analysed industries.

These findings contribute to the literature on ERP system quality by highlighting the im-
portance of considering industry-specific operational characteristics when evaluating ERP perfor-
mance. From a practical perspective, the results suggest that ERP vendors and system implementers
should pay particular attention to performance-related features such as system responsiveness and
data retrieval efficiency when designing and configuring ERP solutions for different industrial envi-
ronments.

Despite its contributions, this study has several limitations. The analysis was based on a rela-
tively small sample and focused exclusively on enterprises operating in Serbia, which may affect the
generalisability of the findings. In addition, the study examined only one dimension of ERP quality,
namely system performance. Future research could extend the analysis by incorporating other dimen-
sions of ERP quality, particularly information quality and service quality, to provide a more compre-
hensive evaluation of ERP system effectiveness across different industrial contexts.
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Jedan od nacina za poboljsanje organizacionih performansi ali i povecanje konkurentske pred-
nosti jeste primena strateskih modela. Jedan od strateskih modela u tu svrhu jeste Balanced score-
card. Ovaj model uljucuje Cetiri perspektive kao sto su perspektiva korisnika i stejkholdera, perspek-
tiva internih poslovnih procesa, perspektiva ucenja i rasta kao i finansijska perspektiva. Prema tome,
cilj rada je sistematizovanje literature opsteprihvacenog modela Balanced scorecard. Ovaj model je
pronasao Siroku primenu u raznim oblastima svih sektora. lako je u prethodnom period ovaj model
bio svojstven proizvodnim organizacijama, tokom vremena pronasao je uspesnu primenu i u usluznim
delatnostima kao i neprofitnim organizacijama. Pored toga, ovaj strateSki model doprinosi povezi-
vanju organizacionih strategija sa operativnim ciljevima Sto moZe imati uticaj na povecanje sposo-
bnosti organizacija za poboljSanje organizacionih performansi. Ovaj rad moze biti od koristi mena-
dzerskim strukturama organizacija kao pocetni putokaz i upoznavanje sa usvajanjem, primenom ali
i benefitima koji primena ovog modela moze obezbediti za mogucnost oblikovanja Zeljenog nivoa
organizacionih performansi.

One of the ways to improve organizational performance, as well as to increase competitive
advantage, is the application of strategic models. One of the strategic models used for this purpose
is the Balanced Scorecard. This model includes four perspectives: the customer and stakeholder per-
spective, the internal business process perspective, the learning and growth perspective, and the fi-
nancial perspective. Accordingly, the aim of this paper is to systematize the literature on the widely
accepted Balanced Scorecard model. This model has found wide application in various fields across
all sectors. Although in the past it was primarily characteristic of manufacturing organizations, over
time it has also been successfully applied in service activities as well as in non-profit organizations.
In addition, this strategic model contributes to linking organizational strategies with operational
objectives, which can influence the enhancement of organizations’ capabilities to improve organiza-
tional performance. This paper may be useful to managerial structures of organizations as an initial
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guideline and introduction to the adoption, implementation, and benefits that the application of this
model can provide in shaping the desired level of organizational performance.

1. Introduction

In conditions of a changing market environment, organizations use different strategic models
to achieve their strategic plans and goals. Such strategic models can enable efficient and effective
management and improvement of organizational performance [1]. Strategic models may also include
innovative technologies. Improvement of technological capacities can influence the improvement of
organizational performance [2,3]. In conditions of constant market instability, the application of stra-
tegic models can contribute to increasing resilience in a competitive market environment. The global
market environment requires constant adaptation of organizations, where the application of strategic
models can enable the development of competitive strategies. Improvement of organizational perfor-
mance directly influences the sustainable business development. One of the approaches for improving
organizational performance can be the adoption and application of strategic models [4]. Such an ap-
proach can enable a better understanding of the competitive market, but also the creation of new value
for organizations.

There are different strategic models for improving organizational performance. Essentially,
there is no universal solution for the possibility of improving performance. Organizations must adapt
the application of strategic models to their specific needs and contexts. According to [5], shaping the
desired level of performance could be carried out by applying strategic models. In doing so, it is very
important that, regardless of the choice of strategic models, such a system is supported by top man-
agement, while it is also crucial that there is involvement of all employees. In addition, it is important
that, in this process, the requirements and needs of all relevant stakeholders are efficiently considered.
The application of strategic models can enable linking strategy with goals as well as translating strat-
egy into operational goals. The application of strategic models can be a key solution for increasing
operational efficiency, as well as increasing the number of customers [6]. In such conditions, the
application of strategic models can help leaders to make the most efficient decisions. The adoption
of strategic models can be focused on improving organizational performance, in terms of increasing
operational efficiency through improvements in process performance. In addition, such improve-
ments can also move in the direction of reducing operating costs or a generalized improvement of
performance at the institutional level. The application of such strategic models represents good prac-
tices based on which it is possible to achieve positive outcomes. For organizations, it is important to
adopt and apply strategic models because they are very useful and can also provide improved alloca-
tion of resources. One of such models is a generally accepted strategic model for improving perfor-
mance, such as the Balanced Scorecard (BSC). Based on all of the above, the aim of this paper is
systematize the literature of the BSC strategic model.

2. Literature review

BSC enables managerial structures to make rational managerial decisions [7]. There are no
limitations for the application of the BSC model. This model is used in both manufacturing and ser-
vice, as well as non-profit organizations [8]. [9] dealt with the application of this model in manufac-
turing organizations, [1,4,8], investigated the possibilities of application in service organizations,
while [10] investigated the application in non-profit organizations (such as the healthcare sector). [11]
point out that the application of this model can have an impact on the assessment of overall perfor-
mance in organizations. [12] state that the BSC model can have a favorable outcome for decision-
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makers because the application of this model can contribute to managerial structures making rational
decisions. The creators of this model, the authors [13,14], point out that the application of this model
enables organizations to have a comprehensive models for measuring performance. In doing so, this
framework consists of a financial and non-financial mix that includes four perspectives [13,14,15]:

— Customer and stakeholder perspective — how the organization should present itself to its
customers and relevant stakeholders to achieve the goals of its vision,

— Perspective of internal business processes — improving institutional efficiency to achieve
the goals of the vision, not only through improving internal processes but also through de-
signing new innovative processes as support to existing processes that would be in function
of fulfilling the needs and expectations of customers and other relevant stakeholders,

— Learning and Growth perspective — how the organization would maintain the ability to
change and improve,

— Financial perspective — how the organization should appear to its relevant stakeholders to
achieve financial effects.

Contemporary approaches to the use of the BSC model indicate that the customer perspective
should be viewed from a broader angle and that, in addition to customers, it should also include other
relevant stakeholders [16]. [12] emphasize that the aim of applying this model is the pursuit of creat-
ing resilience in organizations, establishing business sustainability, and increasing competitive ad-
vantage. Although the BSC model was created more than three decades ago, it is still intensively
applied today [17]. The authors particularly emphasize that the use of this model enables obtaining
feedback from customers and other relevant stakeholders, and this feedback should be used for po-
tential improvements of financial or non-financial performance [14]. [15] states that this model pro-
vides a solid foundation for performance measurement in organizations. The authors of the model,
[13,14] focus on the possibility of overcoming traditional ways and approaches to problem solving
by applying this strategic model. The four perspectives within this model show interconnection, as
presented in Figure 1.

Financial perspective

GOALS | MEASURES

Customer perspective Internal business perspective

GOALS |MEASURES GOALS | MEASURES

Innovation and Learning
perspective

GOALS | MEASURES

Figure 1. Balanced Scorecard. Source: [13]
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The four perspectives of this model, such as the customer and stakeholder perspective, the
internal business processes perspective, the learning and growth perspective, and the financial per-
spective, represent certain indicators of the financial or non-financial part, and these indicators
could be initiators of potential improvement. [18] emphasize that customers and other relevant
stakeholders often need, in addition to financial information, other information, which the applica-
tion of this model can provide. This model enables linking strategy with goals and plans in organi-
zations, as well as translating strategies into operational activities of organizations [13,14,15]. Ac-
cording to [19], the customer and stakeholder perspective holds a leading hierarchical position not
only in manufacturing/service organizations but also in non-profit organizations.

2.1. Customer and Stakeholder Perspective

The customer and stakeholder perspective is one of the leading perspectives of the BSC model
because it reflects the level of satisfaction of customers and stakeholders, which is very important
for every organization, whether manufacturing or service-oriented. The creators of the model, [13]
emphasize the essential importance of customer orientation. In addition, feedback that can be ob-
tained from customers should be integrated into the performance measurement system [20]. [21]
state that the customer perspective and customer orientation are directly incorporated into financial
effects in organizations. The focus on the customer perspective within the BSC model is a strategic
tool that enables managerial structures to better understand and identify the needs and expectations
of customers [20]. [22] emphasize that from the customer perspective, it is very important to estab-
lish performance measurement indicators to identify the level of satisfaction of customers and other
relevant stakeholders.

2.2. Internal Business Perspective

The customer and stakeholder perspective is also very important from the standpoint of oper-
ational activities, such as the internal business processes perspective. The importance of the cus-
tomer and stakeholder perspective is that the focus on customers is directly reflected in the perfor-
mance and results of internal business processes [13]. This non-financial indicator enables moni-
toring the development of the capabilities of operational activities in organizations [23]. In doing
so, itis of great importance to monitor infrastructure development, as well as the adequate allocation
of resources needed for proper management of internal business processes [24]. To increase the
satisfaction of customers and other stakeholders, important aspects of internal business processes
would be continuous improvements, efforts to increase the efficiency and effectiveness of internal
business processes, as well as the development of information and communication technologies,
infrastructure development, etc. [25]. According to [13], focusing on the internal business processes
perspective is also important for linking strategy with organizational goals and the fulfillment of
those goals.

2.3. Learning and Growth Perspective

In addition to the customer and internal business processes perspectives, the learning and
growth perspective is also a non-financial indicator, which is primarily reflected in the organiza-
tion’s ability to develop. Key factors that characterize these perspectives include leadership and
leadership commitment, as well as the willingness of all employees to accept changes [26]. Accord-
ing to[13], this perspective provides answers to questions related to the growth and development of
the organization at a comprehensive level. This perspective is significantly influenced not only by
customer satisfaction but also by the level of employee satisfaction [27]. In fact, readiness for
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change and innovation, especially in modern business conditions and accelerated digital transfor-
mation, represents the foundation for the organization’s ability to change and develop. According
to the creators of the BSC model, [13] organizational learning and growth are connected to organ-
izational culture and organizational value. [4] state that organizational learning and growth are im-
perative for the success of every organization because they will not only be directly reflected in
both operational activities and customer and stakeholder satisfaction, but will also significantly in-
fluence financial effects in organizations, since these four perspectives of the BSC model are mu-
tually interconnected, with each perspective depending on the others.

2.4. Financial Perspective

The creators of the Balanced Scorecard model Kaplan and Norton point out that the success
of an organization cannot be measured only on the basis of financial indicators and that integrated
with other perspectives they provide a comprehensive picture based on measured performance. In
this way, as they further point out [13] by a mix of financial and non-financial measures an im-
provement in financial effect in organizations can be achieved. Insight into financial statements
represent information of importance for all interested parties. For the achievement of financial goals
in organizations it is necessary to implement a set of measures and policies that help managerial
structures the making of efficient and effective decisions [18]. Available literature indicate that
measuring performance only from a financial point of view has often been disputed which is also
confirmed by the authors of the Balanced Scorecard Kaplan and Norton who emphasize that finan-
cial result arises from operational activities. As already stated in nonprofit organizations the cus-
tomer perspective occupies a leading place while the situation is somewhat different in profit or-
ganizations namely in this area the financial perspective occupies a key hierarchical place. However
what is essential and what the creators of the Balanced Scorecard point out is that even the best
balanced indicators of BSC cannot guarantee the success of an organization but the application of
this model can enable the translation of strategies into operational activities where it is assumed
that not all long term strategies can ensure profitability.

By combining financial and non-financial indicators through four interrelated perspectives, a
multidimensional effect could be achieved in the form of achieving the strategic objectives of the
organization [15]. There is a cause-and-effect relationship between these four perspectives, which
means that the perspectives complement each other and cannot be observed separately but rather
synergistically [28]. These previously described four perspectives are systemically connected and
function as four cause-and-effect relationships as drivers and outcome measures as a strategic map
for comprehensive performance management in organizations [29]. Generally speaking, in order to
achieve the effects of implementing the BSC model through four interrelated perspectives, this mo-
del should be properly implemented in order to contribute to effective performance management in
organizations [30].

3. Discussion and conclusion

The aim of this paper was to systematize the literature on the strategic BSC model. Based on
the available literature, it can be concluded that the implementation of this model provides a solid
foundation for improving performance in organizations. Also, the application of this model could
enable organizations to translate long-term strategies into operational activities. However, as with
other models, implementation alone cannot guarantee success in organizations. The application of
this model can be useful to managerial structures in making rational decisions, as well as making
decisions based on facts [13]. The primary idea of applying this model is to focus on all areas,
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including all four interrelated perspectives [18]. This model is based on measuring the performance
of the financial perspective and the other three non-financial perspectives [18]. This paper also has
several limitations. First, no empirical research was conducted in a specific area where more sig-
nificant information could be obtained. Therefore, it may be valuable to select variables for a spe-
cific area and context and, in that sense, conduct a comprehensive research. Also, it may be valuable
to conduct a comprehensive research to obtain information on which organizations have imple-
mented this strategic model and what the effects of applying this strategic model are on the possi-
bility of improving performance in organizations. The conclusions are largely based on a literature
analysis, which is why the possibilities for generalizing practical effects are limited. In this regard,
the recommendation is that future directions should be based on empirical research.
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Rad se bavi sagledavanjem medusobnih odnosa Kaizen pristupa i IT resursa u poboljsavanju
kvaliteta procesa u organizaciji. Kaizen se u radu posmatra kao pristup menadzmentu kvaliteta koji
se zasniva na stalnom poboljSanju, usmerenosti na procese, standardizaciji i ukljucivanju zaposlenih
u svakodnevno resavanje problema i trazenje boljih nacina rada. U tom smislu, rad najpre pokazuje
osnovne karakteristike Kaizen pristupa i njegovu povezanost sa konceptom Total Quality Manage-
ment, kao i sa zahtevima standarda ISO 9001. Posebno se ukazuje na znacaj PDCA ciklusa, gemba
pristupa i 5S metodologije, jer oni predstavljaju vaznu osnovu za poboljSavanje procesa u organiza-
ciji. Drugi deo rada usmeren je na IT resurse kao podrsku primeni Kaizen principa. Razmatraju se
BPM alati, QMS softverska reSenja, alati za upravljanje zadacima i radnim tokovima, data i Bl alati,
kao i kolaboracioni alati. Njihova uloga se ogleda u tome sto omogucavaju veéu preglednost procesa,
lakse pracenje rezultata, bolju dokumentovanost aktivnosti i jednostavniju komunikaciju medu uce-
snicima procesa. Cilj rada jeste da pokaze da se kvalitet procesa ne poboljSava samo primenom
odredenih metoda menadzmenta kvaliteta, vec¢ i njihovim povezivanjem sa odgovarajucim IT resur-
sima. Zakljucuje se da IT resursi predstavljaju znacajnu podrsku Kaizen pristupu, jer olaksavaju
pracenje procesa, analizu podataka, standardizaciju aktivnosti i sprovodenje stalnog poboljsanja u
organizacionoj praksi.

The paper examines the relationships between the Kaizen approach and IT resources in impro-
ving process quality within an organization. In the paper, Kaizen is viewed as a quality management
approach based on continuous improvement, process orientation, standardization, and the involve-
ment of employees in everyday problem-solving and in finding better ways of working. In this context,
the paper first presents the main characteristics of the Kaizen approach and its connection with the
concept of Total Quality Management, as well as with the requirements of the ISO 9001 standard.
Special attention is given to the importance of the PDCA cycle, the gemba approach, and the 5S
methodology, as they represent an important basis for process improvement in an organization. The
second part of the paper is focused on IT resources as support for the application of Kaizen prin-
ciples. It discusses BPM tools, QMS software solutions, task and workflow management tools, data
and Bl tools, as well as collaboration tools. Their role is reflected in enabling greater process visi-
bility, easier monitoring of results, better documentation of activities, and simpler communication
among process participants. The aim of the paper is to show that process quality is improved not
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only through the application of certain quality management methods, but also through their
connection with appropriate IT resources. It is concluded that IT resources represent significant
support for the Kaizen approach, as they facilitate process monitoring, data analysis, activity sta-
ndardization, and the implementation of continuous improvement in organizational practice.

1. Uvod

U savremenom poslovanju kvalitet viSe nije nesSto Sto se posmatra izdvojeno, ve¢ predstavlja
sastavni deo svakodnevnog rada organizacije. Upravo iz tog razloga, sve ve¢i znacaj dobijaju pristupi
koji se zasnivaju na kontinuiranom unapredenju. Jedan od najpoznatijih i najce$¢e primenjivanih pri-
stupa te vrste jeste Kaizen. Kaizen podrazumeva stalna, postepena poboljSanja procesa, uz aktivno
ucesce zaposlenih i fokus na nacin na koji se posao zaista obavlja.

U drugom delu rada Kaizen je razmatran kao metod menadzmenta kvaliteta, pri cemu su objas-
njeni njegovi osnovni principi, kao i povezanost sa konceptima kao $to su Total Quality Management
i standard 1SO 9001. Pored toga, analizirana je i uloga PDCA ciklusa, gemba pristupa i 5S metodo-
logije kao prakti¢nih elemenata koji omogucavaju primenu Kaizen filozofije u organizacijama. Ovaj
deo rada daje osnovu za razumevanje kako Kaizen funkcioni$e u praksi, ¢ak 1 bez tehnoloske podrske.

Medutim, savremene organizacije sve vise koriste informacione tehnologije kako bi unapredile
svoje poslovanje. Upravo iz tog razloga, tre¢i deo rada usmeren je na ulogu IT resursa kao podrske
Kaizen pristupu. U ovom delu bi¢e razmatrani razliciti tipovi softverskih alata, kao Sto su BPM alati,
QMS softverska reSenja, alati za upravljanje zadacima i radnim tokovima, data & Bl alati, kao i ko-
laboracioni alati. Svi ovi alati omogucéavaju bolju kontrolu procesa, lakSe pracenje poboljSanja i
jasniju komunikaciju unutar organizacije, Sto je u skladu sa Kaizen principima.

U poslednjem delu rada fokus je na primeni Kaizen pristupa u praksi, sa posebnim osvrtom na
razlike izmedu primene bez IT podrske i primene uz upotrebu savremenih softverskih reSenja. Kroz
prakti¢ne primere bi¢e prikazano kako IT alati mogu da doprinesu vecoj transparentnosti, brzem uo-
Cavanju problema i efikasnijem pracenju unapredenja. Na taj nacin, rad ima za cilj da prikaze stvarnu
ulogu IT resursa u podrsci Kaizen filozofiji i njihov znac¢aj za savremeni menadzment kvaliteta.

2. Kaizen kao metod menadzmenta kvaliteta

Kaizen je veoma vazan pristup u oblasti menadzmenta kvaliteta. Njegova ideja jeste da se una-
prede svi organizacioni procesi, kroz kontinuirane i postepene korake poboljSanja. Za razliku od pri-
stupa koji se oslanjaju na radikalne i promene koje se realizuju ne tako ¢esto, Kaizen podrazumeva
stalno unapredivanje kroz male, inkrementalne korake. Takode, ono $to dodatno karakteriSe ovaj pri-
stup jeste da se u sve procese unapredenja ukljucuju svi zaposleni.

Cilj Kaizen-a je trajno unapredenje performansi procesa, proizvoda i usluga, kao i povecanje
zadovoljstva korisnika. IstraZivanja u oblasti Total Quality Management ukazuju da odrZivi kvalitet
nije rezultat izolovanih inicijativa, ve¢ sistematskog pristupa koji integriSe ljude, procese i tehnologiju
(Dewhurst, Martinez-Lorente & Dale, 1999). Shodno tome, Kaizen moZzemo posmatrati kao mehani-
zam kojim u svakodnevnom poslovanju primenjujemo principe menadzmenta kvaliteta.

Kaizen pre svega naglasava orijentaciju ka procesima. Fokus mu nisu samo rezultati. Ukoliko
posmatramo i Zelimo da uticemo na kvalitet ishoda, prvenstveno je potrebno unaprediti procese koji
dovode do posmatranih ishoda. Ovakvo procesno usmerenje u skladu je sa savremenim standardima
kvaliteta i modelima kao Sto su ISO 9001 i Total Quality Management. Konkretno, ovi modeli
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govore koliko je vazno definisanje, pracenje i kontinuirano poboljSanje procesa. Shodno tome, Ka-
izen deluje kao spona izmedu teorijskih principa menadzmenta kvaliteta i njihove prakti¢ne pri-
mene u organizaciji.

Posebna vrednost Kaizen-a se ogleda u usmerenosti na ljudski faktor, $to nije bio slu¢aj kada
su u pitanju tradicionalni pristupi. To prakti¢no znaci da ovaj pristup podstice aktivno ucesce svih
zaposlenih. Ovo doprinosi razvoju kulture kvaliteta, organizacionog ucenja i kolektivne odgovornosti
za unapredenje. Prema Gunasekaran, Arunachalam i Arunachalam (2009), integracija znanja zapo-
slenih, procesa i tehnoloske podrske predstavlja klju¢ni preduslov za smanjenje jaza izmedu oceki-
vanja korisnika i stvarnih isporuka.

U savremenim organizacijama, koje karakteriSu dinami¢ne promene 1 ogromna slozenost pro-
cesa, Kaizen dobija poseban znacaj. Tradicionalni oblici primene Kaizen-a se dopunjavaju informa-
cionim tehnologijama i softverskim reSenjima. Ovakav nac¢in rada omogucava sistemati¢nije prikup-
ljanje podataka, kao i1 brzu analizu problema 1 efikasnije pracenje poboljSanja. Na taj nacin, Kaizen
mozemo posmatrati kao fleksibilan i prilagodljiv metod. Jednostavno, ovaj pristup pruza spremnost
da se odgovori na zahteve organizacija.

Sagledan u celini, Kaizen se ne fokusira samo na pojedine tehnike i alate. On spaja strategiju,
procese i ljude u cilju unapredenja organizacionih performansi. Upravo zbog toga, Kaizen se posma-
tra kao neophodan element uspesne primene sistema menadZzmenta kvaliteta.

2.1. Osnovni principi Kaizena

Kaizen se ne moze posmatrati isklju¢ivo kao skup tehnika ili alata. Drugim recima, on nije
samo metodologija koja se primenjuje kada se pojavi problem. Naprotiv. Kaizen predstavlja sistem
principa koji usmeravaju nacin razmisljanja i ponasanje organizacije ka trajnom i odrzivom unapre-
denju. U sustini, Kaizen polazi od jednostavne ideje. Kvalitet se ne gradi odjednom.

Osnovna polazna tacka Kaizen pristupa jeste uverenje da se kvalitet ne postiZze jednokratnim
intervencijama. Odnosno, nije dovoljno uvesti jednu promenu i o¢ekivati trajne rezultate. Kvalitet se
gradi postepeno. Korak po korak. To, zapravo, znac¢i da se poboljSanje ostvaruje kroz kontinuirano
unapredivanje nacina na koji se rad odvija u svakodnevnoj praksi.

Ovi principi, u osnovi, predstavljaju temelj na kome se grade konkretne metode i modeli me-
nadZmenta kvaliteta. Konkretno, na njima se zasnivaju pristupi kao $to su Total Quality Management
i standardi poput ISO 9001. Vredi istac¢i da Kaizen nije izdvojen koncept. On se moze posmatrati kao
prakti¢na podrska ovim modelima. U tom smislu, Kaizen omogucava da se teorijski principi kvaliteta
zaista primene u svakodnevnom poslovanju.

Jedan od kljuénih principa Kaizen pristupa jeste orijentacija na procese. Drugim re¢ima, fokus
nije samo na kona¢nim rezultatima. Za razliku od tradicionalnih pristupa, koji su usmereni prevas-
hodno na ishode, Kaizen polazi od toga da su rezultati direktna posledica na¢ina na koji se procesi
izvode (Imai, 1986). Jednostavnije receno, ako procesi nisu dobri, ni rezultati ne mogu biti dobri.
Upravo tu lezi logika Kaizen filozofije.

U tom kontekstu, unapredenje kvaliteta podrazumeva detaljno razumevanje postojecih procesa.
Pored toga, neophodno je njihovo kontinuirano pracenje i otklanjanje uzroka neefikasnosti, varijacija
i gresaka. U praksi, to zna¢i stalno postavljanje pitanja: ,,Sta moZe bolje, jednostavnije ili efikasnije?.
S tim u vezi, ovaj princip je u potpunosti uskladen sa procesnim pristupom savremenih sistema me-
nadZmenta kvaliteta, koji upravljanje organizacijom zasnivaju na identifikaciji, merenju i unaprede-
nju medusobno povezanih procesa (Gunasekaran, Arunachalam & Arunachalam, 2009).

Drugi vazan princip Kaizen filozofije odnosi se na kontinuitet poboljSanja. Kaizen, dakle, ne
podrazumeva velike i povremene promene. Ipak, pri tome ne treba zanemariti da se upravo kroz niz
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malih pobolj$anja vremenom postizu znacajni rezultati. Sto prakti¢no znaéi da se efekti Kaizen-a ne
vide uvek odmah. Ali se akumuliraju. Upravo iz tog razloga, ovaj pristup ima poseban znacaj u savre-
menom poslovnom okruzenju.

U savremenim organizacijama, koje funkcioniSu u uslovima stalnih promena, sposobnost pri-
lagodavanja postaje klju¢na. U tom smislu, Kaizen nudi realan i odrziv okvir za unapredenje. Kao
posledica toga, kontinuirano poboljSanje se pokazuje kao efikasniji pristup od kratkoroc¢nih i radikal-
nih intervencija. Istrazivanja u oblasti menadzmenta kvaliteta upravo na to ukazuju, posebno kada je
re¢ o dugoro¢no odrzivim rezultatima (Dewhurst, Martinez-Lorente & Dale, 1999).

Posebno je vazno ista¢i da Kaizen znacajan akcenat stavlja na ljudski faktor. Za razliku od
hijerarhijskih modela, u kojima se inicijative za promene donose isklju¢ivo na vrhu organizacije,
Kaizen polazi od drugacije logike. Drugim re¢ima, znanje i iskustvo zaposlenih koji su direktno u-
kljueni u procese smatraju se klju¢nim resursom. U praksi, upravo ti zaposleni najbolje poznaju
probleme u svakodnevnom radu. Upravo tu nastaju najkorisniji predlozi za poboljsanje.

Ovakav pristup, u sustini, doprinosi razvoju kulture kvaliteta. Dodatno, on uti¢e na povecanje
motivacije i ose¢aja odgovornosti kod zaposlenih. Prema TISIT modelu, integracija ljudskog faktora,
procesa i tehnoloske podrske predstavlja klju¢ni preduslov za smanjenje jaza izmedu ocekivanja ko-
risnika i stvarnih isporuka (Gunasekaran et al., 2009). Samim tim, Kaizen se ne moze posmatrati
odvojeno od Sireg organizacionog i tehnoloSkog konteksta.

Sledeci znacajan princip Kaizen pristupa odnosi se na standardizaciju. Iako se Kaizen Cesto
povezuje sa promenama, ipak treba naglasiti da on insistira i na stabilnosti. PoboljSanje je moguce
samo ako postoji jasno definisano ,,normalno stanje* procesa. To, jednostavno, sluZi kao osnova za
uocavanje odstupanja. Nakon uvodenja poboljsanja, novi nacin rada se standardizuje. Na taj nacin se
obezbeduje kontinuitet i sprecava povratak na stare navike.

Jos jedan vazan princip Kaizen filozofije jeste donosenje odluka na osnovu €injenica i podataka.
Drugim rec¢ima, intuicija sama po sebi nije dovoljna. Fokus je na prikupljanju i analizi relevantnih
podataka. U praksi, to omogucava jasnije sagledavanje problema i realniju procenu efekata uvedenih
poboljsanja. Sa razvojem informacionih tehnologija, ovaj princip dobija dodatni znacaj.

Kao rezultat toga, organizacije danas imaju moguénost da prate performanse procesa gotovo u
realnom vremenu. Posledi¢no, povezivanje Kaizen principa sa tehnoloskom podrSkom predstavlja
vazan preduslov za uspesnu primenu kontinuiranog unapredenja u slozenim organizacionim siste-
mima (Dewhurst et al., 1999).

2.2. Kaizen u kontekstu 1SO 9001/ TQM

Nakon razmatranja osnovnih elemenata Kaizen filozofije, prirodan nastavak analize se odnosi
na njegovo pozicioniranje i vezu sa menadzmentom kvaliteta. Ova filozofija se Cesto srec¢e povezana
sa konceptima kao $to je Total Quality Management kao i ISO 9001. Pre svega, vazno je hapomenuti
da se Kaizen kao filozofija, tj. kao koncept, ne posmatra zasebno kao izolovana filozofija, ve¢ kao
pristup koji je povezan i kompatibilan sa osnovnim elementima TQM-a i zahtevima standarda kvali-
teta. Drugim re¢ima, ovim pristupom se predstavlja na¢in na koji se principi TQM-a i ISO 9001
,»0ZIvljavaju* u svakodnevnom radu (Imai, 1986). Prema Imai-ju, TQM predstavlja neki vid podrske
Kazen pristupu, tako Sto pomaze u svim sferama poslovanja. On je razvijen kako bi pomogao me-
nadzmentu da postane profitabilniji i konkurentniji (Imai, 1986). U tom kontekstu, Total Quality Ma-
nagement se moze posmatrati kao Siri okvir unutar kog Kaizen ima svoju jasnu ulogu. TQM pociva
na ideji da je kvalitet rezultat zajedni¢kog delovanja cele organizacije, a ne samo pojedina¢nih ode-
ljenja ili funkcija. To, prakti¢no znaci da kvalitet nije nesSto Sto se analizira na kraju procesa, ve¢ nesto
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Sto se gradi tokom celokupnog rada. Upravo zbog toga, Kaizen se nadovezuje na TQM, jer insistira
na stalnom unapredenju procesa i na¢ina rada, korak po korak (Imai, 1986).

Drugim re¢ima, Kaizen omogucava da se TQM ne svede samo na skup pravila ili smernica, ve¢
da zazivi u svakodnevnoj praksi. U praksi, to znac¢i da se zaposleni ohrabruju da uoc¢avaju probleme,
da predlazu poboljsanja i da aktivno ucestvuju u unapredenju procesa. Konkretno tu se vidi jasna
povezanost izmedu Kaizen filozofije i TQM pristupa. Oba pristupa naglaSavaju ulogu ljudi, timskog
rada i kontinuiranog poboljsanja kao klju¢nih elemenata.

Sa druge strane, 1SO 9001 predstavlja formalni standard koji definiSe zahteve za sistem me-
nadzmenta kvaliteta. On propisuje Sta organizacija treba da ima uspostavljeno kako bi sistem kvaliteta
bio efikasan. Medutim, on ne ulazi detaljno u to na koji nacin ¢e se ti zahtevi sprovoditi u praksi.
Upravo iz tog razloga, Kaizen se Cesto koristi kao pristup koji pomaze organizacijama da zahteve
ISO 9001 primene na konkretan 1 prakti¢an nacin. Jednostavnije re¢eno, ISO 9001 daje okvir, dok
Kaizen nudi nacin da se taj okvir ispuni i odrZava.

Takode, ISO 9001 i Kaizen stavljaju akcenat i na procesni pristup. U oba slucaja, rezultati se
ne posmatraju izolovano. Rezultati se posmatraju kao posledica nacina na koji su procesi organizo-
vani i kako se njima upravlja. Shodno tome, Kaizen podstice organizacije da stalno preispituju posto-
jece procese. Bitno je uociti gde postoji prostor za poboljSanje i da se postepeno uvode promene. To,
zapravo, znaci da se kontinuirano unapredenje ne deSava sporadi¢no. Unapredenje postaje deo uobi-
¢ajenog nacina rada. Ova ideja je dodatno razradena u knjizi Gemba Kaizen, gde Imai naglaSava da
se unapredenje kvaliteta mora deSavati tamo gde se rad zaista odvija, odnosno u gemba-i (Imai, 2012).
Prema ovom pristupu, TQM i Kaizen ne bi trebalo da ostanu samo na nivou procedura i dokumenta-
cije. Oni treba da budu prisutni u svakodnevnim aktivnostima zaposlenih. Drugim recima, kvalitet se
ne gradi u kancelarijama kroz papire, ve¢ u procesima u kojima se stvara vrednost.

Pored toga, Gemba Kaizen isti¢e znacaj standardizacije kao vaznog koraka u kontinuiranom
unapredenju. lako Kaizen podrazumeva promene, one ne treba da budu haoti¢ne ili privremene.
Naprotiv, nakon uvodenja pobolj$anja, novi nacin rada treba da postane standard, $to je u potpunosti
u skladu sa zahtevima 1SO 9001 (Imai, 2012). Upravo iz tog razloga, Kaizen i ISO 9001 se ne mogu
posmatrati kao suprotstavljeni, ve¢ kao medusobno povezani pristupi.

Istrazivanja koja se bave odnosom TQM-a i informacionih tehnologija ukazuju da se najbolji
rezultati postizu onda kada je kontinuirano unapredenje deo sistemskog 1 integrisanog pristupa uprav-
ljanju kvalitetom (Dewhurst, Martinez-Lorente & Dale, 1999). To znaci da izolovane aktivnosti, koje
nisu povezane sa celokupnim sistemom, imaju ograni¢en domet. Stoga, Kaizen ima ulogu da pove-
zuje razlicite aktivnosti i omoguci da unapredenje kvaliteta bude kontinuirano i usaglaseno sa cilje-
vima organizacije. Ova povezanost Kaizen pristupa, TQM-a i tehnoloske podrske dodatno je prika-
zana u TISIT modelu, koji integriSe principe menadZmenta kvaliteta sa informacionim tehnologijama
(Gunasekaran, Arunachalam & Arunachalam, 2009). U okviru ovog modela, kontinuirano unaprede-
nje se posmatra kao proces smanjenja jaza izmedu oéekivanja korisnika, definisanih procesa i ostva-
renih rezultata. U tom smislu, Kaizen predstavlja konceptualnu osnovu koja omogucava da TQM 1
ISO 9001 budu primenjeni na fleksibilan i praktican nacin, uz podrsku savremenih informacionih
tehnologija.

2.3. Veza Kaizena i PDCA ciklusa

Kada se govori o Kaizen pristupu, PDCA ciklus se gotovo uvek pominje kao njegov sastavni
deo. U praksi, ova dva pojma se toliko Cesto koriste zajedno da se ponekad stice utisak da je re¢ o
istoj stvari. Medutim, iako su blisko povezani, njihova uloga nije ista. Kaizen predstavlja nacin
razmisljanja i odnos prema unapredenju, dok PDCA ciklus daje jasnu strukturu i redosled koraka kroz
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koje se to unapredenje sprovodi. Drugim recima, Kaizen odgovara na pitanje ,,zasto stalno poboljsa-
vamo“, a PDCA na pitanje ,,kako to konkretno radimo*““(Filipovi¢ & DPuri¢, 2009).

PDCA ciklus se sastoji od Cetiri faze: Plan, Do, Check i Act. Ove faze se ponavljaju i1 ¢ine
zatvoren krug, $to je u potpunosti u skladu sa Kaizen idejom da unapredenje nikada nije jednokratan
dogadaj. U sustini, svaki zavrSeni ciklus predstavlja polaznu osnovu za slede¢i. Upravo tu se vidi
jasna veza sa Kaizen filozofijom, jer se poboljSanje ne posmatra kao krajnji cilj, ve¢ kao kontinuiran
proces (Hasan & Hossain 2018).

U fazi Plan identifikuju se problemi, definiSu ciljevi i planiraju mere za unapredenje. Ova faza
je posebno znacajna jer podrazumeva analizu postojecih procesa i trazenje uzroka problema. U tom
smislu, Kaizen pristup podstic¢e da se paznja usmeri na nacin rada, a ne samo na rezultate. Jednostav-
nije re¢eno, ne trazi se ko je pogresio, ve¢ Sta u procesu moze da se uradi bolje. Ova logika je posebno
naglaSena u radovima koji se bave primenom PDCA ciklusa u kontinuiranom unapredenju kvaliteta,
gde se isti¢e znacaj sistemati¢nog planiranja kao osnove za uspesne promene.

Faza Do odnosi se na sprovodenje planiranih mera u praksi. U ovom koraku, pobolj$anja se
najcesc¢e uvode u ograni¢enom obimu, kako bi se smanjili rizici i omogucilo lakSe prilagodavanje.
Upravo ovaj pristup je u skladu sa Kaizen filozofijom malih i postepenih promena. U praksi, to znaci
da se ne menja sve odjednom, ve¢ se korak po korak testiraju nova reSenja. Ovakva primena PDCA
ciklusa posebno je zastupljena u softverskim i IT okruzenjima, gde se poboljSanja ¢esto uvode itera-
tivno, kroz viSe manjih koraka (Sahu & Sahu, 2018).

Faza Check ima zadatak da pokaZe da li su uvedene mere zaista dovele do poboljSanja. U ovoj
fazi se prikupljaju podaci, prate rezultati i uporeduju sa planiranim ciljevima. Ovo je trenutak kada
se Kaizen princip donosenja odluka na osnovu ¢injenica najjasnije ispoljava. Istrazivanja pokazuju
da bez sistemati¢ne provere i merenja efekata, poboljSanja ostaju na nivou pretpostavki i liénog utiska
(Isniah et al., 2019). Upravo iz tog razloga, PDCA ciklus predstavlja vazan alat koji omogucéava da
Kaizen aktivnosti budu merljive i proverljive.

Poslednja faza, Act, odnosi se na donoSenje odluka na osnovu rezultata provere. Ukoliko se
pokaze da su poboljSanja dala pozitivne rezultate, novi nacin rada se standardizuje 1 primenjuje u
Sirem obimu. U suprotnom, preduzimaju se korektivne mere i ciklus pocinje iznova. To, zapravo,
znacCi da PDCA ciklus nikada nije ,,zatvoren®, ve¢ da svaka faza vodi ka novom krugu unapredenja.
Ova logika je u potpunosti u skladu sa Kaizen pristupom, koji kontinuirano unapredenje posmatra
kao trajan proces.

Veza izmedu Kaizen pristupa i PDCA ciklusa posebno je izrazena u kontekstu TQM-a i primene
informacionih tehnologija. Radovi koji analiziraju uticaj IT-a na TQM ukazuju da PDCA ciklus, uz
adekvatnu tehnolosku podrsku, omoguéava lakse pracenje procesa, prikupljanje podataka i analizu
rezultata (Dewhurst et al., 2001). U tom smislu, Kaizen obezbeduje kulturoloSku i organizacionu
osnovu za kontinuirano unapredenje, dok PDCA predstavlja prakti¢ni mehanizam kroz koji se ta po-
boljsanja realizuju.

U praksi, ovo znaci da Kaizen i PDCA ne funkcioni$u odvojeno, ve¢ kao medusobno povezani
elementi sistema menadzmenta kvaliteta. Kaizen stvara okvir u kome je unapredenje pozeljno i oce-
kivano, dok PDCA obezbeduje strukturu koja omogucava da se to unapredenje sprovodi na organi-
zovan 1 kontrolisan nacin. Upravo tu se moze uociti njihova najveca vrednost, posebno u savremenim
organizacijama koje teZe sistematicnom i odrzivom unapredenju kvaliteta.

Sledeca slika vizuelno prikazuje PDCA ciklus.
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2.4. Gemba i menadzment

Pojam gemba ima posebno mesto u okviru Kaizen filozofije i predstavlja jedan od kljucnih
elemenata za razumevanje uloge menadzmenta u kontinuiranom unapredenju. U najjednostavnijem
smislu, gemba oznacava mesto gde se stvara vrednost, odnosno gde se poslovni procesi zaista odvi-
jaju. Upravo ovim se problemi, ali i mogucnosti za poboljSanje, najbolje uocavaju upravo na samom
mestu rada, a ne kroz izvestaje ili formalnu dokumentaciju (Imai, 2012).

Pre svega, vazno je ista¢i da Gemba Kaizen poseban akcenat stavlja na ulogu menadzmenta u
procesu unapredenja. Prema Imai-ju, zadatak menadZzmenta nije samo da planira, organizuje i kon-
troliSe, vec i da bude prisutan u gemba-i i da aktivno ucestvuje u razumevanju procesa (Imai, 2012).
Drugim rec¢ima, menadzment ne bi trebalo da donosi odluke isklju¢ivo na osnovu indikatora i izves-
taja, ve¢ na osnovu stvarnog uvida u nacin na koji se rad obavlja. Upravo tu se pravi razlika izmedu
formalnog i stvarnog upravljanja. U tom kontekstu, gemba pristup menja tradicionalnu ulogu me-
nadZmenta.

Umesto da se fokusira isklju¢ivo na rezultate, menadzment se usmerava na procese. U sustini,
ako su procesi dobro definisani i unapredivani, rezultati ¢e biti posledica toga. Ova logika je u potpu-
nosti u skladu sa Kaizen filozofijom i principima TQM-a, koji naglaSavaju procesni pristup kao
osnovu upravljanja kvalitetom (Imai, 2012).

Pored toga, Gemba Kaizen istice da je jedan od klju¢nih zadataka menadZzmenta da podrzi za-
poslene u unapredenju procesa. To znaci da menadzment treba da stvori okruzenje u kome su predlozi
za poboljSanje pozeljni i ohrabreni. U praksi, to podrazumeva otvorenu komunikaciju, spremnost da
se problemi sagledaju bez trazenja krivice i fokus na zajednicko reSavanje problema. Ovaj pristup je
u direktnoj vezi sa Kaizen idejom da svi zaposleni mogu i treba da ucestvuju u kontinuiranom una-
predenju (Imai, 1997). Sa druge strane, pri tome ne treba zanemariti da gemba pristup zahteva odre-
denu disciplinu i jasnu strukturu. Imai naglasava da poboljSanja koja nastaju u gemba-i moraju biti
podrzana standardima, kako bi bila odrziva (Imai, 2012). To zna¢i da uloga menadZzmenta nije samo
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da inicira promene, ve¢ 1 da obezbedi njihovu standardizaciju 1 doslednu primenu. Upravo u tom
smislu, gemba i menadzment nisu suprotstavljeni, ve¢ medusobno zavisni.

U okviru sistema menadzmenta kvaliteta, ovaj pristup ima poseban znacaj. TQM polazi od
pretpostavke da se kvalitet gradi kroz svakodnevne aktivnosti i procese, a ne samo kroz formalne
kontrole. Gemba Kaizen dodatno pojac¢ava ovu ideju, jer naglasava da menadzment mora biti prisutan
tamo gde se ti procesi odvijaju. U tom smislu, gemba predstavlja prostor u kome se TQM principi
sprovode u praksi, a ne samo na nivou strategije ili dokumentacije (Imai, 2012).

Pored toga, istrazivanja u oblasti TQM-a ukazuju da je uloga menadzmenta klju¢na za uspeh
sistema kvaliteta, posebno kada je re¢ o kontinuiranom unapredenju (Dewhurst, Martinez-Lorente &
Dale, 1999). U tom kontekstu, gemba pristup omoguc¢ava menadzmentu da bolje razume uzroke pro-
blema i da donese informisanije odluke. Jednostavnije reCeno, menadzment koji poznaje procese iz
prakse ima vecu sposobnost da podrzi realna i odrziva poboljSanja. Veza izmedu gemba pristupa i me-
nadZmenta postaje jo§ znacajnija u uslovima primene informacionih tehnologija. lako IT sistemi omo-
gucavaju pracenje podataka i performansi, Dewhurst i saradnici (1999) isti¢u da tehnologija sama po
sebi nije dovoljna. U tom smislu, gemba pristup dopunjuje tehnolosku podrsku, jer omoguéava me-
nadzmentu da podatke sagleda u kontekstu stvarnih procesa. To, prakti¢no, znaci da se odluke ne do-
nose samo na osnovu brojeva, ve¢ i na osnovu razumevanja realnog nacina rada. Iz navedenog proizilazi
da gemba predstavlja klju¢nu tatku povezivanja Kaizen filozofije i uloge menadzmenta u sistemu kva-
liteta. Gemba Kaizen pokazuje da kontinuirano unapredenje nije mogucée bez aktivnog uceSca me-
nadzmenta u procesima, ali ni bez ukljucivanja zaposlenih koji u tim procesima ucestvuju. Upravo ta
interakcija izmedu menadzmenta, zaposlenih i1 procesa ¢ini osnovu odrzivog unapredenja kvaliteta.

Jos jedan vazan element u okviru gemba-e, jeste ,,Gemba kuca“. Nju je u svojoj knjizi iz 1986.
godine Imai prikazao, Zele¢i da predstavi sve elemente i aktivnosti koji su ukljuceni u kompanijama
koje proizvode kvalitetne proizvode ili usluge a koje se na vreme isporu¢uju zadovoljnim korisnicima
po razuminim cenama. Takode, vazno je napomenuti da se ti korisnici vra¢aju i ostaju verni kompa-
nijama. Graficki prikaz predstavljen je na narednoj slici.

- - |Uprvljanje
valteR L | vima | logistike

bezbadnost
Operacije - . Proizvodi
A pslenih Informacija Cprema materijali
Stendardizacija
38 (dobro SHicenje)

Eliminarija musdz

Timskd rad i
vizelni
menadoment

Poboljsanje morzla Suzestye
QC kmugovi sampediscipline

Kucéa gemba menadzmenta (Imai, 1986)

2.5. Organizacija radnog prostora — 5S

izen pristupa. Upravo iz tog razloga, 5S metodologija se ¢esto smatra polaznom tackom za uvodenje
Kaizen filozofije u praksu. U sustini, 5S ne predstavlja samo tehniku uredenja prostora, ve¢ nacin
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razmisljanja koji uti¢e na ponasanje zaposlenih, disciplinu u radu 1 odnos prema procesima. Drugim
reCima, kroz ureden i organizovan radni prostor stvaraju se uslovi za kontinuirano unapredenje.

Pre svega, vazno je istaci da 5S potice iz japanske prakse i da je direktno povezan sa gemba
pristupom, odnosno sa mestom gde se rad zaista odvija. Prema Imai-ju, gemba je prostor u kome se
mogu uociti stvarni problemi, ali i gde se mogu napraviti prvi koraci ka njihovom reSavanju (Imai,
2012). Upravo tu 5S dobija svoju punu ulogu, jer omogucava da se radno okruzenje ucini preglednim,
bezbednim i funkcionalnim. To znaci da se problemi ne skrivaju, ve¢ postaju vidljivi. Metodologija
5S obuhvata pet koraka: Seiri, Seiton, Seiso, Seiketsu i Shitsuke. lako se ovi pojmovi Cesto prevode
kao sortiranje, uredenje, ¢iS¢enje, standardizacija i disciplina, suStina 5S pristupa nije samo u fizic-
kom uredenju prostora. Naprotiv, Imai naglaSava da 5S predstavlja osnovu za razvoj discipline i
odgovornosti zaposlenih, §to je klju¢no za dugoro¢nu primenu Kaizen filozofije (Imai, 2012).

Prvi korak, Seiri, odnosi se na uklanjanje svega Sto nije neophodno za obavljanje posla. U
praksi, to znaci razdvajanje potrebnog od nepotrebnog i eliminisanje suvisnih predmeta koji optere-
¢uju radni prostor. Ovaj korak je posebno znacajan jer omogucava da se fokus usmeri na ono Sto je
zaista vazno za proces. Drugim re¢ima, manje nereda znaci vise jasnoce. Upravo iz tog razloga, Seiri
se ¢esto posmatra kao prvi korak ka unapredenju procesa.

Drugi korak, Seiton, podrazumeva sistemati¢no uredenje onoga Sto je ostalo nakon sortiranja.
Cilj je da svaki predmet ima svoje mesto i da bude lako dostupan kada je potreban. U tom smislu,
Seiton doprinosi smanjenju gubitaka vremena i nepotrebnih pokreta, $to je jedan od osnovnih ciljeva
Kaizen pristupa. U praksi, ovo moze znaciti jasno oznacavanje radnih zona, alata ili dokumentacije,
¢ime se radni procesi ¢ine efikasnijim 1 preglednijim (Imai, 2012).

Korak Seiso odnosi se na odrZavanje Cisto¢e radnog prostora. Medutim, u Gemba Kaizen se
naglagava da ¢iéenje nije samo pitanje higijene, veé i nadin za otkrivanje problema. Cist radni prostor
omogucava da se lakSe uoce nepravilnosti, kvarovi ili odstupanja u procesu. To, zapravo, znaci da
Seiso doprinosi preventivhom pristupu i smanjenju mogucnosti za nastanak greSaka.

Naredni korak, Seiketsu, odnosi se na standardizaciju prethodna tri koraka. Upravo ovde se 5S
direktno povezuje sa sistemima menadZzmenta kvaliteta, kao Sto su TQM i ISO 9001. Standardizacija
omogucava da se uredeni nacini rada odrze tokom vremena i da ne zavise od pojedinaca. U tom
smislu, Seiketsu predstavlja vaznu vezu izmedu 5S metodologije 1 formalnih sistema kvaliteta, jer
obezbeduje doslednost i stabilnost procesa (Imai, 2012).

Poslednji korak, Shitsuke, odnosi se na razvoj discipline i navika koje omogucavaju da se 5S
odrzi na dugi rok. Ovaj korak je, prema Imai-ju, i najzahtevniji, jer podrazumeva promenu ponasanja
i nacina razmisljanja zaposlenih (Imai, 2012). U sustini, bez Shitsuke-a, 5S ostaje kratkoro¢na inici-
jativa. Sa Shitsuke-om, on postaje deo organizacione kulture. Upravo tu se vidi jasna veza izmedu 5S
i Kaizen filozofije.

Pored toga, organizacija radnog prostora kroz 5S ima znacajnu ulogu u kontekstu TQM-a. Istra-
zivanja u oblasti menadzmenta kvaliteta ukazuju da uredeni i standardizovani procesi predstavljaju
osnovu za efikasno merenje i unapredenje kvaliteta (Dewhurst, Martinez-Lorente & Dale, 1999). U
tom smislu, 5S se moze posmatrati kao prakti¢an alat koji omogucéava primenu TQM principa na
nivou svakodnevnog rada.

Iz navedenog proizilazi da 5S nije samo tehnika uredenja radnog prostora, ve¢ vazan element
Kaizen pristupa koji povezuje gemba, menadzment i sisteme kvaliteta. Upravo kroz 5S organizacije
stvaraju osnovu za kontinuirano unapredenje, jer ureden prostor omogucava uocavanje problema,
primenu standarda i razvoj discipline u radu. To, zapravo, znac¢i da bez 5S nije mogucée govoriti o
stabilnoj i odrZivoj primeni Kaizen filozofije u praksi.
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2.6. Prikaz Kaizen studije

Da bi se Kaizen pristup Sto bolje razumeo u praksi, korisno je prikazati konkretan primer nje-
gove primene. Jedna od ¢esto navodenih 1 veoma ilustrativnih studija slucaja opisana je u knjizi Ka-
izen: The Key to Japan’s Competitive Success i odnosi se na skra¢ivanje vremena ¢ekanja korisnika
prilikom telefonskog kontakta sa bankom (Imai, 1986). Ova studija je posebno znacajna jer na jed-
nostavan nacin pokazuje kako Kaizen funkcioniSe u realnom poslovnom okruzenju i kako se prime-
njuje kroz male, ali sistemati¢ne korake.

Problem koji je inicirao Kaizen aktivnosti u ovoj studiji odnosio se na rad telefonske recepcije
u glavnoj kancelariji velike banke. Kancelarija je primala u proseku oko 500 korisni¢kih poziva
dnevno, a interna analiza je pokazala da su korisnici postajali nervozni ukoliko je telefon zvonio viSe
od pet puta pre nego Sto bi se neko javio. U takvim situacijama, deo korisnika je ¢ak odustajao od
daljeg pozivanja. Istrazivanja su takode ukazala da brz odgovor, nakon jednog ili dva zvona, znacajno
utiCe na smirivanje korisnika i na njihovu spremnost za saradnju tokom razgovora. Upravo iz tog
razloga, telefonska recepcija je prepoznata kao kriticna taka u procesu komunikacije sa korisnicima
I kao pogodna tema za Kaizen projekat. Nakon izbora teme, zaposleni su pristupili analizi postojeceg
stanja, oslanjajuci se na princip gemba, odnosno posmatranje stvarnog mesta gde se problem javlja.
Analizirane su tipi¢ne situacije u kojima korisnici moraju da ¢ekaju, kao $to su slucajevi kada operator
ve¢ razgovara sa jednim korisnikom dok u isto vreme pristize novi poziv, ili kada poziv ne moze
odmah da bude prosleden odgovaraju¢em primaocu. Ovakve situacije su graficki prikazane kroz Semu
toka poziva, koja jasno pokazuje zasto dolazi do ¢ekanja.

8 ]
Primalac
|:{> Operater :{> poziva

,, Zasto korisnici moraju da cekaju“ (Imai, 1986)

Kako bi se dublje razumeli uzroci problema, formiran je QC krug koji je sproveo analizu uzroka
koriS¢enjem brainstorming tehnike i Ishikawa dijagrama. Identifikovani su razliciti potencijalni
uzroci ¢ekanja, koji su se odnosili na korisnike, operatore, organizaciju rada i sam sistem telefonske
recepcije. Ova analiza je omogucila da se problem sagleda sistemski, a ne samo sa jedne strane.

| Primalar poziva mije prisatan | | Ziztem rada operatera J
Od=rtan RInostvn
Van > «— Pz z *—— pelafonsich
pelarije Nije P & pozive
4—— radnim e 44— Odsumn
stolom Primorava
koriznike na
2 e pzvedi ime odeljenja nit Celamje
TazgmER ime primaaca poziva Ne stz
e EPuf_"n;a da Wedostatak kgrrinjkmt ponka
Upatme stxli oy Medostatak znanja Treba nTu Enog wTemena
zalbe P P ovime kempanid € 2 objasni Iokaci: fliale
[ e | | Opera |

ISikava dijagram (,, Zasto su korisnici primorani da cekaju ‘) (Imai, 1986)
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Naredni korak u Kaizen pristupu podrazumevao je prikupljanje konkretnih podataka. Zaposleni
su tokom dvanaest dana popunjavali kontrolne obrasce u kojima su belezeni pozivi koji su cekali vise
od pet zvona, kao i razlozi zbog kojih do ¢ekanja dolazi. Analiza prikupljenih podataka pokazala je
da je jedan uzrok znacajno dominirao u odnosu na ostale, a to je situacija u kojoj je samo jedan
operator bio prisutan na radnom mestu, dok je drugi bio van kancelarije. Ovaj uzrok je zabelezen cak
172 puta, §to ga je izdvojilo kao kriti¢an faktor koji najviSe doprinosi problemu ¢ekanja korisnika.

Razlozi zasto korisnici moraju da cekaju (Imai, 1986)

Razlozi zasto korisnici moraju da ¢ekaju Dnevni prosek | Ukupan broj

A Jedan operater (kolega van kancelarije) 14,3 172
B Primalac poziva nije prisutan 6,1 73
C U odeljenju nema operatera koji bi primio poziv 51 61
D Korisnik nije naveo odeljenje ni ime primaoca poziva 1,6 19
E Pitanje o lokaciji filijale 1,3 16
F Ostali razlozi 0,8 10

Ukupno 29,2 351

Period: 12 dana, od 4. do 16.6.1980
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100%
80%
60%
40%
20%

0%
A B U A E o

Razlozi zasto korisnici moraju da cekaju - Pareto dijagram (Imai, 1986)

Na osnovu dobijenih rezultata, definisan je jasan i merljiv cilj Kaizen aktivnosti, a to je da se
vreme Cekanja korisnika svede na nulu, odnosno da se na sve dolazne pozive odgovara $to je brze
moguce, bez izazivanja neprijatnosti kod korisnika. Ovaj cilj je formulisan jednostavno i razumljivo,
Sto je u skladu sa Kaizen filozofijom i njenim fokusom na prakti¢na poboljsanja.

U skladu sa postavljenim ciljem, uvedene su mere koje nisu zahtevale velike investicije, ve¢ su
se zasnivale na boljoj organizaciji rada. Pre svega, promenjen je sistem pauza za rucak tako da u
svakom trenutku na radnom mestu budu prisutna najmanje dva operatera. Pored toga, uvedeno je
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pravilo da svi zaposleni ostavljaju poruku ukoliko napuste radno mesto, kako bi operatori znali gde
da proslede poziv. Takode je sastavljen imenik zaposlenih sa preciznim opisom poslova koje obav-
ljaju, $to je olaksalo operatorima da brze i tanije usmeravaju dolazne pozive. Ove mere predstavljaju
tipi¢an primer Kaizen pristupa, gde se kroz male i konkretne promene postizu znac¢ajna poboljSanja.

Nakon primene predlozenih mera, izvrSseno je ponovno merenje rezultata. Podaci su pokazali
znac¢ajno smanjenje broja poziva koji su ¢ekali, pri ¢emu je dominantni uzrok ¢ekanja gotovo elimi-
nisan. lako ¢ekanje nije u potpunosti svedeno na nulu, postignuto je jasno i merljivo poboljSanje u
odnosu na pocetno stanje.

QC efekti (poredenje pre i posle QC) (Imai, 1986)

Razlozi zasto korisnici moraju da ¢ekaju Dnevni prosek | Ukupan broj
Pre | Posle Pre | Posle
A Jedan operater (kolega van kancelarije) 143|111 172 |15
B Primalac poziva nije prisutan 6,114 73|17
C U odeljenju nema operatera koji bi primio poziv 51|17 61|20
D Korisnik nije naveo odeljenje ni ime primaoca poziva 1,6]0,3 19 |4
E Pitanje o lokaciji filijale 1,3]0,2 163
F Ostali razlozi 0,8]0 10]0
Ukupno| 29,2|4,8 35159
Period: 12 dana, od 17. do 30.10.1980
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QC efekti — Pareto dijagram (Imai, 1986)

Ova studija slucaja jasno pokazuje kako Kaizen izgleda u praksi i kako se primenjuje u okviru
konkretnog projekta. Problem se identifikuje na mestu gde nastaje, analizira se uz pomoc¢ jednostav-
nih alata, donose se mere koje su izvodljive i ekonomic¢ne, a zatim se njihovi efekti proveravaju kroz
ponovno merenje. Upravo ovakvim pristupom Kaizen omoguéava kontinuirano unapredenje procesa
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i poboljsanje kvaliteta usluga, $to ga ¢ini primenljivim i razumljivim i van proizvodnih sistema, u-
kljucujuéi usluzne 1 IT orijentisane organizacije.

3. IT resursi kao podrska Kaizen pristupu

Do sada je Kaizen posmatran pre svega kao filozofija i nafin razmisljanja koji se zasniva na
kontinuiranom unapredenju, uklju¢ivanju zaposlenih i postepenim promenama. Medutim, u savreme-
nim organizacijama postavlja se pitanje na koji na¢in se ovakav pristup moZe odrZati u praksi, naro-
¢ito u uslovima sloZenih procesa 1 velikog obima podataka. Upravo tu se prirodno otvara prostor za
ulogu informacionih tehnologija. Drugim re¢ima, Kaizen i IT se u praksi sve ¢eSc¢e susrecu. Vazno je
odmah naglasiti da Kaizen nije nastao kao tehnoloski koncept. Naprotiv, u svojoj izvornoj formi on
se oslanjao na jednostavne alate kao Sto su na primer neposredno posmatranje procesa i aktivno u-
¢esc¢e ljudi u unapredenju rada. Medutim, to ne znaci da je ovaj pristup nekompatibilan sa savremenim
informacionim sistemima. U sustini, moze se re¢i da IT resursi danas imaju ulogu podrske, to jest
pomazu da se Kaizen principi doslednije primenjuju i lakSe prate tokom vremena.

U literaturi se neretko ukazuje na povezanost Total Quality Management koncepta i informaci-
onih tehnologija. Autori istiCu da IT sistemi omogucavaju bolje prikupljanje i analizu podataka, S§to
je posebno znacajno kada je potrebno doneti vazne odluke, a koje se prethodno oslanjaju na ¢injenice
(Dewhurst, Martinez-Lorente & Dale, 1999). U praksi, to znac¢i da se problemi ne prepoznaju samo
na osnovu utiska ili iskustva, ve¢ na osnovu konkretnih pokazatelja i merenja.

Pored toga, pojedini autori ukazuju na to da informacione tehnologije mogu olaksati poveziva-
nje strateskih ciljeva kvaliteta sa svakodnevnim operativnim aktivnostima (Gunasekaran, Arunacha-
lam & Arunachalam, 2009). Drugim rec¢ima, IT reSenja mogu pomoci da inicijative kontinuiranog
unapredenja ne ostanu samo na nivou pojedinacnih ideja, ve¢ da se sistematski prate, evidentiraju 1
unapreduju. Ovo je posebno vazno u organizacijama u kojima se istovremeno realizuje ve¢i broj pro-
cesa ili projekata. Takode, ne treba zanemariti ¢injenicu da savremene organizacije sve ¢eS¢e funkci-
onisu u digitalnom okruzenju, gde se veliki deo poslovanja oslanja na softverske sisteme. U tom
kontekstu, primena Kaizen pristupa bez ikakve IT podrske postaje sve teza. Radovi koji se bave pri-
menom TQM-a u razvoju softvera ukazuju na to da je upravo IT podrska neophodna kako bi se obez-
bedilo kontinuirano pracenje kvaliteta i dosledna primena definisanih procedura (Sahu & Sahu,
2018). To, zapravo, znaci da IT resursi postaju sastavni deo sistema menadZmenta kvaliteta.

Ipak, vazno je naglasiti da uvodenje IT alata samo po sebi ne znaci automatski i uspesnu pri-
menu Kaizen pristupa. S druge strane, tehnologija moZe predstavljati snazan oslonac ukoliko se ko-
risti u skladu sa principima kontinuiranog unapredenja.

Iz navedenog proizilazi da uloga informacionih tehnologija u Kaizen pristupu nije univerzalna
1 jednoznacna, ve¢ zavisi od nacina njihove primene. U osnovi, moze se svesti na to da IT resursi
pruzaju infrastrukturu koja omogucava lakSe sprovodenje aktivnosti kontinuiranog unapredenja.
Upravo zbog toga, u nastavku rada bi¢e razmatrane razlicite kategorije IT alata koje se u praksi naj-
ceSc¢e koriste kao podrska Kaizen pristupu, kao Sto su BPM alati, QMS softveri, task & workflow
alati, data & Bl reSenja i kolaboracioni alati.

3.1. .BPM alati kao podrska Kaizen pristupu

U kontekstu primene Kaizen pristupa, upravljanje procesima predstavlja jedan od kljucnih ele-
menata kontinuiranog unapredenja. Kaizen polazi od pretpostavke da se rezultati poboljSavaju onda
kada se poboljSavaju procesi koji do tih rezultata dovode. Upravo iz tog razloga, alati za business
process management (BPM) imaju znacajnu ulogu u savremenoj primeni Kaizen filozofije. Tako, ako
zelimo da neSto unapredimo, moramo prvo da razumemo kako taj proces zaista izgleda. Potrebno je
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da razumemo sve podprocese kao 1 Sta se deSava ukoliko naidemo na nepovoljan ishod neke od mo-
guc¢ih situacija.

BPM alati se u osnovi koriste za modelovanje, analizu 1 unapredenje poslovnih procesa. Oni
omogucavaju da se procesi vizuelno prikazu, Sto olaksava njihovo razumevanje 1 identifikaciju pro-
blema (Scheer & Nttgens, 2002). U praksi, ovo je posebno vazno jer zaposleni ¢esto imaju razlicitu
percepciju toga kako proces funkcioniSe. Kroz BPM alate, ti razliciti pogledi se ,,stavljaju na papir*,
odnosno u dijagram, §to omogucava zajednic¢ku analizu i diskusiju. Upravo tu se vidi snazna veza
izmedu BPM pristupa i Kaizen principa.

Jedan od ¢esto koriS¢enih BPM alata u praksi je ARIS, odnosno njegova besplatna verzija ARIS
Express. Ovaj alat omogu¢ava modeliranje poslovnih procesa kroz razliCite tipove dijagrama, pri
¢emu je posebno zastupljeno procesno mapiranje. U tom smislu, ARIS Express omogucava organi-
zacijama da dokumentuju postojece procese i1 da identifikuju mesta na kojima dolazi do zastoja, ne-
potrebnih aktivnosti ili gubitaka. Drugim refima, alat pomaze da se procesi u¢ine vidljivim, $to je
jedan od osnovnih preduslova za njihovo unapredenje (ARIS Community, 2026). Na narednim sli-
kama, prikazan je interfejs aplikacije na primeru rada sektora za ljudske resurse.

Slika ispod pokazuje kako se kreira nov dokument u okviru kog ¢e se analizirati proces, u ovom
slu¢aju rada sektora za ljudske resurse.

Kreiranje novog procesa (ARIS Community, 2026)

Na narednoj slici je prikazan primer BPMN dijagrama koji opisuje proces obrade prijave kan-
didata za posao. Proces je vizuelno podeljen po ulogama (lane), Sto omogucava jasan uvid u odgo-
vornosti razli¢itih u¢esnika u procesu. Dijagram prikazuje korake od kreiranja i objavljivanja oglasa
za posao, preko prijema prijave, provere njene kompletnosti, pa sve do evidentiranja podataka ili
slanja zahteva za dopunu nedostajucih informacija. Ovakva vizuelizacija procesa omogucéava lakSe
razumevanje toka aktivnosti, uocavanje potencijalnih problema i predstavlja dobru osnovu za analizu
i unapredenje procesa u skladu sa Kaizen principima.
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BMP model (ARIS Community, 2026)

Sledeca slika pokazuje primer procesne arhitekture kreirane u alatu ARIS. Dijagram prikazuje
hijerarhijsku strukturu procesa u oblasti upravljanja ljudskim resursima, sa jasnim razdvajanjem podr-
zavajucih procesa, procesa regrutovanja i aktivnosti vezanih za razvoj zaposlenih. Ovakva vizueliza-
cija omogucava lakSe razumevanje povezanosti procesa i predstavlja osnovu za analizu 1 unapredenje
procesa.
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Procesna arhitektura (ARIS Community, 2026)

Sli¢nu ulogu ima 1 BPM alat Bizagi, koji se Siroko koristi za modelovanje i optimizaciju poslov-
nih procesa. Bizagi omogucava kreiranje procesnih dijagrama na osnovu BPMN standarda, §to dopri-
nosi jasno¢i 1 standardizaciji prikaza procesa. U kontekstu Kaizen pristupa, ovo je posebno znacajno
jer omogucava da se procesi analiziraju korak po korak i da se uoce moguénosti za mala, inkremen-
talna poboljSanja. U praksi, to znaci da se Kaizen aktivnosti mogu direktno povezati sa konkretnim
fazama procesa (Bizagi, 2026). VVazno je naglasiti da BPM alati sami po sebi ne uvode poboljSanja.
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Oni ne ,,popravljaju® procese automatski. Medutim, oni pruzaju strukturu i osnovu za sistemati¢no
razmatranje nacina rada. Upravo iz tog razloga, BPM alati se dobro uklapaju u Kaizen filozofiju, koja
naglaSava postepeno i kontinuirano unapredenje. Kada su procesi jasno definisani i vizuelno pred-
stavljeni, zaposleni lakSe uocavaju probleme i mogu da predloze konkretne izmene.

Slika ispod prikazuje primer modelovanja procesa u alatu Bizagi, koji se koristi za analizu i
upravljanje poslovnim procesima. Prikaz ilustruje povezivanje procesa sa konkretnim ulogama (per-
sona) i poslovnim objektima, $to omogucéava jasno definisanje odgovornosti i tokova rada. Ovakva
struktura olakSava uocavanje potencijalnih problema u procesu i predstavlja osnovu za njegovo una-
predenje u skladu sa Kaizen principima kontinuiranog poboljsanja.

Teon  Combguuoon  Exponimisa (S

g @ E

Primer modelovanja poslovnog procesa u alatu Bizagi (Bizagi, 2026)

Na narednoj slici je prikazan BPMN dijagram procesa Customer Onboarding. Dijagram ilus-
truje tok aktivnosti od unosa podataka o klijentu, preko automatske ili ru¢ne provere i odobrenja, do
konacne odluke i cuvanja podataka u CRM sistemu. Proces je podeljen po ulogama (Account Execu-
tive 1 Sales Manager), Sto omogucava jasnu vizuelnu raspodelu odgovornosti 1 transparentnost tokom
izvrSavanja procesa. Ovakav nac¢in modelovanja takode pomaze pri analizi, standardizaciji i kontinu-
iranom unapredenju procesa.

Fumal  view ok L (mped  Too

.

BPMN model procesa u alatu Bizagi (Bizagi, 2026)
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BPM alati omogucavaju lakSu standardizaciju procesa nakon uvodenja poboljSanja. Jednom
kada se neka promena pokaze kao uspesna, ona se moze formalizovati kroz azuriranje procesnih mo-
dela. Ovo je u skladu sa Kaizen principom da se nakon poboljSanja uspostavi novi standard, koji sluZi
kao polazna osnova za naredni ciklus unapredenja. Drugim re¢ima, BPM alati podrzavaju kontinuitet
poboljsanja, a ne samo pojedinacne inicijative. Nije zanemarljivo to Sto BPM alati takode olakSavaju
komunikaciju izmedu razli¢itih organizacionih jedinica. Kroz zajedni¢ke procesne modele, razliciti
timovi mogu bolje da razumeju svoju ulogu u ukupnom procesu, kao i uticaj koji njihov rad ima na
druge delove organizacije. Ovo je posebno vazno u Kaizen pristupu, koji naglasava saradnju i uklju-
¢ivanje zaposlenih u unapredenje procesa.

3.2. QMS softverska resenja

U okviru primene Kaizen pristupa, posebno mesto zauzimaju softverska reSenja za upravljanje
kvalitetom, odnosno quality management system (QMS) softveri. Za razliku od BPM alata, koji su
pre svega usmereni na mapiranje i analizu procesa, QMS softveri imaju Siru ulogu i obuhvataju celo-
kupan sistem upravljanja kvalitetom u organizaciji. Oni predstavljaju infrastrukturu koja omogucava
da se aktivnosti kontinuiranog unapredenja sprovode na sistematican i kontrolisan nacin (Bacoup et
al., 2018).

Jedan od najpoznatijih primera ovakvih reSenja je MasterControl, koji se u praksi koristi za
podrsku upravljanju dokumentacijom, procesima, rizicima, nesaglasnostima i aktivnostima poboljSa-
nja. Osnovna ideja ovog softvera jeste da se svi elementi sistema kvaliteta objedine u jedinstvenu
platformu, Sto olakSava njihovo prac¢enje i medusobno povezivanje (MasterControl, 2026). U tom
smislu, QMS softver ne predstavlja samo alat za ,,uvanje dokumenata“, ve¢ sredstvo za upravljanje
celokupnim ciklusom kvaliteta.

Kada se posmatra iz ugla Kaizen pristupa, jedna od najvaznijih funkcija QMS softvera odnosi
se na upravljanje dokumentacijom i standardima. Kaizen naglasava da poboljsanje nije odrzivo uko-
liko se nakon uvodenja promena ne uspostavi novi standard. Upravo tu QMS softveri imaju znacajnu
ulogu, jer omogucavaju da se procedure, uputstva i radni standardi lako azuriraju i u¢ine dostupnim
zaposlenima. U praksi, to zna¢i da se svaka promena nastala kao rezultat Kaizen aktivnosti moze
formalno dokumentovati i integrisati u sistem kvaliteta. Pored toga, QMS softveri podrZavaju uprav-
ljanje nesaglasnostima, korektivnim i preventivnim merama, Sto je direktno povezano sa logikom
kontinuiranog unapredenja (Bacoup et al., 2018). Kada se uoci problem ili odstupanje od definisanog
standarda, on se evidentira u sistemu, analizira se njegov uzrok i definiSu se mere za njegovo otkla-
njanje. Ovaj nacin rada u velikoj meri podse¢a na PDCA ciklus, gde se nakon planiranja i primene
mera vrsi provera rezultata i, ukoliko je potrebno, uvode dodatna pobolj$anja. Drugim re¢ima, QMS
softver omoguc¢ava da Kaizen aktivnosti ne ostanu na nivou neformalnih inicijativa, ve¢ da se prate
kroz strukturiran proces.

Na slici ispod je prikazan pocetni korisnicki interfejs QMS softverskog resenja MasterControl.
Interfejs je organizovan kroz jasno definisane celine, kao $to su upravljanje dokumentima, radni to-
kovi (workflows), izvestaji 1 prac¢enje nedavnih aktivnosti. Ovakva struktura omogucava lak pristup
relevantnim informacijama, bolju kontrolu verzija dokumenata i podrsku kontinuiranom unapredenju
procesa u skladu sa Kaizen pristupom. Pored prikazanih osnovnih modula, MasterControl nudi i
napredne moguénosti automatizacije procesa kvaliteta, kao Sto su upravljanje radnim tokovima odo-
bravanja, pracenje izmena dokumenata i evidentiranje aktivnosti korisnika. Sistem omogucava jasnu
kontrolu verzija i definisanje uloga i ovla$¢enja, ¢ime se obezbeduje dosledna primena procedura i
smanjuje rizik od neusaglasenosti (MasterControl, 2026).
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Pocetni interfejs MasterControl (MasterControl, 2026)

3.3. Task & Workflow alati — upravljanje zadacima i troskovima rada

U Kaizen pristupu, kontinuirano unapredenje ne podrazumeva samo promenu velikih strategija
ili restrukturiranje organizacione strukture. U praksi, ¢esto se radi o tome kako se upravlja svakod-
nevnim zadacima, kako se koordinira timski rad i kako se prati napredak aktivnosti. Upravo tu na
scenu stupaju task & workflow alati. Oni nisu samo ,,sistemi za postavljanje zadataka®, ve¢ predstav-
ljaju nacin organizovanja i pracenja rada koji direktno podrzava Kaizen razmisljanje: mali koraci,
ucenje kroz iskustvo 1 vidljiv napredak. Jednostavno receno, task & workflow alat omogucava da sve
ideje, zadaci i aktivnosti budu na jednom mestu. Sada se informacije koje su se ranije pamtile beleze,
prate, azuriraju i analiziraju. A to znaci da se informacije ne gube, da svako zna $ta je njegova uloga
I da se troSkovi rada mogu pratiti i meriti.

Jedan od najpoznatijih alata ovog tipa je ClickUp. Ova platforma omogucava korisnicima da
kreiraju, dodeljuju i prate zadatke u realnom vremenu. Naravno, ClickUp nije jedini alat, ali je dobar
primer kako savremeni workflow sistem funkcioniSe u praksi. U sustini, on povezuje ljude, procese i
aktivnosti na jedan intuitivan nacin.

Kada se razmatra ClickUp u kontekstu Kaizen pristupa, treba re¢i da on ne donosi sam po sebi
poboljsanja. Medutim, on omogucava da se poboljSanja vide, prate i izmere. U praksi to izgleda o-
vako: neka grupa zaposlenih otkrije da na odredenom koraku procesa dolazi do kasnjenja. Umesto da
se prica o problemu ,,na verbalnom sastanku®, taj zadatak ili problem se unosi u ClickUp kao stavka.
Potom se definiSu koraci za reSavanje, dodeljuju se osobama zaduzenim za te korake, i prati se tacno
vreme koje je potroSeno u svakom delu.

U tom smislu, ClickUp omogucava i jednostavnu workflow vizuelizaciju, odnosno prikaz toka
zadataka. Naredna slika vizuelno prikazuje deo alata pomocu kog je vizuelno moguce pratiti napredak
zadataka.
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Interfejs aplikacije ClickUp (ClickUp, 2026)

Pored toga, ClickUp omogucava prac¢enje vremena i troSkova povezanih sa zadacima. Ovo je
posebno korisno kada se pokuSava izmeriti koliko je neka aktivnost uticala na ukupnu efikasnost ili
na troskove rada. Jednostavno rec¢eno, ako smo uradili jednu malu promenu u procesu, onda Zelimo i
da vidimo Sta se desilo, da li je vreme potrebno za odredeni zadak potencijalno smanjeno, ili je neki
drugi deo procesa postao spor. Pored ovih funkcionalnosti, ClickUp omogucava i saradnju izmedu
timova i ¢lanova. Cesto se deSava da inicijativa za poboljsanje ne pripada samo jednoj osobi. Napro-
tiv, to je timski rad. U takvim situacijama, mogucnost da se komentarise, da se deli napredak i da se
svi medusobno obavestavaju kroz jedan alat ¢ini komunikaciju efikasnijom. Dakle. umesto da se
informacije razmenjuju preko mailova ili telefona, sve $to je vezano za jednu inicijativu je unutar
jednog sistema.

Medutim, vredi ista¢i da kao 1 svaki alat, ClickUp ima svoje granice. On ne zamenjuje kulturu
unapredenja niti ne garantuje da ¢e poboljSanja biti trajna. Ali, u kombinaciji sa Kaizen pristupom,
on moze da bude snazna podrska.

3.4. Data & B alati kao pomo¢ u obradi podataka

Kada se govori o Kaizen pristupu, ¢esto se govori o tome kako bolje razumeti procese. Ali jedna
stvar koja se ponekad previdno spominje, a koja je u praksi vrlo vazna, jeste kako merimo i analizi-
ramo te procese. Jer, ako neSto ne mozemo da izmerimo, jednostavno ne znamo da li je unapredenje
zaista donijelo neku korist. U tom smislu, data & business intelligence (analiticki) alati dobijaju po-
sebnu ulogu.

U sustini, data & BI alati omoguc¢avaju da se podaci sakupe, obrade i vizuelno prikazu na nacin
koji je razumljiv, lak za pracenje i koristan za donoSenje odluka. Drugim recima, oni pomazu da se
podaci ,,prevedu” u informacije, a informacije u znanje. Upravo tu se ova klasa alata povezuje sa
Kaizen pristupom, jer Kaizen u osnovi insistira na donosenju odluka na osnovu ¢injenica i podataka,
a ne samo na osnovu intuicije ili iskustva.

Jedan od najpoznatijih alata u ovoj kategoriji je Power BI. Ovo je softver koji omogucava orga-
nizacijama da vizualizuju podatke na razli¢ite naCine: grafikoni, tabele, interaktivni paneli, 1 joS§
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mnogo toga. Cesto se koristi za pracenje kljuénih pokazatelja, trendova i relevantnih metrika. U sus-
tini, Power BI pretvara veliki broj podataka u nesto Sto moze da se ,,procita‘ na prvi pogled. U praksi,
ovaj alat se povezuje sa brojnim izvorima podataka, baze, Excel fajlovi, sistemi za pracenje procesa,
QMS sistemi, BPM alati i1 drugi. To znaci da se razliCiti podaci mogu integrisati na jedno mesto i
analizirati zajedno. Na taj nacin, dobijamo holisti¢ki pogled na stanje u organizaciji. Jednostavnije
receno, ako postoji mnogo razlicitih informacija o procesima, Power BI moze da ih ,,slozi* i prikaze
tako da slika bude jasna.

Power BI nije samo alat za vizuelizaciju. On ima i mogu¢nosti za dublju analizu podataka, kao
Sto su filtriranje, agregiranje, trend analize i pravljenje interaktivnih tabloida. Ovo moze biti posebno
korisno kada je re¢ o ve¢im organizacijama ili sloZenijim procesima, gde jednostavni grafikoni nisu
dovoljni da se ukaze na koren problema. Sa Power Bl-om, analiti¢ar ili tim moze da uradi drill-down
analizu 1 da vidi koje tacno delove procesa treba unaprediti.

Pored toga, obzirom da je Power Bl vezan za internet i klaud servise, podaci mogu biti azurni
u realnom vremenu. To, u praksi, znaci da se grafikoni ne osveze jednom dnevno ili nedeljno, veé
mogu da pokazuju tekuce stanje. lako ovo nije preduslov za Kaizen, vredi ista¢i da takav pristup
omogucava brzu reakciju. Brzu reakciju znaci da organizacija moze da odgovori na nove trendove,
nove probleme ili promene u ponaSanju potrosaca bez odlaganja.

Ipak, vredi napomenuti da koris¢enje Power Bl-a zahteva i odredeni nivo kompetencija. To nije
instrument koji ,,sam po sebi‘ reSava sve probleme. Medutim, kada se koristi u kombinaciji sa dobrim
procesnim pristupom, kao $to je Kaizen ili PDCA ciklus, moze znatno olaksati pra¢enje, merenje i
unapredenje kvaliteta.

Sledeca slika prikazuje primer dashboard-a u Power BI alatu, koji omoguc¢ava vizuelni prikaz
podataka kroz grafikone, indikatore i klju¢ne pokazatelje performansi.

[ Ask a question about your data

Opportunity Count Opportunity Count Opportunity Count Revenue
BY PARTNER DRIVEN, SALES STAGE BY REGION
Oppo haedium @ Sales St @ *

Cppcllur]ty’ Ccun’. Opportunity Count Cpportunity Count

Average Revenue

Revenue Average Revenue Factored Revenue

$461M

Fartarad Davaniia

Dashboard u Power Bl alatu (Microsoft, 2026)

Prikazani dashboard u Power BI alatu omogucava jasan i pregledan uvid u klju¢ne pokazatelje
poslovanja, kao Sto su broj prodajnih prilika, faze prodajnog procesa i ostvareni prihodi. Vizuelni
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prikaz podataka kroz grafikone 1 dijagrame olakSava razumevanje rezultata i brzo uocavanje odstu-
panja. Ovakva prezentacija podataka podrzava donoSenje odluka zasnovanih na ¢injenicama i dopri-
nosi unapredenju kvaliteta poslovnih procesa.

3.5. Kolaboracioni alati - timski rad i razmena znanja

Kontinuirano unapredenje, kao osnova Kaizen pristupa, u velikoj meri zavisi od ljudi i njihove
medusobne saradnje. lako su alati za upravljanje procesima, zadacima i podacima izuzetno vazni, oni
sami po sebi nisu dovoljni ukoliko ne postoji efikasna komunikacija izmedu zaposlenih. Upravo iz
tog razloga, kolaboracioni alati imaju posebnu ulogu u podrsci Kaizen pristupu. Drugim re¢ima, ako
ideje 1 informacije ne cirkuliSu, tesko je ocekivati kontinuirano poboljSanje.

Kolaboracioni alati se koriste kako bi se olakSala razmena informacija, saradnja unutar timova
i deljenje znanja na nivou cele organizacije. U praksi, oni predstavljaju prostor u kome zaposleni
mogu da razmenjuju ideje, postavljaju pitanja, ukazuju na probleme i predlazu poboljSanja.

Jedan od najcesc¢e koriS¢enih alata za timsku komunikaciju je Slack. Ova platforma omogucava
komunikaciju kroz kanale koji mogu biti organizovani po timovima, projektima ili temama. U sustini,
Slack omogucava da se komunikacija struktuira, umesto da se odvija kroz nepovezane poruke i e-
lektronsku postu (Slack Technologies, 2026). Kada se Slack posmatra u kontekstu Kaizen pristupa,
njegova najveca vrednost leZi u podsticanju kontinuirane razmene informacija. Zaposleni mogu da
koriste Slack kanale za prijavljivanje problema, diskusiju o0 moguc¢im pobolj$anjima ili razmenu isku-
stava iz svakodnevnog rada. Ovakva komunikacija nije formalna, ali upravo zato moze biti veoma
efikasna. Ljudi su spremniji da podele ideju ili zapaZzanje u okruzenju koje ne deluje strogo adminis-
trativno.

Brze povratne informacije su takode elementi ovog softvera, §to je posebno vazno za Kaizen
pristup. Umesto da se ¢eka sledeci sastanak ili formalni izvestaj, zaposleni mogu odmah da reaguju
na problem ili da prokomentarisu predlozeno poboljSanje.

Takode, Slack moze da posluzi kao neformalna baza znanja. Kroz istoriju poruka, kanale i de-
ljene fajlove, organizacija postepeno gradi arhivu iskustava, reSenja i diskusija. Ovakvi alati podrza-
vaju jedan od klju¢nih aspekata unapredenja, a to je ucenje na osnovu prethodnih iskustava.

Slack ¢esto funkcionise u kombinaciji sa drugim IT alatima, kao Sto su task & workflow sistemi
ili data & Bl alati. Na primer, informacije o statusu zadataka ili rezultatima merenja mogu biti auto-
matski deljene kroz Slack kanale.

Medutim, pri tome ne treba zanemariti da kolaboracioni alati, poput Slack-a, ne mogu zameniti
kulturu kontinuiranog unapredenja. Oni predstavljaju sredstvo koje moze da podrzi Kaizen, ali ne i
da ga samostalno implementira. Ukoliko zaposleni ne osecaju da su njihove ideje vredne ili da ¢e biti
sasluSane, ni najbolji alat ne¢e doneti Zeljene rezultate.

Na narednoj slici, prikazan je kanal koji se koristi za timsku komunikaciju, koordinaciju zada-
taka i razmenu informacija u okviru projekta.
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Primer kolaboracionog alata u projektnom radu

Prikazani kanal u Slack aplikaciji predstavlja sredstvo za timsku komunikaciju i saradnju u
okviru projektnog tima. Slack omogucava razmenu poruka u realnom vremenu, deljenje datoteka,
kao i pregled istorije komunikacije, Sto doprinosi boljoj koordinaciji i transparentnosti rada. Organi-
zacija komunikacije po kanalima omogucava ¢lanovima tima da lakSe prate zadatke i aktivnosti u
okviru odredenog projekta. KoriS¢enjem ovakvih digitalnih alata smanjuje se mogucnost nespora-
zuma, ubrzava se donosenje odluka i unapreduje efikasnost timskog rada. Slack kao platforma podr-
zava savremeni nacin upravljanja projektima i doprinosi unapredenju kvaliteta komunikacionih pro-
cesa u organizaciji.

4. Primena Kaizena uz IT podrsku

Nakon §to su u prethodnom poglavlju razmotreni razli€iti tipovi IT resursa koji mogu da podrze
Kaizen pristup, prirodan nastavak analize odnosi se na pitanje kako ovaj pristup izgleda u praksi,
odnosno kako se Kaizen zaista primenjuje sa i bez informacione podrske. Do sada je pokazano da
Kaizen predstavlja filozofiju kontinuiranog unapredenja koja u svojoj osnovi ne zavisi od tehnologije,
ve¢ od ljudi, procesa 1 nac¢ina razmisljanja. Medutim, u savremenim organizacijama, koje se oslanjaju
na sloZene sisteme i veliki broj podataka, primena Kaizen pristupa sve ¢e$¢e podrazumeva i upotrebu
razli¢itih IT alata.

U sustini, Kaizen se moze primenjivati i bez ikakve tehnoloske podrske. Istorijski gledano,
upravo je tako i nastao. PoboljSanja su se zasnivala na direktnom posmatranju procesa, razgovorima
sa zaposlenima i jednostavnim alatima, kao Sto su papirni obrasci, tabele i ru¢ne analize. Takav pri-
stup i dalje ima svoju vrednost, posebno u manjim organizacijama ili u situacijama gde su procesi
jednostavni. Ipak, pri tome ne treba zanemariti da se ovakva primena Kaizen-a u praksi ¢esto suocava
sa odredenim ogranicenjima, kao §to su oteZzano pracenje poboljSanja, nepotpuna dokumentacija i
ogranicena vidljivost rezultata.

Sa druge strane, uvodenjem IT podrske, Kaizen pristup dobija novu dimenziju. Informacioni
sistemi omogucavaju da se aktivnosti kontinuiranog unapredenja sistematizuju, prate i analiziraju
tokom vremena. Drugim re¢ima, tehnologija omogucava da Kaizen aktivnosti budu jasnije defini-
sane, lakSe dostupne i transparentnije za sve ucesnike.
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Vazno je naglasiti da primena Kaizen-a uz IT podrsku ne podrazumeva odbacivanje njegovih
osnovnih principa. Naprotiv, tehnologija se koristi kao sredstvo koje pomaze da se ti principi dosled-
nije sprovode. Kontinuirano unapredenje, ukljucivanje zaposlenih i donosenje odluka na osnovu ¢i-
njenica ostaju u centru pristupa, s tim §to se sada oslanjaju na digitalne alate koji olakSavaju njihovu
primenu. U tom kontekstu, ovo poglavlje ima za cilj da prikaZe razlike izmedu primene Kaizen pri-
stupa bez IT podrske i primene Kaizen-a uz upotrebu savremenih informacionih sistema. Kroz upo-
redni prikaz bi¢e analizirano kako tehnologija utice na uocavanje problema, dokumentaciju i pracenje
poboljSanja, kao i koji se konkretni efekti i prednosti mogu ostvariti ukoliko se Kaizen primenjuje uz
adekvatnu IT podrsku.

4.1. Prikaz Kaizena bez IT podrske

Radi boljeg razumevanja primene Kaizen pristupa bez informacione podrske, u nastavku je dat
ilustrativan primer iz prakse komunalnog preduzeca, na primeru vodovoda u manjoj lokalnoj sredini.
Ovaj primer ne predstavlja formalno sprovedeno istrazivanje, ve¢ sluzi kao opis tipi¢ne situacije u
kojoj se Kaizen principi primenjuju spontano, bez upotrebe savremenih IT alata.

U posmatranom primeru, svakodnevni rad vodovoda zasniva se na direktnom izvrSavanju ope-
rativnih zadataka, kao Sto su intervencije na mrezi, otklanjanje kvarova i komunikacija sa korisni-
cima. Zaposleni na terenu, kao i u upravi, oslanjaju se pre svega na li¢no iskustvo i dugogodis$nju
praksu. Problemi se uocavaju neposredno, naj¢es¢e nakon prijava gradana ili tokom redovnih obila-
zaka terena. Upravo tu se moZe prepoznati Kaizen princip posmatranja procesa na mestu gde nastaje
problem, odnosno u gemba-i. Kada se uoc¢i odredeni problem, na primer ¢esta pojava kvara na istoj
deonici vodovodne mreZe, zaposleni o tome razgovaraju na jutarnjim sastancima ili tokom neformal-
nih konsultacija. Na tim razgovorima se razmatraju moguci uzroci i predlazu jednostavna resenja,
kao $to su promena nacina intervencije, bolja organizacija smena ili drugaciji raspored ekipa na te-
renu. Ovaj nacin rada pokazuje da se kontinuirano unapredenje sprovodi kroz male, postepene pro-
mene, Sto je u sustini jedan od osnovnih principa Kaizen pristupa.

Medutim, u ovakvom sistemu ne postoji formalna IT podrska za pra¢enje problema i poboljSa-
nja. Informacije o kvarovima, intervencijama i predlozenim reSenjima najcesce se beleze rucno, u
sveskama ili na papirnim obrascima. Neki podaci ostaju samo na nivou usmenog prenosa informacija.
Zbog toga je tesko sistematski pratiti koliko se ¢esto odredeni problem javlja, da li su predlozene
mere donele poboljSanje i kakvi su dugorocni efekti donetih odluka.

Takode, pracenje rezultata unapredenja zasniva se uglavnom na utisku zaposlenih. Na primer,
nakon uvodenja novog nacina rada, zakljucak da je stanje ,,bolje nego ranije* donosi se na osnovu
manjeg broja prituzbi ili manjeg broja intervencija, ali bez jasno definisanih pokazatelja i podataka.
Iako ovakav pristup moze biti funkcionalan u kratkom roku, on otezava uporedivanje stanja pre i
posle uvodenja poboljSanja. Dokumentacija u ovakvom sistemu je ogranic¢ena i ¢esto neujednacena.
Procedure se ne aZuriraju redovno, a znanje se prenosi uglavnom usmeno, sa starijih na mlade rad-
nike. To znaci da poboljSanja koja su postignuta u jednom periodu mogu vremenom biti zaboravljena
ili primenjivana na razli¢ite na¢ine. Upravo ovde se moze uociti jedno od glavnih ograni¢enja primene
Kaizen pristupa bez IT podrske.

Ipak, vazno je naglasiti da ovakav nacin rada jasno pokazuje da Kaizen nije nuzno vezan za
tehnologiju. Zaposleni u vodovodu, iako nesvesno, primenjuju osnovne Kaizen principe: uocavaju
probleme na licu mesta, razgovaraju o uzrocima, uvode male promene i nastoje da poboljSaju nacin
rada. Medutim, bez sistemati¢ne IT podrske, ova poboljSanja ostaju ograni¢ena po obimu i tesko
merljiva.
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4.2. Prikaz Kaizena sa IT podrskom

Za razliku od primera primene Kaizen pristupa bez informacione podrske, u savremenom rad-
nom okruzenju sve je ¢eSca situacija u kojoj se kontinuirano unapredenje sprovodi uz koris¢enje raz-
licitih IT alata. Takav primer moze se uociti i u okviru radnog mesta na kome su za svakodnevnu
komunikaciju i organizaciju rada kori$¢eni alati kao $to su Slack i ClickUp. Iako Kaizen kao filozofija
nije formalno uveden kao zvani¢an program, njegovi osnovni principi su u praksi bili jasno prisutni i
podrzani upravo kroz ove alate.

U ovakvom okruZenju, uocavanje problema nije se zasnivalo iskljucivo na liénom utisku ili
povremenim sastancima, ve¢ je bilo deo svakodnevne komunikacije. Zaposleni su kroz Slack kanale
razmenjivali informacije o teku¢im zadacima, izazovima i sitnim problemima koji su se pojavljivali
u radu. Drugim re¢ima, problemi su postajali vidljivi u trenutku kada se pojave, a ne tek kada eskali-
raju. Upravo ovaj nacin rada omogucava da se Kaizen princip ,,rano uocavanje problema* primeni u
praksi. Kada bi se uocio odredeni problem ili potreba za unapredenjem, naredni korak je bio njegovo
pretvaranje u konkretnu aktivnost. U tom smislu, ClickUp je kori$¢en kao alat za formalizaciju ideja
I inicijativa. Predlozi za poboljSanje nisu ostajali na nivou usmenog dogovora ili poruke, ve¢ su se
evidentirali kao zadaci. Svakom zadatku su dodeljivane odgovorne osobe, rokovi i prioriteti. Ovim
se omogucavalo da se inicijative za unapredenje sistematski prate, $to je u skladu sa Kaizen pristupom
postepenih i kontrolisanih promena.

Vredi istaci da je ovakva kombinacija alata doprinosila vecoj transparentnosti rada. Svi ¢lanovi
tima su u svakom trenutku mogli da vide status odredenog zadatka, da li je u toku, zavrsen ili odlozen.
To, prakticno, znac¢i da nije bilo potrebe za dodatnim proverama ili ¢estim sastancima kako bi se
dobio uvid u napredak. Ovakva vidljivost procesa olakSava primenu Kaizen principa, jer omogucava
da se unapredenja prate u realnom vremenu.

Pored toga, ClickUp je omogucavao i praéenje utroSenog vremena i optere¢enja zaposlenih po
zadacima. lako ova funkcionalnost nije kori$¢ena iskljucivo u svrhu Kaizen aktivnosti, ona je pruzala
osnovu za analizu efikasnosti rada. Na primer, uo¢avanjem zadataka koji konstantno zahtevaju vise
vremena nego $to je planirano, stvarao se prostor za razmatranje uzroka i uvodenje poboljsanja. To,
zapravo, predstavlja tipi¢an Kaizen nacin razmisljanja. Posmatrati gde nastaju gubici i traziti nacine
da se oni postepeno smanje.

Uloga Slack-a u ovom procesu bila je posebno znacajna sa aspekta razmene znanja i povratnih
informacija. Kroz svakodnevnu komunikaciju, ¢lanovi tima su delili iskustva, davali predloge 1 uka-
zivali na potencijalne probleme. Ovakva otvorena komunikacija doprinosila je ve¢em ukljuc¢ivanju
zaposlenih u proces unapredenja, sto je jedan od kljucnih principa Kaizen filozofije.

Vazno je naglasiti da ni u ovom slucaju IT alati nisu bili cilj sami po sebi. Slack i ClickUp su
sluzili kao podrska postojecem nacinu rada 1 kao sredstvo koje je olakSavalo primenu Kaizen principa.

Ovaj primer pokazuje da primena Kaizen-a uz IT podrsku ne mora biti formalno definisana kao
poseban program. Sta vi$e, ona moZe biti deo svakodnevnog rada, ukoliko postoje alati koji podsti¢u
komunikaciju, vidljivost procesa i sistematsko pracenje aktivnosti. Upravo takva praksa predstavlja
dobar uvod za razmatranje efekata i prednosti primene Kaizen pristupa uz IT podrsku, koji ¢e biti
analizirani u narednom potpoglavlju.

4.3. Efekti i prednosti primene Kaizena uz IT podrsku

Primena Kaizen pristupa uz IT podrsku u velikoj meri uti¢e na nivo transparentnosti unutar
organizacije. Dok se u tradicionalnom pristupu, bez informacione podrske, veliki deo aktivnosti osla-
nja na usmenu komunikaciju i pojedina¢ne dogovore, uvodenjem IT alata procesi i poboljSanja
postaju jasnije vidljivi. Postaje lakSe pratiti Sta se radi, ko je za Sta zaduZen i u kojoj fazi se odredena
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aktivnost nalazi. Upravo ova vidljivost predstavlja jednu od klju¢nih prednosti primene Kaizen pri-
stupa uz tehnoloSku podrsku. U okruzenju u kojem se koriste alati za upravljanje zadacima i komu-
nikaciju, kao 8to su ClickUp i Slack, aktivnosti u vezi sa unapredenjem rada ne ostaju na nivou ne-
formalnih razgovora. Ideje, problemi i predlozi za poboljSanje se evidentiraju, prate i ostaju dostupni
svim ¢lanovima tima. Na taj nacin, Kaizen aktivnosti postaju deo svakodnevnog rada.

Takode, transparentnost se ogleda 1 u nacinu na koji se razmenjuju informacije. Kroz kolabo-
racione alate, komunikacija u vezi sa problemima i poboljSanjima postaje otvorenija i dostupnija Si-
rem krugu zaposlenih. Iako ne ucestvuju svi direktno u svakoj inicijativi, svi imaju uvid u to Sta se
desava i kakvi su rezultati postignuti. Ovo doprinosi veéem razumevanju procesa i stvara osecaj za-
jednicke odgovornosti za unapredenje rada. Primenom IT podrSke postaje jasniji i efekat uvedenih
promena. Umesto oslanjanja na subjektivan utisak da je odredeno unapredenje bilo uspesno, postoji
mogucnost da se rezultati prate kroz statuse zadataka, komentare 1 evidentirane aktivnosti. To, u sus-
tini, omogucava da se lakSe proceni §ta je funkcionisalo, a §ta zahteva dodatnu korekciju. Upravo
ovaj kontinuirani uvid u rezultate ¢ini Kaizen pristup doslednijim i odrzivijim.

Iz navedenog se moze zakljuciti da transparentnost predstavlja vazan efekat primene Kaizen
pristupa uz IT podrsku. Kada su procesi, aktivnosti i rezultati vidljivi, organizacija dobija jasniju sliku
sopstvenog nacina rada.

Pored povecane transparentnosti, primena Kaizen pristupa uz IT podrSku znacajno doprinosi i
brzem uoc¢avanju problema u svakodnevnom radu. U tradicionalnom okruzenju, bez tehnoloske podr-
Ske, problemi se Cesto prepoznaju tek kada postanu dovoljno izraZzeni da uticu na rezultate ili kada ih
korisnici direktno prijave.

Sa uvodenjem IT alata, nacin uo€avanja problema se menja. Informacije o toku rada, statusu
zadataka i poteSkocama sa kojima se zaposleni susre¢u postaju dostupne u realnom vremenu. Kroz
svakodnevnu komunikaciju u kolaboracionim alatima, kao Sto je Slack, zaposleni mogu odmah da
ukazu na problem ili nejasnoc¢u u procesu. To, jednostavno, znaci da problemi ne moraju da ,,cekaju*
formalni sastanak ili izvestaj da bi bili primeceni. Pored toga, alati za upravljanje zadacima, kao §to
je ClickUp, omogucavaju da se odstupanja u radu lako uoce. Zadaci koji kasne, Cesto se vracaju na
doradu ili zahtevaju viSe vremena nego Sto je planirano, postaju jasan signal da nesto u procesu ne
funkcioniSe kako treba. Upravo ovakvi signali predstavljaju polaznu osnovu za Kaizen aktivnosti, jer
ukazuju na mesta gde postoji prostor za unapredenje. Drugim recima, problemi postaju vidljivi kroz
sam tok rada, a ne tek nakon Sto se akumuliraju.

Vazno je ista¢i da ovakva vidljivost problema doprinosi i brzem reagovanju. Kada se problem
uoci na vreme, moguce je preduzeti manje, postepene korektivne mere, umesto da se kasnije sprovode
obimne i Cesto stresne promene. Brze uofavanje problema doprinosi ve¢em angazovanju zaposlenih.
Kada zaposleni vide da se na uocene probleme reaguje blagovremeno i1 da njihove sugestije imaju
efekat, spremniji su da aktivno u¢estvuju u procesu unapredenja. Na kraju, moze se re¢i da IT podrska
omogucava da se problemi ne samo brze uoce, vec 1 jasnije definiSu. Kada su informacije dostupne i
vidljive, lakSe je razumeti uzroke odredenih poteSkoca i povezati ih sa konkretnim aktivnostima u
procesul.

Jo§ jedan vazan efekat primene Kaizen pristupa uz IT podrsku odnosi se na bolju i uredeniju
dokumentaciju. U okruzenjima u kojima se ne koriste informacioni sistemi, dokumentacija je ¢esto
nepotpuna, neujednacena i oslonjena na papirne beleske ili licno paméenje zaposlenih. Vremenom se
takve informacije gube, a organizacija se ponekad vraca na stare nacine rada, ¢ak i nesvesno.

Uz IT podrsku, situacija je drugacija. Kada se Kaizen aktivnosti evidentiraju kroz alate za
upravljanje zadacima i komunikaciju, svaka promena dobija svoj kontekst. ZabelezZeno je $ta je bio
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problem, ko je predlozio reSenje, kako je ono realizovano 1 u kom periodu. Ovakva uredenost doku-
mentacije je posebno znacajna u kontekstu kontinuiranog unapredenja. Kaizen se ne zasniva na jed-
nokratnim promenama, ve¢ na nizu malih koraka koji se vremenom nadovezuju. Ako ti koraci nisu
dokumentovani, tesko je razumeti celokupan put unapredenja. Sa druge strane, kada postoji jasan
zapis o prethodnim aktivnostima, lakSe je nastaviti tamo gde se stalo, bez ponavljanja istih greSaka
ili vracanja na ve¢ prevazidene probleme.

Pored bolje dokumentacije, IT podrska znacajno olakSava i prac¢enje poboljSanja tokom vre-
mena. U tradicionalnom pristupu, procena da li je neko unapredenje bilo uspesno Cesto se zasniva na
opStem utisku ili poredenju ,,pre i posle bez jasnih pokazatelja. Uz upotrebu IT alata, prac¢enje po-
boljSanja postaje sistematicnije 1 jasnije. Kroz alate za upravljanje zadacima moguce je pratiti status
Kaizen inicijativa, njihovo trajanje 1 ishode. Na taj nacin, poboljSanja nisu samo sprovedena, vec i
vidljiva tokom vremena. To omoguc¢ava da se uoci da li su odredene promene donele oéekivane re-
zultate ili je potrebno dodatno prilagodavanje. Takode, lakse pra¢enje poboljSanja doprinosi i boljem
planiranju buduéih aktivnosti. Kada postoji uvid u to koja su unapredenja dala dobre rezultate, a koja
nisu, organizacija moze donositi informisanije odluke. To, zapravo, omogucéava da se Kaizen pristup
primenjuje doslednije i sa viSe sigurnosti. Umesto da se oslanja isklju¢ivo na intuiciju, odluke se sve
vise zasnivaju na iskustvu koje je dokumentovano i dostupno. Na taj na¢in, primena Kaizen pristupa
uz IT podrsku dovodi do toga da unapredenja ne budu kratkoro¢na i teSko uocljiva, ve¢ postaju deo
kontinuiranog i prativog procesa. Bolja dokumentacija i lakSe pracenje poboljSanja, zajedno sa ve¢om
transparentno$c¢u 1 brzim uocavanjem problema, ¢ine osnovu za sistemati¢niju i odrziviju primenu
Kaizen filozofije u savremenom organizacionom okruzenju.

5. Zakljucak

Na osnovu razmatranih teorijskih polazista i prikazanih primera iz prakse, moze se zakljuciti
da Kaizen predstavlja pristup menadzmentu kvaliteta koji je primenljiv u razli¢itim organizacionim
kontekstima. Njegova sustina ogleda se u kontinuiranom unapredenju procesa kroz male, postepene
promene, Sto omogucava da se poboljsanja sprovode bez znacajnih poremecaja u svakodnevnom
radu. Iz navedenog se vidi da Kaizen ne zahteva slozene sisteme kako bi bio primenjiv, ve¢ pre svega
jasno razumevanje procesa i ukljucenost zaposlenih. Analizom odnosa Kaizen filozofije i IT resursa
uocava se da informacione tehnologije imaju znacajnu ulogu u podrsci ovom pristupu. lako Kaizen
moZe da se primenjuje i bez tehnoloSke podrske, iz primera predstavljenih u radu moze se zakljuciti
da upotreba IT alata doprinosi vecoj transparentnosti, brzem uocavanju problema i sistemati¢nijem
prac¢enju poboljsanja. Na taj nacin, Kaizen aktivnosti postaju vidljivije i lakSe upravljive, Sto je pose-
bno znacajno u sloZenijim organizacionim sistemima. Takode, iz analize proizilazi da IT resursi ne
predstavljaju cilj sami po sebi, ve¢ sredstvo koje omogucéava dosledniju primenu Kaizen principa.
Moze se smatrati da alati koji se u organizacijama Cesto koriste za operativne i komunikacione svrhe
imaju potencijal da budu i vazan deo sistema kontinuiranog unapredenja, ukoliko se njihova upotreba
usmeri ka podrsci procesima kvaliteta.

U prvom delu rada, Kaizen je prikazan kao metod menadZmenta kvaliteta koji se zasniva na
kontinuiranom, postepenom unapredenju procesa i aktivnom ukljuc¢ivanju zaposlenih. Poseban akce-
nat stavljen je na njegovu povezanost sa Total Quality Management konceptom i standardom I1SO
9001. Analiza je pokazala da Kaizen ne predstavlja izolovanu metodologiju, ve¢ prakti¢ni nacin pri-
mene principa menadzmenta kvaliteta u svakodnevnom radu. Takode je utvrdeno da Kaizen doprinosi
razvoju kulture kvaliteta, procesne orijentacije i odgovornosti svih ucesnika u organizaciji.
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U okviru istog poglavlja, posebno je razmotrena veza Kaizen pristupa sa PDCA ciklusom,
gemba pristupom 1 5S metodologijom. Analiza je pokazala da PDCA ciklus predstavlja prakti¢ni
mehanizam kroz koji se Kaizen principi realizuju, dok gemba pristup omogucava da se unapredenja
zasnivaju na stvarnim procesima, a ne samo na izvestajima i pretpostavkama. Metodologija 5S je
prepoznata kao vazna osnova za stvaranje uredenog, preglednog i disciplinovanog radnog okruzenja,
koje predstavlja preduslov za kontinuirano unapredenje. Na osnovu studije slucaja, potvrdeno je da
Kaizen pristup moZe da donese zna¢ajna poboljSanja i bez velikih finansijskih ulaganja, kroz bolju
organizaciju rada i sistematic¢an pristup reSavanju problema.

U tre¢em delu rada analizirana je uloga IT resursa kao podrske Kaizen pristupu. Posebno je istak-
nuto da informacione tehnologije ne zamenjuju Kaizen filozofiju, ve¢ je dopunjuju i olaksavaju njenu
primenu. BPM alati su prepoznati kao zna¢ajna podrska u mapiranju, analizi i standardizaciji procesa,
dok QMS softverska reSenja omogucéavaju sistemati¢no upravljanje dokumentacijom, nesaglasnostima
1 aktivnostima poboljsanja. Task 1 workflow alati doprinose boljoj organizaciji rada i pracenju zadataka,
dok data i BI alati omogucavaju donosenje odluka na osnovu podataka. Kolaboracioni alati, kao $to je
Slack, prepoznati su kao vazan element savremene timske komunikacije i razmene znanja.

Analiza je pokazala da IT alati znacajno doprinose transparentnosti procesa, lakSem pracenju
poboljsanja i boljoj komunikaciji unutar organizacije. Medutim, istovremeno je istaknuto da uspesna
primena Kaizen pristupa ne zavisi isklju¢ivo od tehnologije, ve¢ pre svega od organizacione kulture,
motivacije zaposlenih i podrske menadZzmenta.

U Cetvrtom delu rada uporedena je primena Kaizen pristupa bez IT podrske i sa IT podrSkom.
Na osnovu prikazanih primera moze se zakljuciti da se Kaizen moze uspesSno primenjivati i u tradici-
onalnom obliku, ali da upotreba IT alata znac¢ajno unapreduje efikasnost, brzinu i preciznost procesa
kontinuiranog unapredenja. Sa IT podrSkom, poboljSanja postaju lakSe merljiva, dokumentovana i
dostupna vec¢em broju u€esnika u organizaciji, $to doprinosi njihovoj odrzivosti.

Opsti zakljucak rada jeste da Kaizen i IT resursi ne treba da se posmatraju odvojeno, ve¢ kao
medusobno povezani i komplementarni elementi savremenog menadzmenta kvaliteta. Kaizen obezbe-
duje filozofiju i na¢in razmisljanja, dok IT resursi obezbeduju alate i infrastrukturu za njegovu efikasnu
primenu. Njihova integracija omogucava organizacijama da kontinuirano unapreduju svoje procese,
povecavaju kvalitet usluga 1 proizvoda 1 bolje odgovaraju na zahteve savremenog poslovnog okruzenja.

Na osnovu svega navedenog, moze se zakljuciti da primena Kaizen filozofije uz adekvatnu IT
podrsku predstavlja vazan faktor konkurentnosti i odrzivog razvoja organizacija. Ovaj rad moze po-
sluziti kao osnova za dalja istrazivanja u oblasti integracije menadzmenta kvaliteta i informacionih
tehnologija, posebno u kontekstu digitalne transformacije i savremenih organizacionih sistema.
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Efektivnost obuka izvrsilaca predstavija jedan od kljucnih elemenata uspesnog funkcionisanja
sistema menadzmenta kvaliteta u medicinskoj i farmaceutskoj industriji, narocito u kontekstu zahteva
standarda 1SO 13485 i dobre dokumentacione prakse (GDP). Ovaj rad bavi se analizom znacaja i
efektivnosti obuka zaposlenih, sa posebnim fokusom na primenu GDP principa i ALCOA koncepta u
cilju obezbedivanja integriteta podataka.

U radu su razmatrani relevantni zahtevi standarda 1SO 13485, kao i primer iz prakse koji uka-
zuje na posledice neadekvatne obucenosti zaposlenih u oblasti upravljanja dokumentacijom. Prime-
nom Ishikawa metode identifikovani su uzroci neusaglasenosti, dok je analiza CAPA procesa ukazala
na ogranicenja postojecih mehanizama za unapredenje kvaliteta.

Rezultati pokazuju da formalno sprovedene obuke ne garantuju njihovu efektivnu primenu u
praksi, vec je neophodan sistemski pristup koji obuhvata kontinuirano pracenje, evaluaciju i unapre-
denje programa obuka. Zakljucuje se da adekvatno planirane i sprovedene obuke znacajno doprinose
smanjenju rizika, unapredenju usaglasenosti i jacanju sistema menadzmenta kvaliteta.

The effectiveness of employee training represents one of the key elements for the successful
functioning of quality management systems in the medical device and pharmaceutical industry, par-
ticularly in the context of 1ISO 13485 requirements and Good Documentation Practice (GDP). The
paper analyzes the importance and effectiveness of employee training, with a special focus on the
application of GDP principles and the ALCOA concept in ensuring data integrity.

The paper examines relevant 1SO 13485 requirements, as well as a practical example
highlighting the consequences of inadequate employee training in documentation management. Root
causes of nonconformities were identified using the Ishikawa method, while the analysis of the CAPA
process revealed limitations of existing quality improvement mechanisms.

The results indicate that formally conducted training does not guarantee its effective implemen-
tation in practice. Instead, a systematic approach is required, including continuous monitoring, eva-
luation and improvement of training programs. It is concluded that properly planned and implemen-
ted training significantly contributes to risk reduction, improved compliance and the strengthening
of quality management systems.
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1. Uvod

U uslovima sve strozih regulatornih zahteva u medicinskoj i farmaceutskoj industriji, sistem
menadzmenta kvaliteta ima klju¢nu ulogu u obezbedivanju bezbednosti proizvoda i usaglasenosti sa
propisima.

Efikasno funkcionisanje sistema menadzmenta kvaliteta ne zavisi isklju¢ivo od definisanih pro-
cedura i regulatornih zahteva, ve¢ u velikoj meri i od znanja i svesti zaposlenih koji te zahteve sva-
kodnevno primenjuju u praksi. Obuke kadra predstavljaju jedan od kljuénih alata za obezbedenje
uspesnosti procesa, ocuvanja kvaliteta proizvoda i zastitu bezbednosti krajnjih korisnika. U praksi se
¢esto uocava razlika izmedu formalno sprovedenih obuka i njihove stvarne primene, Sto moze dovesti
do pojave neusaglasSenosti, naroc€ito u oblasti dobre dokumentacione prakse i upravljanja sledljivoscu.
Nedostaci u poznavanju i primeni dobre dokumentacione prakse najcesc¢e se otkrivaju kroz interne
audite, aktivnosti interne kontrole kvaliteta ili tokom eksternih regulatornih inspekcija, Sto ukazuje
na direktnu povezanost izmedu nivoa obucenosti operatera i pojave neusaglasenosti tokom obavljanja
radnih zadataka.

Obuke je potrebno posmatrati kao kontinuirani proces sa jasnim planom i pra¢enjem rezultata,
pri ¢emu adekvatno planirane, sprovedene i evaluirane obuke doprinose smanjenju neusaglasenosti i
jacanju celokupnog sistema menadzmenta kvaliteta. U tom kontekstu, vazno je sagledati u kojoj meri
obuke zaposlenih doprinose pravilnoj primeni zahteva standarda, kao i na koji nac¢in se njihova efek-
tivnost moze meriti i unaprediti u svakodnevnoj praksi.

2. Uloga sistema menadzmenta kvaliteta i obuka zaposlenih

Sistem menadzmenta kvaliteta predstavlja strukturiran pristup upravljanju procesima i resur-
sima u cilju postizanja zahteva kvaliteta. Sastoji se od organizacione strukture, planiranja, procesa,
resursa 1 dokumentacije koji se koriste radi unapredenja proizvoda i usluga, kao 1 povecanja zado-
voljstva korisnika. Sistem menadZmenta kvaliteta uzima u obzir zahteve drugih interesnih i zaintere-
sovanih strana, u koje se ubrajaju i korisnici. Ciljevi kvaliteta su povezani sa ukupnim ciljevima orga-
nizacije.

Sistem menadzmenta kvaliteta se u praksi realizuje kroz zaposlene koji primenjuju definisane
procedure i radne instrukcije, pri cemu obuke zaposlenih omogucavaju pravilno razumevanje proce-
dura i njihovu doslednu primenu. Obuke treba planirati i sprovoditi u skladu sa obrazovanjem, iskus-
tvom i kompetencijama zaposlenih. Adekvatne obuke omoguéavaju zaposlenima da razumeju kako
njihove aktivnosti uti¢u na kvalitet 1 bezbednost proizvoda. Provera efektivnosti obuka razli¢itim me-
todama predstavlja sastavni deo upravljanja kompetentnos$éu zaposlenih. Efektivnost obuke se ogleda
u sposobnosti zaposlenih da steCena znanja primene u praksi, pri ¢emu ostvaruju pozitivan uticaj na
kvalitet procesa i proizvoda. Nedovoljno efektivne obuke mogu dovesti do greSaka, neusaglasenosti,
povecéanog rizika, smanjenja odgovornosti, nedovoljne discipline u radu i oslanjanja zaposlenih na
neformalne prakse.

Obuke zaposlenih predstavljaju planiran proces koji je usmeren na sticanje znanja, vestina i
kompetencija neophodnih za pravilno obavljanje radnih zadataka.

3. Zahtevi standarda i regulatorni okvir

Standardi 1ISO 9001 i ISO 13485 definiSu zahteve u oblasti kompetentnosti i obuka. ISO 13485
postavlja stroze zahteve zbog uticaja na zdravlje pacijenata, dok farmaceutska industrija primenjuje
smernice International Council for Harmonisation.
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U okviru oba standarda, 1ISO 9001:2015 i ISO 13485:2016, obuke i kompetentnost zaposlenih
predstavljaju znacajan element sistema menadzmenta kvaliteta.

Zahtevi koji se odnose na obuke i kompetentnost zaposlenih u standardu 1SO 9001:2015 defi-
nisani su u tacki 7.2 gde se naglasava da organizacija treba da utvrdi koje su kompetencije neophodne
za zaposlene koji obavljaju poslove koji imaju uticaj na performanse i efektivnost sistema me-
nadzmenta kvaliteta. U okviru ta¢ke 7.3, standard istice svest zaposlenih u pogledu politike kvaliteta
i svojih uloga, kao i da zaposleni treba da budu upoznati sa sopstvenim odgovornostima, kao i sa
nac¢inom na koji njihov svakodnevni rad doprinosi ostvarivanju postavljenih ciljeva kvaliteta. Za raz-
liku od ISO 13485:2016, 1ISO 9001:2015 ostavlja organizacijama vecu fleksibilnost u pogledu doku-
mentovanja obuka 1 procene kompetentnosti, prilagodavajuci se sloZzenosti organizacije.

ISO 13485:2016 zahteva strozZe i preciznije zahteve u oblasti obuka, to je posledica prirode
medicinskih sredstava koja direktno uti¢u na zdravlje i bezbednost pacijenata. U skladu sa tatkom
6.2. standarda ISO 13485:2016, zaposleni moraju da poseduju odgovaraju¢e obrazovanje, znanje,
obuku, vestine i radno iskustvo, ukoliko je isto neophodno za obavljanje radnih zadataka. Organiza-
cija je u obavezi da planira, sprovodi, evidentira i periodi¢no procenjuje obuke zaposlenih, pri ¢emu
uvodenje nove opreme ili bilo koje izmene u procesima dovodi do dodatnih obuka zaposlenih.

Posedovanje sertifikata u okviru organizacije ne garantuje efikasnu primenu standarda u praksi,
jer stvarni nivo primene i usvajanja zahteva zavisi od razumevanja procedura, uloga i osgovornosti
od strane zaposlenih.

4. Dobra dokumentaciona praksa (GDP) i ALCOA principi

Dobra dokumentaciona praksa (GDP) predstavlja osnovu za efektivno funkcionisanje sistema
menadzmenta kvaliteta, obezbedujuci pouzdanost, sledljivost i integritet podataka koji nastaju tokom
izvrSavanja procesa. Svi procesi se smatraju sastavnim delom sistema menadZmenta kvaliteta i mo-
raju biti kontrolisani, dokumentovani i sprovedeni od strane zaposlenih, kao i jasno definisani, doku-
mentovani i razumljivi svim zaposlenima. Poseban znac¢aj u okviru GDP-a ima sledljivost proizvoda
koja omogucava identifikaciju kretanja proizvoda kroz sve faze njegovog zivotnog ciklusa, kao i u
slu¢ajevima istrage ili moguceg povlacenja proizvoda sa trzista.

U skladu sa GDP-om, zahteva se da svi zapisi budu popunjeni u trenutku izvrSavanja aktivnosti,
da budu povezani sa osobom koja je tu aktivnost izvrSila, kao i da svi podaci u zapisima moraju biti
uneseni Citljivo, bez koris¢enja nejasnih skracenica ili simbola koji nisu definisani procedurama. Ne-
postovanje navedenih pravila je ¢esto rezultat nedovoljno jasnih instrukcija i neefikasne obuke izvr-
Silaca.

Osnovni zahtevi dobre dokumentacione prakse uskladeni su sa principima ALCOA koncepta
(Attributable, Legible, Contemporaneous, Original, Accurate) koji predstavljaju osnovu integriteta
podataka u regulisanim industrijama.

Prema ALCOA principima, svaki zapis mora da ispostuje sledece korake:

— Jasno identifikovana svaka osoba koja je zabeleZila podatke u zapisu

— Rucno zabelezeni podaci se beleze jasno 1 Citko

— Podaci se beleze ta¢no u vreme kada je odredena aktivnost izvrSena

— Podaci, kao sSto su jedinice mere, moraju biti ukljuceni 1 dokumentovani

— Dokumentacija o postupcima popunjavanja dokumentacije treba da bude jasna, da pruza

potpun i tacan opis svakog dogadaja

— Podaci moraju da budu originalni i tacni kako bi predstavljali pouzdan dokaz o usaglaseno-

sti procesa
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— Podaci treba da se direktno evidentiraju u obrazac za prikupljanje podataka
Neadekvatno sprovedene obuke mogu dovesti do povecanja broja greSaka u procesima, §to u-
tie na pojavu neusaglasenosti, povecava rizik i smanjuje efektivnost sistema menadzmenta kvaliteta.

5. Studija slucaja: analiza neusaglaSenosti

Organizacija XY posluje u oblasti proizvodnje medicinskih sredstava. Primenjuje sistem me-
nadzmenta kvaliteta koji je uskladen sa zahtevima standarda ISO 13485:2016. U okviru sistema me-
nadZmenta kvaliteta posebno je vazno upravljanje proizvodnom dokumentacijom. Proizvodna doku-
mentacija omogucava obezbedivanje sledljivosti proizvoda, dokazivanje usaglaSenosti procesa, kao i
oCuvanje integriteta podataka. Predmet analize u ovom radu je vodenje i kontrola proizvodnih zapisa
tokom procesa injekcionog brizganja plasti¢nih delova, koji je vazan deo proizvodnje, jer se kroz
dokumentovane zapise mogu identifikovati moguca odstupanja od propisanih zahteva kvaliteta. Ima-
juc¢i u vidu da pravilno popunjavanje dokumentacije zavisi od znanja i obuke zaposlenih, analiziran
proces pokazuje primer za procenu efikasnosti obuka u sistemu menadZzmenta kvaliteta.

U cilju sagledavanja efektivnosti obuka u praksi, sprovedena je analiza proizvodne dokumen-
tacije u organizaciji XY, sa fokusom na primenu zahteva dobre dokumentacione prakse (GDP-a) i
ALCOA principa. Analiza je usmerena na identifikaciju neusaglasenosti u vodenju zapisa, kao i na
procenu uticaja nedovoljno efektivnih obuka na pojavu odstupanja u procesima.

Tokom internog pregleda zapisa uoceni su brojni nedostaci koji ukazuju na neusaglaSenost sa
zahtevima dobre dokumentacione prakse. lako dokument formalno postoji, na¢in na koji su podaci
evidentirani ne obezbeduje dovoljnu pouzdanost. Osim odstupanja od GDP zahteva, uo¢eni nedostaci
u dokumentu ukazuju na potencijalne rizike po sledljivost proizvoda i pouzdanost podataka.

| KONTROLA OPERACLIE - INJEKCIONO BRIZGANJE PLASTIKE
Checkiist - Injection molding

‘ Kompanija XY

I #r0j radnog natoga | Work order | J
P

Slika 1. Primer proizvodnog zapisa
Izvor: Interna dokumentacija kompanije XY

U cilju sistematske analize uo¢enih odstupanja u vodenju proizvodne dokumentacije, izvrSen
je pregled odabranog zapisa kroz prizmu zahteva dobre dokumentacione prakse (GDP) i ALCOA
principa integriteta podataka.
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Tabela 1. Pregled identifikovanih neusaglasenosti u skladu sa GDP i ALCOA principima

ALCOA / GDP
princip

Stanje u dokumentu

Odstupanje od
GDP / QMS
zahteva

Potencijalni rizik

Attributable —
pripisivo

Prisutni su nejasni
potpisi, inicijali bez
jasnog identiteta ili
neujednaceno upi-

Ne postoji jasna
veza izmedu izvr-
Sene aktivnosti i
odgovorne osobe.

Nemoguénost utvr-
divanja odgovorno-
sti u slucaju rekla-

macije, istrage ili a-

Potpis / Signature

WL oL/ ‘\

sano ime operatera. udita.

Legible - ¢itljivo Rukopis delimicno D_(_)kumentam ja P_(?gresna interpreta- | v, neusagiagenin
nije ¢itak. Kori§¢ene | nije lako cija podataka. Rizik | komada /Quantity of NC
su skraéenice i neja- | razumljiva. od neta¢nih zaklju- ————
sne oznake. caka. i

Ok +

Contemporaneous — | Nije moguce utvrditi | Nema dokaza o Sumnja u integritet | g:o@

zabeleZeno u real- | da li su zapisi nastali | pravovremenom e- | podataka i pouzda- 10 ¢

nom vremenu u realnom vremenu. |videntiranju. nost zapisa. Isti ope- | €<~

rater potpisuje i st
vreme u trajanjuod || ¥ ¥
}'O OO

12 radnih sati.

Uocena je znacajna
razlika u broju pre-
gledanih komada u
odnosu na trajanje

Manipulacija po-
dacima.

Sumnja u integritet
podataka i pouzda-
nost zapisa i rada.

nosti izmedu koli-

zahtevima za tac-

radnog perioda. §1 2
Ao oo ‘ G L
Original - Nema jasnog razgra- | Nejasno poreklo |Rizik od gubitaka o- '
originalno nicenja izmedu ori- | zapisa. riginalnih podataka. U\ B 8
ginalnih unosa i e- :
ventualnih korekcija. | | / 5
Accurate - taéno Uocene su nelogi¢- | Neuskladenost sa | Neta¢ni proizvodni TEO ‘ e

podaci mogu uticati

informacija.

¢ine usaglasenih i nost zapisa. na odluke o kvali-
neusaglasenih ko- tetu.
mada.
Complete — Pojedina obavezna | Nepotpuna doku- | Nedostatak potpu- | osuenmaterial/ |podeten datumar
potpuno polja nisu popu- mentacija. nog zapisa procesa. | e -
njena. Nije koris¢ena
oznaka ,,N/A” (Not
applicable — Nije r -
primenljivo).
Consistent - Razli¢it na¢in evi- | Nedostatak sta- OteZana analiza i
dosledno dentiranja istih ndardizacije. poredenje podataka.
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stanja.

ALCOA /GDP | Stanje udokumentu | Odstupanje od Potencijalni rizik
princip GDP / QMS
zahteva
GDP Dokument nije veri- | Nedostatak Sumnja u integritet Proverio/Odobrio
dokumentacija fikovan. potvrde upisanog | podataka. Cecked Aoproved:

Nedostatak naziva
proizvoda koji se
proizvodi injekcio-
nim brizganjem.

Nedostatak jasnog
i potpunog eviden-
tiranja.

Otezano pracenje
sledljivosti.

Nedostaje rubrika u doku-
mentu.

Dokument ne sadrzi
broj serije.

Nedostatak potpu-
nog zapisa procesa
i standardizacije.

Otezano pracenje
sledljivosti.

Nedostaje rubrika u doku-
mentu.

Dokument nema
jasnu funkciju u pri-
meni. Nije u skladu
sa Standardizacijom.

Nedostatak opera-
cije u odnosu na
naziv dokumenta.

Nedostatak zapisa u-
zoraka uzetih tokom
operacije injekcio-
nog brizganja pla-
stike i nekompatibil-
nosti sa opisom do-
kumenta.

Automatsko fli ruéno upravijanje
masinom /

Automatic o manual control

Dokument sadrZi
oprecne informacije
koje nisu u skladu sa
ISO 9001 1SO
13485 (npr. re¢
diskutabilno).

Nedostatak sta-
ndardizacije.

Otezano pracenje
sledljivosti i mani-
pulacija podacima.

1_){ - = SUH¥e

1 O+ C’,,’ Sk -’J‘-’-};-‘.:l:'_f‘,

Dokument sadrZi
oprecne informacije
za istu kategoriju.

Nedostatak ta¢no-
sti.

Sumnja u integritet
podataka i pouzda-
nost zapisa.

Dokument sadrZi
informaciju o Pri-
logu br. 2, bez pot-
pune informacije Sta
predstavlja i da li a-
naliziranom doku-
mentu pripada i Pri-
log br. 1.

Nedostatak potpu-
nog zapisa procesa
i standardizacije.

OteZana analiza i
sledljivost Podataka.
Problem u postupku
oslobadanja serije
(Batch Release). Ne-
potpuna informacija
ka operaterima.

Checkl - ngction moding

ONTROLA OPERACLE - IJEKCIONO BRZGANE PLASTIE

Uocene su neusaglasenosti kao Sto su: necitljivi podaci, nedosledni podaci i nedostatak klju¢nih
informacija. Takode, ukazuje se da uo¢ene neusaglasenosti ne predstavljaju pojedina¢ne greske, vec
sistemske slabosti u primeni GDP i ALCOA principa.

Analiza kompanije XY pokazuje da formalno sprovedene obuke nisu dovele do adekvatne pri-
mene u praksi.
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5.1. Ishikawa analiza

U cilju identifikacije uzroka odstupanja od zahteva standarda, primenjena je Ishikawa analiza
kao jedan od klju¢nih alata menadZzmenta kvaliteta za analizu uzro¢no-posledi¢nih odnosa. Identifi-
kovani su osnovni uzroci neadekvatne primene principa dobre dokumentacione prakse i ALCOA prin-
cipa u analiziranom zapisu.

Ishikawa analiza se naj¢esc¢e sprovodi primenom koncepta ,,6M”, koji obuhvata sledece kate-
gorije uzroka: Man (ljudi), Machine (masine), Method (metode rada), Material (materijal), Measure-
ment (merenja) i Mother Nature/Environment (okruzenje). Ovom klasifikacijom omoguéava se sagle-
davanje problema sa viSe aspekata. Koncept ,,6M” u ovom radu je prilagoden konceptu upravljanja
dokumentacijom u okviru sistema menadZmenta kvaliteta, pri ¢emu su potencijalni uzroci grupisani
u sledece kategorije: dokumentacija, ljudski faktor, metode rada, menadZzment i nadzor.

Primenom Ishikawa dijagrama zakljucuje se da se najveci broj identifikovanih uzroka odnosi
na kategorije ljudskog faktora i dokumentacije, $to ukazuje da na¢in popunjavanja zapisa od strane
operatera i struktura samog dokumenta imaju klju¢nu ulogu u nastanku odstupanja.

Dokumentacija Ljudski faktor
(Documentation) (People)

* Bez verifikacije Necitak rukopis
Opreéni podaci Nejasna identifikacija
.Nema broja serije . Nedefinisane skracenice
Nejasna funkcija', Jedan operater — duzi rad

Neuskladeni termini Nelogicno navedene kolicine

Nema naziva proizvoda Neblagovremeno popunjavanje

/" Nestandardan unos /Bez verifikacije zapisa

Nema pravila korekcu(-i/ Bez analize gredaka

/Nema oznake ,N/A" /,"'Bez kontrole zapisa

Metod rada Menadiment i
(Methods) nadzor
(Management)

Slika 2. Ishikawa dijagram

Uocene neusaglasenosti se ne mogu otkloniti samo korekcijom zapisa, ve¢ zahtevaju sistemski
pristup koji obuhvata unapredenje programa obuka, reviziju i standardizaciju dokumentacije, kao i
poseban fokus na jacanje mehanizama kontrole 1 nadzora.

Rezultati prikazani putem Ishikawa dijagrama predstavljaju osnovu za definisanje korektivnih
i preventivnih mera u okviru CAPA procesa.

5.2. CAPA proces

CAPA proces (Corrective and Preventive Actions) ima za cilj eliminaciju uzroka neusaglaseno-
sti 1 spreCavanje njihovog ponovnog nastanka. Preventivne mere se mogu preduzeti i bez pojave ne-
usaglasenosti, kao nacin sprecavanja nastanka potencijalnih neusaglaSenosti.

Analiza postoje¢eg CAPA sistema u kompaniji XY pokazuje da takav sistem ne omogucava
adekvatnu identifikaciju osnovnog uzroka, kao ni proveru efektivnosti sprovedenih mera. Na ovaj
nacin proces ne predstavlja alat za spreCavanje ponavljanja istih greSaka, pri cemu se propusta prilika
da se kroz CAPA sistem unapredi kompetentnost zaposlenih i ojaca integritet podataka u skladu sa
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zahtevima I1SO 13485. Navedena ograni¢enja ukazuju na potrebu za unapredenjem CAPA sistema u
pravcu jasnije integracije sa procesima obuka 1 upravljanja kompetentnoS¢u zaposlenih.

Ukoliko CAPA proces nije adekvatno povezan sa analizom uzroka i sistemom obuka, njegova
uloga se svodi na formalno zatvaranje neusaglaSenosti, bez stvarnog unapredenja sistema.

Efektivna primena CAPA procesa zahteva jasno razumevanje uzroka problema, adekvatno de-
finisane mere i kontinuirano pracenje njihove efektivnosti, Sto je direktno povezano sa nivoom obu-
¢enosti zaposlenih.

6. Zakljucak

Efektivnost obuka predstavlja jedan od klju¢nih elemenata uspeSnog funkcionisanja sistema
menadzmenta kvaliteta u medicinskoj i farmaceutskoj industriji. Dobijeni rezultati ukazuju da samo
kroz adekvatno planirane, sprovedene i evaluirane obuke moguce je dosledno primeniti zahteve sta-
ndarda ISO 13485 u praksi. Zahtevi dobre dokumentacione prakse i ALCOA principa naglasavaju
znacCaj integriteta podataka, sledljivosti i tacnosti zapisa, pri cemu ovi zahtevi u velikoj meri zavise
od nivoa znanja, vestina i svesti zaposlenih.

Analiza iz prakse pokazuje da formalno sprovedene obuke ne garantuju njihovu efektivnu pri-
menu u svakodnevnom radu. Uocene neusaglasenosti ukazuju da se problemi ne mogu posmatrati
kao pojedinacne greske zaposlenih, ve¢ predstavljaju rezultat medusobnog delovanja vise faktora,
ukljucujuéi nacin organizovanja obuka, kvalitet dokumentacije, jasno¢u procedura i efikasnost nad-
zora.

Rezultati Ishikawa analize su pokazali znacajan uticaj ljudskog faktora i problema u dokumen-
taciji na pojavu odstupanja. Analiza CAPA procesa ukazala je na potrebu za jaom povezanos$cu
izmedu pronadenih uzroka neusaglasenosti, korektivnih mera i razvoja vestina zaposlenih.

Na osnovu sprovedene analize moze se zakljuéiti da uspeSnost obuka predstavlja vaZzan faktor
za dobro funkcionisanje sistema menadzmenta kvaliteta. Rezultati studije slucaja pokazali su da po-
uzdanost procesa i1 uskladenost sa regulatornim zahtevima zavise od pravilne primene dokumentaci-
onih zahteva, znanja zaposlenih i efikasnosti mehanizma nadzora. Unapredenje procesa obuka, sta-
ndardizacija dokumentacije i CAPA aktivnosti doprinosi u smanjenju neusaglasenosti i jatanju u-
kupne uspesnosti sistema menadzmenta kvaliteta.
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Sve intenzivnija primena veStacke inteligencije u procesnoj industriji donosi znacajne moguc-
nosti za optimizaciju proizvodnje i operacija, kao i efikasnije korisc¢enje resursa. Medutim, paralelno
sa pozitivnim aspektima, javljaju se i izazovi u vezi sa pouzdanoséu samih sistema, transparentno$céu
odluka, upravljanjem podacima i uskladenoscu sa regulatornim i etickim zahtevima. ISO/IEC 42001,
predstavlja prvi medunarodni standard za sistem menadzmenta vestackom inteligencijom (AIMS), i
kao takav pruza struktu-riran okvir i smernice za upravljanje Al sistemima kroz ceo njihov zivotni
ciklus. lako je primarno prepoznat u IT sektoru, njegova primena u pro-cesnoj industriji moze pred-
stavijati kljucni korak ka odgovornoj i odrzivoj digitalnoj transformaciji. U okviru rada se analizira
mogucnosti implementacije ISO/IEC 42001 u ne-1T okruzenjima, sa fokusom na procesnu industriju,
ukljucujuci ener-getiku, hemijsku i proizvodnu industriju. Poseban akcenat stavljen je na integraciju
AIMS elemenata sa postojecim sistemima menadZzmenta kvaliteta (ISO 9001), zaStite Zivotne sredine
(ISO 14001) i informacione bezbednosti (ISO 27001). Na kraju, rad sadrzi i predlog prakticnog
okvira za implementaciju koji povezuje zahteve standarda sa operativnim procesima, ciljevima odr-
Zivog razvoja i principima ekonomije. Kroz ovaj pristup, kompanije mogu obezbediti vecu transpa-
rentnost, smanjiti rizike i unaprediti donoSenje odluka zasnovano na podacima.

The increasingly intensive application of artificial intelligence in the process industry brings
significant opportunities for optimizing production and operations, as well as for more efficient re-
source utilization. However, alongside these benefits, challenges also arise related to system reliabi-
lity, decision transparency, data governance, and compliance with regulatory and ethical require-
ments. ISO/IEC 42001 represents the first international standard for Artificial Intelligence Manage-
ment Systems (AIMS), providing a structured framework and guidelines for managing Al systems
throughout their entire lifecycle. Although it is primarily recognized in the IT sector, its application
in the process industry can represent a key step toward responsible and sustainable digital transfor-
mation. This paper analyzes the possibilities of implementing ISO/IEC 42001 in non-1T environments,
with a focus on the process industry, including energy, chemical, and manufacturing sectors. Special
emphasis is placed on integrating AIMS elements with existing management systems such as ISO
9001 (quality management), ISO 14001 (environmental management), and ISO 27001 (information
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security). Finally, the paper proposes a practical implementation framework that connects standard
requirements with operational processes, sustainable development goals, and principles of circular
economy. Through this approach, companies can achieve greater transparency, reduce risks, and
improve data-driven decision-making.

1. Introduction

Artificial intelligence is advancing rapidly and is being increasingly adopted across all indus-
trial sectors, including the processing industry. The focus is on various areas such as production op-
timization, automation, quality control, predictive maintenance, supply chain management, and en-
ergy efficiency. Al systems are increasingly influencing operational decisions, outcomes, and regu-
latory compliance. Due to the complexity of these technologies, the downside of this trend is the
introduction of new Al-related risks in operations, particularly those related to decision transparency,
reliability, ethics, data governance, and accountability. Proper identification and management of these
risks have become a necessity from both strategic and operational perspectives, rather than merely a
technical challenge.

To implement a structured and systematic approach to Al governance, companies are turning
to the ISO/IEC 42001 international standard for Al management systems (AIMS). This standard pro-
vides a framework for governing the responsible use of Al throughout its lifecycle. ISO/IEC 42001
focuses on Al governance and the establishment of an Al management system, unlike other, more
technical standards that concentrate on how Al systems should be developed. It enables companies
in the processing industry to integrate Al oversight and control mechanisms into existing processes
and operations, as well as into established quality, safety, and compliance domains.

The implementation of an Al management system (AIMS) in companies operating in the pro-
cessing industry, considering the nature of their business, supports a balance between innovation and
control. It can help ensure that Al systems are ethical, properly identified, robust, compliant, and
aligned with business objectives and stakeholder expectations. This paper explores how companies
in this industry can practically implement ISO/IEC 42001, taking into account the specifics of their
operations, challenges related to operational continuity, workforce safety, skills and competencies,
integration with other management systems, and regulatory environments.

This paper focuses on implementation rather than theory. Accordingly, the remaining sections
are organized as follows. Section two provides a literature review, focusing on correlations with sim-
ilar implementation use cases. Section three presents an overview of the proposed framework, along
with the key implementation elements that need to be considered. Section four contains details on the
implementation context as a starting point for AIMS implementation, including Al risks, roles and
responsibilities, and control mechanisms. Section five emphasizes the integration of the AIMS with
existing management systems, such as 1ISO 9001. Concluding remarks are provided at the end, along
with directions for potential next steps.

2. Literature review

The expansion of artificial intelligence across non-IT sectors has significantly impacted and
transformed the way companies design, analyze, optimize, and manage operational processes. As
previously highlighted, Al is heavily embedded into production systems, enabling automations, real-
time decision-making, advanced analytics and monitoring. However, Al systems have moved from
experimental environments into critical operations, thus the focus of research has shifted from purely
technical performance toward broader governance concerns. These concerns are related to the Al
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system reliability, transparency of decision-making, accountability, and the potential impact of Al-
driven decisions on safety, quality, and compliance. As a result, it has become clear that Al is no
longer observed only from the technological capability point, but as an company asset that requires
structured governance and oversight.

When it comes to the Al governance, we have seen in the last several years an increased number
of international guidelines and frameworks. One comprehensive analysis was provided in [1] by Jobin
et al., focusing on the frameworks related to global Al ethics guidelines, transparency, accountability,
and fairness as the most consistently emphasized principles. However, the study also highlights frag-
mentation and lack of standardization across these initiatives, which creates challenges for companies
attempting to operationalize Al governance in practice and structured way. Similarly, Floridi et al.
[2] propose a unified ethical framework emphasizing importance of governing Al in the wider society
and environment. Although these frameworks offer valuable guidance on the top-level, they usually
lack specific mechanisms for implementation within operations and processes, which could be also
limiting for the applicability in industrial environments.

From a company perspective, implementing Al systems could introduce several different chal-
lenges that extend beyond technical deployment. Some of the previosuly conducted researches such
as [3], are emphasizing frequently encountered difficulties in integrating Al into existing processes
due to a lack of in-house expertise, governance structure, rapidly evolving technological and regula-
tory landscapes. The effect of these challenges could be significant in complex industrial environ-
ments, where Al systems must operate within strict safety, reliability, and compliance constraints.
Furthermore, the absence of defined roles and responsibilities for Al governance and control mecha-
nisms, often leads to partial decision-making and increased operational risk. This clearly indicates
that successful Al adoption requires not only technological readiness, but also organizational align-
ment and structured governance approach.

When it comees to the accountability in Al systems, auditing practices are playing a crucial
role. Since governance must cover the entire Al lifecycle, companies needs to apply end-to-end au-
diting and review of algorithms, data, roles and controls [4], from data collection and model devel-
opment to deployment and continuous monitoring. As provided in the related research, essential com-
ponents of a responsible Al systems are documentation, traceability, and clearly defined control
mechanisms. This perspective reinforces the idea that governance is not a one-time activity but an
ongoing process that must be embedded into organizational workflows, periodically reviewed and
adjusted. In addition to governance structures, effective interaction between human operators and Al
systems represents a key factor in successful implementation [5]. In manufacturing and processing
environments, operators must be able to understand, trust, and intervene in Al-driven decisions, par-
ticularly in situations involving anomalies or safety risks.

Another critical aspect of Al implementation is the complexity of machine learning systems in
production environments, and so called “hidden technical debt” [6]. Over tie time, Al systems can
accumulate risks, due to data dependencies, model drift, and insufficient monitoring. These issues
could become relevant in industrial settings, where systems operate continuously and are subject to
changing conditions. Without proper review and control mechanisms, such risks could remain unde-
tected and lead to degraded performance or unintended consequences. In [7] an example is provided
how Al-driven analytics could be integrated with physical production processes to enable real-time
monitoring. Considering analytics and monitoring, it could be said that predictive maintenance is one
of the most widely adopted use cases, where machine learning models are used to anticipate equip-
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ment failures and minimize downtime [8]. Finaly, in the context of applying Al in processing indus-
try, other use cases detect quality control, anomaly detection, and process optimization areas [9], in
which Al could contribute to higher levels of productivity and product consistency[10].

3. Overview of the proposed framework

The framework proposed as part of this paper is designed to support the practical implementa-
tion of Al governance in companies within the processing industry. The framework is aligned with
the principles of structured management systems and focuses on integrating Al governance into ex-
isting processes and operations. Next key implementation elements are establishing the foundation
for an AIMS:

— ldentification of the organizational Al context,

— Establishement of the Al usage policy,

— Expansion of the existing organizational roles and responsibilities,

— ldentification of Al-related risks,

— Introduction of the regular management reviews, and

— Implementation of the operational control mechanisms.

Identification of the organizational Al context includes recognizing where artificial intelligence
is currently used or planned to be used within processes. As previously emphasized, in the processing
industry, Al systems may be involved in predictive maintenance, process optimization, quality in-
spection, anomaly detection, energy consumption forecasting, or decision-support activities. Defining
the Al context could also include the identification of the stakeholders, mapping of the operational
dependencies, understanding applicable regulations, ajustments of business objectives, and assess-
ment of the potential impacts on safety, quality, and operational continuity.

The purpose of the Al policy is to define company’s principles, responsibilities, acceptable
usage practices, as well as to provide guidelines for governing the expectations related to Al technol-
ogies. The policy must clearly specify how Al systems could be used, which types of data may be
processed, how human oversight is maintained, and how ethical, security, and compliance consider-
ations are addressed.

Expansion of existing organizational roles and responsibilities is another important aspect. In-
stead of creating entirely new structures, the framework proposes extending current operational, qual-
ity, security, and compliance roles with Al-related responsibilities. One example could be related to
the quality manager who will also embrace responsibilities related to the Al output validation and Al
risk management. Similar, information security officers may oversee Al-related data governance and
cybersecurity risks, as well as participate in the periodical reviews together with the quality manager.
Following this, operational managers may supervise the reliability, usage and effectiveness of Al-
assisted processes, and could propose improvements related to Al, automation and similar.

Systematic identification and management of Al-related risks represents another key element.
Al systems are introducing new categories of risks that may not be fully addressed through traditional
risk management approach. These risks could be related to the biased outputs, lack of transparency,
data quality problems, model drift, cybersecurity vulnerabilities, or non-compliance with regulatory
and ethical requirements. Based on the proposed framework, companies should establish an Al risk
register that captures identified risks, associated controls, responsible Al risk owners, mitigation
steps, and latest review status.
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Final part of framework are regular management reviews and control mechanisms. These are
also critical governance activities that need to be properly integrated into the processes, so that com-
pany doesn’t lose focus on its strategy and business goals. Management reviews should evaluate the
effectiveness of Al governance processes, assess the status of identified Al risks using the risk regis-
ter, review incidents and nonconformities, evaluate compliance requirements, and monitor the
achievement of company’s objectives related to Al usage. Control mechanisms may expand existing
internal audits, could include new activities related to the Al system monitoring, performance valida-
tion, documentation reviews, approval workflows, and human oversight procedures.

4. Implementation context

Proposed framework was described in the previous section. Its important elements are also
shown on the next figure.
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Figure 1. Al Governance Framework in Processing Industry

The successful implementation of an AIMS within the company in processing industry requires
a clear understanding of the implementation context in which Al governance activities will be estab-
lished. The context represents multiple environments (such as organizational, operational, govern-
ance) that could influence the Al system through its lifecycle. Environment within the processing
industry is characterized by strict quality, safety, environmental, and regulatory requirements. Thus,
Al governance cannot be implemented as an isolated technical initiative. It must be properly aligned
with:

— Strategy and objectives,

— Management structure,

— Existing governance mechanisms, and

— Organizational resources and capabilities.

The implementation of Al is often driven by highest company goals such as cost optimization,
quality improvement, energy and resource efficiency, or enhanced decision-making. The Al govern-
ance should support these goals by ensuring that Al systems will operate in a controlled, responsible
and transparent way. Alignment with strategy will enable top management to prioritize Al initiative
according to the business value and objectives.

Al implementation will be effective if there is an alignment with the existing management
structure of the company. In many processing industry environments, responsibilities are already dis-
tributed across operational management, quality management, information security, compliance, and
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safety functions. Al governance should therefore integrate into these existing structures rather than
operate as independent entity.

Companies in the processing industry are using governance mechanisms established as part of
the existing management systems. These mechanisms could include risk management processes, in-
ternal audits, corrective actions, compliance reviews, change management procedures, and perfor-
mance monitoring activities. To avoid duplication and improve implementation efficiency, imple-
mentation of the Al governance should integrate with these existing mechanisms. Integration into
existing frameworks such as ISO 9001 or ISO/IEC 27001 also enables companies to manage Al-
related risks within already familiar routine and standardized processes.

Finally, the successful implementation of Al initiative will depend significantly on the availa-
bility of resources and capabilities. Companies must assess whether they have the necessary compe-
tencies to implement and manage Al systems effectively, including knowledge related to Al risks,
model monitoring, cybersecurity, compliance, and human oversight. Employee training at the begin-
ning of the implementation could play an important role in ensuring the understanding of the initiative
details, potential risks of implementation, limitations, and governance requirements associated with
Al technologies.

The implementation context needs to establish the foundation required for effective AIMS im-
plementation within the company. By understanding operational dependencies, assessing company
readiness, defining governance responsibilities, identifying Al risks, and establishing control mecha-
nisms, companies could introduce Al technologies using a more structured, transparent, and sustain-
able approach.

5. Integration of the AIMS with existing management systems

Considering that many companies in the processing sector already operate under established
standards such as ISO 9001, 1SO 14001, and 1SO 45001, the proposed AIMS framework emphasizes
compatibility with existing systems. This should not be considered as isolated initiative. Companies
should leverage existing structures, responsibilities, controls, and continual improvement mecha-
nisms while reducing implementation complexity.

Integration with quality management systems such as ISO 9001 could be important, considering
that Al systems could directly influence production quality and process stability. Al-assisted deci-
sion-making processes should therefore be incorporated into existing quality assurance and validation
activities to ensure that Al-generated outputs remain accurate, traceable, and aligned with operational
requirements. Potential integration points between ISO/IEC 42001 and 1SO 9001 are provided below:

— Risk-Based Thinking (ensure consistent product and service quality). In integrated envi-
ronments, existing quality risk management processes can be extended to include Al-related
risks

— Process Approach (core management principle). Integrate Al governance directly into ex-
isting operational workflows, quality assurance activities, and process monitoring mecha-
nisms.

— Continual Improvement (fundamental principle in both standards). Existing corrective
and preventive action mechanisms used in quality management can also be applied to Al-
related incidents.

— Documentation and Traceability (evidence-based decision-making). Extend existing doc-
umentation practices to include Al inventories, risk registers, records, Al monitoring logs
and other.
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Following similar logic, an alignment between 1SO 14001, 1ISO 27001, ISO 45001 and ISO/IEC
42001 could be made. All these standards share several common governance principles related to risk
management, continual improvement, operational control, and organizational accountability. Man-
agement systems will require from company to identify and assess risks and impacts associated within
the activities, establish appropriate control mechanisms, define responsibilities, monitor performance,
and conduct regular management reviews.

6. Conclusion

Artificial intelligence is advancing rapidly and is being increasingly adopted across industrial
sectors. In processing industry, the focus is on various areas such as production optimization, auto-
mation, quality control, predictive maintenance, supply chain management, and energy efficiency.
Due to its complexity, the downside of the adoption trend is the introduction of complex Al-related
risks in operations, particularly those related to decision transparency, reliability, ethics, data govern-
ance, and accountability. Proper identification and management of these risks have become a neces-
sity, rather than merely a technical challenge.

Companies need to implement a structured way of Al governance, identify and manage ade-
quately the entire Al lifecycle. ISO/IEC 42001 represents the first international standard for Artificial
Intelligence Management Systems (AIMS) that could provide guideliness for establishing proper Al
governance processes. This paper analyzes the possibilities of implementing ISO/IEC 42001 in non-
IT environments, with a focus on the process industry, including energy, chemical, and manufacturing
sectors. Particular focus was placed on practical implementation framework that consists of several
elements related to defining the implementation context, establishing Al governance policies, extend-
ing existing organizational roles and responsibilities, identifying and managing Al-related risks, and
introducing management reviews and control mechanisms.

The proposed framework demonstrates that Al governance can be implemented in a practical
and scalable manner by integrating Al-related activities into existing operational and management
processes rather than establishing isolated governance structures. Considering that many companies
in the processing sector already operate under established standards such as ISO 9001, 1SO 14001,
ISO 45001, 1SO 27001, the proposed AIMS framework emphasizes compatibility with existing sys-
tems.

It could be said that at this point, ISO/IEC 42001 is still relatively new and implementation
experiences are limited. But, its adoption could represent an important step for establishing responsi-
ble and sustainable Al governance within industrial sector. Through this approach, companies can
achieve greater transparency, reduce risks, and improve data-driven decision-making.

Future work may expand existing alignment point towards other standards (ISO 14001, ISO
45001, ISO 27001) in the same manner as presented in this paper for the ISO 9001. Due to industry
specifics, another further initiative could be related to the development of a sector-oriented control
frameworks.
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U radu je uradena analiza postojeceg standarda kvalifikacije Tehnicar grejanja i klimatizacije,
sa ciljem da se istakne neuskladenost izmedu vazeceg standarda i onoga sto zahteva moderna indus-
trija, posebno u oblastima kao $to su digitalizacija, energetska efikasnost, odrZivi razvoj i upravljanje
kvalitetom. Neophodnost navedenog, sadrzana je u c¢injenici da savremeni razvoj procesne indrustrije
zahteva stalno unapredenje obrazovnih profila u strucnom obrazovanju, jer su drustvu sve potrebniji
strucnjaci sa tehnickim, digitalnim i odrzivim kompetencijama.

U radu se predlaze model unapredenja kroz jacanje veza izmedu obrazovanja i industrije, kao
i primena dualnog modela obrazovanja, koji omogucava ucenicima da steknu prakticna iskustva u
realnim industrijskim uslovima rada.

Modernizovane oblasti kompetencija, ucenicima bi pruzile mogucnost da ovladaju vestinama
koje industrija prepoznaje kao kljucne, ukljucujuci upotrebu digitalnih i automatizovanih sistema,
energetski optimizovana reSenja, i principe odrzivog razvoja.

Realno je ocekivati da bi implementacija ovih promena dovela do lakseg pronalazenja posla i
profesionalnog razvoja, i podigla kvalitet kadrova koji su spremni za rad u digitalizovanim, energet-
ski efikasnim i odrzivim procesnim postrojenjima.

The paper analyzes the existing qualification standard Heating and Air Conditioning Techni-
cian, with the aim of highlighting the mismatch between the current standard and what modern indus-
try requires, especially in areas such as digitalization, energy efficiency, sustainable development
and quality management. The necessity of the above lies in the fact that the modern development of
industrial processes requires constant improvement of educational profiles in vocational education,
because society needs specialists with technical, digital and sustainable competencies.

The paper proposes a model of improvement through strengthening the links between education
and industry, as well as the application of a dual model of education, which allows students to gain
practical experience in real industrial working conditions.

Modernized competency areas would provide students with the opportunity to master skills re-
cognized by industry as key, including the use of digital and automated systems, energy-optimized
solutions, and principles of sustainable development.
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Itis realistic to expect that the implementation of these changes would lead to easier job finding
and professional development, and raise the quality of personnel who are ready to work in digitized,
energy-efficient and sustainable process plants.

1. Uvod

Procesna industrija predstavlja jedan od klju¢nih sektora savremene privrede, zasnovan na slo-
zenim procesima prenosa mase i energije, ¢ija efikasnost direktno odreduje ekonomicnost, bezbed-
nost i posledice po Zivotnu sredinu (Towler & Sinnott, 2013; Smith, 2016). Savremeni razvoj ovog
sektora karakteriSu povecani zahtevi u oblasti energetske efikasnosti, smanjenja emisija i primene
digitalnih tehnologija upravljanja procesima (IEA, 2023).

U takvim uslovima, srednje stru¢no obrazovanje ima znacajnu ulogu u razvoju kadrova ospo-
sobljenih za rad u savremenim industrijskim sistemima. Obrazovni profil Tehnicar grejanja i klima-
tizacije posebno je relevantan, jer obuhvata znanja iz oblasti energetike, procesnih sistema i uprav-
ljanja tehni¢kim postrojenjima, uz izrazenu vezu izmedu teorije 1 prakse.

Medutim, ubrzani tehnoloski razvoj i rastu¢i znacaj odrzivog razvoja ukazuju na potrebu za
modernizacijom kompetencija obrazovnog profila. Postoje¢e kompetencije ne obuhvataju u dovoljnoj
meri principe digitalizacije, energetske efikasnosti i upravljanja kvalitetom, $to ograni¢ava usklade-
nost sa zahtevima savremene procesne industrije (Hermann et al., 2016; CEDEFOP, 2020).

Cilj ovog rada je analiza uskladenosti obrazovnog profila Tehnicar grejanja i klimatizacije sa
savremenim industrijskim zahtevima, kao i definisanje pravaca njegovog unapredenja kroz integra-
ciju principa odrzivosti, digitalizacije i upravljanja kvalitetom.

2. Metodologija

U ovom radu primenjen je analiticko-deskriptivni i komparativni istrazivacki pristup sa ciljem
procene uskladenosti postojeceg standarda kvalifikacije Tehnicar grejanja 1 klimatizacije sa savreme-
nim zahtevima procesne industrije. IstraZivanje je zasnovano na kvalitativnoj analizi obrazovnih do-
kumenata, relevantne strucne literature i medunarodnih standarda koji definiSu savremene trendove
u oblasti energetike, digitalizacije i industrijskih sistema.

U prvoj fazi istrazivanja izvrSena je detaljna analiza vazeceg standarda kvalifikacije, pri cemu
su razmatrani ishodi u€enja i klju¢ne stru¢ne kompetencije. Fokus analize bio je usmeren na identifi-
kovanje sadrZaja koji se odnose na tehnicke sisteme grejanja i klimatizacije, kao i na utvrdivanje
prisustva elemenata koji se odnose na savremene tehnoloske i industrijske zahteve.

U narednoj fazi sprovedeno je komparativno uporedivanje dobijenih rezultata analize sa savre-
menim industrijskim zahtevima koji proizilaze iz koncepta Industrije 4.0, energetskih politika i sta-
ndarda upravljanja energijom i kvalitetom. Ova poredenja su omogucila identifikaciju razlika izmedu
postojecih obrazovnih ishoda i kompetencija koje su neophodne u modernim procesnim sistemima,
posebno u oblastima digitalizacije, energetske efikasnosti i odrzivog razvoja.

Na osnovu uocenih razlika razvijen je konceptualni predlog modela unapredenja standarda kva-
lifikacije, koji predstavlja polaznu tacku za osavremenjivanje kurikuluma. Formulisani su primeri
savremenih nastavnih sadrzaja i ishoda ucenja kao ilustracija mogucih pravaca modernizacije kuri-
kuluma. Model je formulisan tako da odrazava potrebu jaanja povezanosti obrazovanja i industrije,
kao i integracije savremenih tehnologija i principa odrzZivosti u obrazovni proces, uz poseban akcenat
na razvoj digitalnih i automatizovanih kompetencija uéenika.
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3. Zahtevi savremene procesne industrije

Savremena procesna industrija razvija se u pravcu visoko digitalizovanih, automatizovanih i
energetski optimizovanih sistema, pri ¢emu se kao dominantni okvir razvoja namece koncept Indus-
trije 4.0. Ovakav razvoj podrazumeva integraciju fizi¢kih procesa sa digitalnim tehnologijama, $to
omogucava povecanje efikasnosti, pouzdanosti 1 fleksibilnosti industrijskih postrojenja, uz istovre-
meno smanjenje negativnog uticaja na Zivotnu sredinu (Hermann et al., 2016; Kagermann et al.,
2013).

Energetska efikasnost predstavlja jedan od klju¢nih strateskih zahteva savremene industrije,
posebno u kontekstu evropskih energetskih politika i standarda upravljanja energijom. Optimizacija
potroSnje energije u procesnim i termotehni¢kim sistemima, ukljucujucéi sisteme grejanja, ventilacije
I klimatizacije, postaje neophodna za smanjenje operativnih troskova i emisija gasova sa efektom
staklene baste (IEA, 2023; ISO 50001:2018). U tom smislu, savremeni HVAC sistemi se sve vise
projektuju kao visoko efikasni i adaptivni sistemi sa moguéno$éu dinami¢kog upravljanja energet-
skim tokovima.

Digitalizacija industrijskih procesa predstavlja centralni element transformacije savremene pro-
izvodnje. Primena industrijskih 10T sistema, senzorskih mreza, SCADA sistema i naprednih softver-
skih platformi omogucava kontinuirano pracenje procesa u realnom vremenu, kao i optimizaciju rada
postrojenja na osnovu prikupljenih podataka. Time se znacajno unapreduje preciznost upravljanja,
smanjuje verovatnoca sistemskih greSaka i pove¢ava ukupna pouzdanost industrijskih sistema.

Odrzivost se u savremenoj procesnoj industriji posmatra kao integrisani razvojni princip koji
obuhvata racionalno koris¢enje resursa, primenu obnovljivih izvora energije i smanjenje ekoloskog
otiska industrijskih postrojenja. Poseban znacaj ima tranzicija ka ekoloski prihvatljivim rashladnim i
radnim fluidima, kao i implementacija reSenja koja podrzavaju dekarbonizaciju industrijskih sistema
u skladu sa evropskim zelenim politikama.

Upravljanje kvalitetom i standardizacija predstavljaju osnovu pouzdanog i bezbednog funkcio-
nisanja procesnih sistema. Implementacija medunarodnih standarda omogucava sistemati¢nu kon-
trolu procesa, ujednacavanje tehnickih procedura i povecanje nivoa sigurnosti u radu. Time se obez-
beduje ne samo tehni¢ka pouzdanost, ve¢ i konkurentska prednost industrijskih sistema na globalnom
trzistu.

Svi navedeni aspekti ukazuju na potrebu za razvojem savremenih tehnickih kompetencija koje
obuhvataju kombinaciju inZenjerskog znanja, digitalnih vestina i razumevanja principa odrZivog raz-
voja. Navedeni zahtevi predstavljaju direktan izazov za sistem srednjeg stru¢nog obrazovanja, koji
mora biti prilagoden potrebama savremene, digitalizovane i energetski efikasne industrije.

4. Standard kvalifikacije tehnicar grejanja i klimatizacije

U obrazovnom sistemu Republike Srbije u oblasti maSinstva i obrade metala na niovou 4 postoji
standard kvalifikacije i obrazovni profil tehnicar grejanja i klimatizacije (,,Sluzbeni glasnik RS — Pro-
svetni glasnik® br. 1/2018.).

Analizom vaZeéeg standarda kvalifikacije Tehnicar grejanja i klimatizacije moZe se uociti da
je u znacajnoj meri zasnovan na tradicionalnim tehni¢kim kompetencijama, pre svega u oblasti izvo-
denja, montaZe i odrzavanja sistema. Iako standard prepoznaje pojedine savremene aspekte, kao $to
su energetska efikasnost, upotreba softvera i1 pracenje tehnoloskih inovacija, uocavaju se odredena
ogranicenja u pogledu uskladenosti sa aktuelnim zahtevima procesne industrije.

Princip energetske efikasnosti je prepoznat u okviru vise kompetencija, ali nije dovoljno razra-
den na nivou konkretnih znanja i vestina. Nedostaje sistemski pristup koji bi obuhvatio integraciju
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obnovljivih izvora energije (npr. toplotne pumpe, solarni sistemi), izradu jednostavnijih energetskih
bilansa, kao i participiranje u procesu optimizacije energetskih tokova. Postoje¢i standard je vise
orijentisan na eksploataciju sistema, a manje na njihovu energetsku optimizaciju, $to je jedan od
kljucnih zahteva savremene industrije.

U oblasti digitalizacije uocava se da je upotreba ,,aplikativnih softvera® navedena, ali nedo-
voljno precizirana i ograni¢ena je na osnovni nivo. Nedostaju kompetencije koje se odnose na rad sa
senzorima i regulatorima, primenu sistema automatskog upravljanja uz poznavanje osnova PLC i
SCADA sistema, ,,pametnih® HVAC sistema i 10T koncepta.

Iako standard ukljucuje mere zastite Zivotne sredine, pristup je pretezno normativan i usmeren
na poStovanje propisa. Nedostaje Siri koncept odrzivosti koji podrazumeva procenu uticaja sistema
na Zivotnu sredinu, primenu ekoloski prihvatljivih rashladnih fluida, razumevanje zna¢aja smanjenja
emisije 1 ugljeni¢nog otiska, primenu principa reupotrebe 1 reciklaze komponenti.

Kompetencije zastupljene u postojecem standardu su uglavnom usmerene na izvrsenje zada-
taka, a manje na upravljanje kvaliteteom procesa.

Opste zapazanje je da postojeéi standard kvalifikacije obezbeduje solidnu osnovu za sticanje
stru¢nih znanja u oblasti grejanja, ventilacije i klimatizacije, ali nije u potpunosti uskladen sa savre-
menim zahtevima procesne industrije. Klju¢ni nedostaci odnose se na nedovoljnu zastupljenost ener-
getske optimizacije, digitalizacije, odrzivog razvoja i upravljanja kvalitetom, $to ukazuje na potrebu
za njegovim daljim unapredenjem.

5. Predlog unapredenja standarda kvalifikacije i kurikuluma

Uporedna analiza postoje¢ih i modernizovanih oblasti kompetencija, prikazana u tabeli 1, jasno
pokazuje konkretne pravce unapredenja. Dok trenutni standard naglaSava osnovne tehnicke i organi-
zacione veStine, modernizovana verzija uklju¢uje dodatne kompetencije koje odgovaraju zahtevima
savremene procesne industrije, kao Sto su primena digitalnih i automatizovanih sistema, energetska
efikasnost, odrzivost, standardizacija i upravljanje kvalitetom. Ovakva struktura kompetencija omo-
gucava da program obrazovanja ne samo da prati tehnoloski razvoj industrije, ve¢ i aktivno doprinosi
stvaranju kvalifikovanih stru¢njaka spremnih za rad u modernim, digitalizovanim i odrzivim proce-
snim postrojenjima.

Na osnovu analize postojeceg standarda kvalifikacije za TehniCara grejanja i klimatizacije, ne-
ophodno je pristupiti njegovom unapredenju kroz integraciju savremenih zahteva procesne industrije.
Prvi i kljuéni korak u ovom procesu jeste povezivanje obrazovanja sa privredom. Primena razlicitih
tehnika, kao Sto su ankete medu poslodavcima, fokus grupe, strucne radionice 1 analiza trZiSta rada,
omogucava razvoj nacrta modernog profila zanimanja. Ovaj profil treba da definiSe konkretna znanja,
vestine i kompetencije koje savremena industrija prepoznaje kao relevantne. U sledecoj fazi vrsi se
modernizacija standarda kvalifikacije Tehnicar grejanja i klimatizacije, a zatim izrada kurikuluma, tj.
plana i programa nastave i uc¢enja u $koli i kompaniji.

Drugi segment unapredenja odnosi se na dualni model obrazovanja, koji ukljucuje aktivnu sa-
radnju sa kompanijama iz oblasti grejanja, ventilacije 1 klimatizacije. U€enici kroz prakticno ospo-
sobljavanje u realnim industrijskim uslovima sticu iskustvo 1 vestine koje se ne mogu u potpunosti
razviti u Skolskoj radionici. Takav pristup omogucava kontinuirano povezivanje teorijskog znanja sa
praksom, osposobljava ucenike za rad u skladu sa savremenim standardima i unapreduje njihovu za-
posljivost.
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Tabela 1Uporedna analiza oblasti kompetencija (Autori, 2026)

Postojece oblasti
kompetencija

Modernizovane oblasti
kompetencija (savremena
procesna industrija)

Dodata vrednost

Planira i organizuje rad

Planiranje, organizacija i optimi-
zacija rada u procesnoj industriji

Ukljucuje digitalne alate, optimizaciju e-
nergetskih tokova, standardizaciju i
upravljanje kvalitetom

Izvodi instalacije sistema grejanja

Izvodi instalacije sistema
ventilacije i klimatizacije

Instalacija i upravljanje sistemima
grejanja, ventilacije i klimatizacije
u skladu sa digitalizacijom i auto-
matizacijom

Integracija senzora, PLC/SCADA
sistema, smart HVAC, balansiranje i nad-
zor sistema

OdrZava sisteme grejanja, ventila-
cije i klimatizacije

Odrzavanje i unapredenje sistema
sa principima odrZivosti i ener-
getske efikasnosti

Ekolo3ki prihvatljivi materijali, reciklaZa,
analiza kvarova digitalnim alatima, cirku-
larna ekonomija

Vodi evidenciju i tehnicku doku-
mentaciju

Primena bezbednosnih, zdravstve-
nih i ekoloskih mera

Upravljanje kvalitetom, standardi-
zacija i bezbednost u procesnoj
industriji

Kontrola kvaliteta, ISO standardi, vode-
nje dokumentacije, prac¢enje performansi
sa haglaskom na savremene standarde
zaStite zdravlja, Zivotne sredine i bezbed-
nosti

Digitalna pismenost i analiza po-
dataka u radu sistema

Prikupljanje i analiza podataka sa sen-
zora, monitoring i optimizacija procesa

Komunikacija, timski rad i inova-
cije

Rad u multidisciplinarnim timovima, pro-
fesionalni razvoj, predlaganje inovacija

5.1. Primeri modernizovanih nastavnih sadriaja i ishoda ucenja

U cilju konkretnijeg prikaza pravaca modernizacije obrazovnog profila Tehnicar grejanja i kli-

matizacije, u tabeli 2 prikazani su primeri savremenih nastavnih sadrzaja i odgovarajucih ishoda uce-
nja koji bi mogli biti integrisani u kurikulum.

Tabela 2 Primeri modernizovanih nastavnih sadrZaja i ishoda ucenja (Autori, 2026)

Oblast Modernizovani nastavni sadrzaji Primer ishoda ucenja
Digitalizacija Osnove PLC i SCADA sistema, senzori i | Ucenik povezuje i podesava osnovne senzore tem-
. aktuatori, smart HVAC sistemi erature i pritiska i prati parametre rada sistema pu-
HVAC sistema P P pratip P

tem softverskog interfejsa

Energetska efika-
snost

Energetski bilans objekta, optimizacija
rada HVAC sistema, toplotne pumpe

Ucenik analizira potrosnju energije HVAC sistema
i predlaze mere za povecanje energetske efikasnosti

Odrzivi razvoj

Ekoloski rashladni fluidi, reciklaza kom-
ponenti, smanjenje emisije CO2

Ucenik razlikuje ekoloski prihvatljive rashladne
fluide i primenjuje procedure bezbednog rukovanja
i reciklaze

Upravljanje kvali-
tetom

ISO standardi, tehnicka dokumentacija,
kontrola kvaliteta procesa

Ucenik vodi tehnicku dokumentaciju i primenjuje
osnovne procedure kontrole kvaliteta pri odrZava-
nju sistema

Analiza podataka
i monitoring

Prikupljanje podataka sa senzora,
osnovna analiza performansi sistema

Ucenik prati rad HVAC sistema na osnovu ocitanih
parametara i identifikuje odstupanja u radu sistema

Pored modernizacije nastavnih sadrzaja, znacajno je unaprediti i nacin realizacije nastave kroz

projektnu nastavu, studije slu¢aja i prakti¢an rad u kompanijama. Na primer, ucenici bi mogli reali-
zovati projekte koji ukljucuju analizu energetske efikasnosti Skolskog objekta, izradu jednostavnog
sistema automatskog upravljanja ventilacijom ili pra¢enje rada HVAC sistema putem senzora i sof-
tverskih alata. Na taj nacin ucenici bi razvijali ne samo stru¢ne kompetencije, vec¢ i digitalne vestine,
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sposobnost reSavanja problema, timski rad i razumevanje principa odrZivog razvoja, $to predstavlja
kljucni zahtev savremene procesne industrije.

Integracija ova dva segmenta — industrijske analize i dualnog obrazovanja — predstavlja
osnovu za modernizaciju programa srednjeg stru¢nog obrazovanja. Time se ne samo unapreduje
tehnicka i prakti¢na osposobljenost uc¢enika, ve¢ se razvijaju i kompetencije u oblasti inovacija, digi-
talnog upravljanja sistemima, energetske optimizacije i principa odrzivosti, sto direktno odgovara
zahtevima savremene procesne industrije.

6. Zakljucak

U ovom radu izvrSena je analiza uskladenosti postojec¢eg standarda kvalifikacije Tehnicar gre-
janja i klimatizacije sa savremenim zahtevima procesne industrije, koja se ubrzano razvija u pravcu
digitalizacije, energetske efikasnosti i odrzivog razvoja. Polazeé¢i od savremenih industrijskih tren-
dova 1 koncepta Industrije 4.0, uoceno je da postoje¢i obrazovni profil u velikoj meri obezbeduje
osnovne tehniCke kompetencije, ali da nije u potpunosti prilagoden aktuelnim tehnoloSkim i organi-
zacionim promenama u industrijskom okruzenju.

Rezultati analize ukazuju da su najizraZenija odstupanja prisutna u oblastima digitalnih tehno-
logija, energetske optimizacije 1 integrisanog upravljanja kvalitetom. Iako su odredeni elementi ovih
oblasti zastupljeni u okviru postojeceg standarda, njihov nivo razrade i prakti¢ne primenljivosti nije
dovoljan za potrebe savremenih procesnih sistema, posebno u kontekstu primene automatizacije, 10T
reSenja i naprednih sistema upravljanja HVAC procesima.

Na osnovu identifikovanih nedostataka, razvijen je konceptualni model unapredenja obrazov-
nog profila, koji se zasniva na jaCanju povezanosti obrazovanja i industrije, kao i na primeni dualnog
modela obrazovanja. Poseban akcenat stavljen je na integraciju digitalnih i automatizovanih sistema,
unapredenje kompetencija iz oblasti energetske efikasnosti i odrzivosti, kao i na uvodenje savremenih
principa upravljanja kvalitetom u obrazovni proces. Poseban doprinos predloZzenog modela ogleda se
u definisanju konkretnih primera modernizovanih nastavnih sadrzaja i ishoda ucenja uskladenih sa
zahtevima Industrije 4.0.

Moze se zakljuciti da modernizacija ovog standard kvalifikacije predstavlja neophodan korak
ka uskladivanju sistema srednjeg stru¢nog obrazovanja sa zahtevima savremene industrije. Imple-
mentacija predlozenih unapredenja doprinela bi povecanju zaposljivosti ucenika, njihovoj boljoj pri-
premljenosti za rad u digitalizovanim i1 energetski efikasnim sistemima, kao 1 jaCanju konkurentnosti
obrazovnog sistema.
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Opste smernice za primenu pravila odlucivanja koje koriste laboratorije za ispitivanje date su
u dokumentu ILAC G8:09/2019. Pravila odlucivanja definisu kako se merna nesigurnost uzima u
obzir kada se iskazuje usaglasenost sa specificiranim zahtevom. Laboratorije koje se bave ispitiva-
njem ventila sigurnosti se jasno opredeljuju za neko od ponudenih pravila odlucivanja i njega iska-
zuju u izvestajima o ispitivanju. Medutim, izuzetno je mali broj laboratorija za ispitivanje ventila
sigurnosti koje su u svojim procedurama definisala i primenjuju postupak izracunavanja verovatnoce
laznog prihvatanja ili odbacivanja rezultata ispitivanja, pri primeni usvojenog pravila odlucivanja.
U svojim izvestajima samo navode maksimalnu verovatnocu laznog prihvatanja rezultata, a ne izra-
cunavaju je. Cilj ovog rada je da upravo prikaze postupak procene verovatnoce laznog prihvatanja
ili odbacivanja rezultata na primeru ispitivanja ventila sigurnosti. lako je postupak prikazan na pri-
meru ispitivanja ventila sigurnosti, procedure statisticke obrade rezultata ispitivanja su univerzalne
I mogu se primeniti na druge oblasti ispitivanja.

General guidelines for the application of decision rules used by testing laboratories are given
in document ILAC G8:09/2019. The decision rules define how the measurement uncertainty is taken
into account when declaring conformity with the specified requirement. Laboratories dealing with
safety valve testing clearly determines for one of the offered decision rules and report it in the test
reports. However, there is an extremely small number of safety valve testing laboratories that have
defined and apply the procedure for calculating the probability of false acceptance or rejection of
test results in their procedures, when applying the accepted decision rule. In their reports, they only
state the maximum probability of false acceptance of the result, and do not calculate it. The aim of
this paper is to show the procedure for estimating the probability of falsely accepting or rejecting
results on the example of a safety valve test. Although the procedure is shown on the example of safety
valve testing, the procedures for statistical processing of test results are universal and can be applied
to other areas of testing.

1. Uvod

Pravilnik o pregledima opreme pod pritiskom tokom veka upotrebe (Sluzbeni glasnik RS broj
114/2021-230, 63/2023-73, 7/2025-3) [1] je u svom Prilogu VI koji se odnosi na ispitivanje ventila
sigurnosti propisao obavezu da se prilikom izveStavanja o rezultatima ispitivanja obavezno daje
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izjava 0 usaglasenosti rezultata sa kriterijumima prihvatljivosti. Za ventile sigurnosti, kriterijumi pri-
hvatljivosti su takode definisani odredbama ovog Pravilnika ali i standardima za pojedine konstruk-
cije ventila sigurnosti (na primer, standardom SRPS EN 1SO 4126-1 [2] ili SRPS EN 14129 [3] za
sigurnosne ventile za teni naftni gas 1 td.). Prilikom davanja izjave o usaglaSenosti, prema zahtevima
standarda SRPS ISO/IEC 17025 [4], tela za ocenjivanje usaglasenosti, odnosno u nasem slucaju la-
boratorije za ispitivanje koje proveravaju ventile sigurnosti, u obavezi su da defini$u pravilo odluci-
vanja koje primenjuju. U zavisnosti od vrste ispitivanja, pravila odlu¢ivanja mogu biti unapred defi-
nisana (na primer, zakonskom regulativom ili standardom) ili, kao u slu¢aju ispitivanja ventila sigur-
nosti, ne moraju biti unapred definisana kada je prepusteno telu za ocenjivanje usaglasenosti da ga
saopsti 1 dogovori sa korisnikom. OpSte smernice za izbor pravila odlucivanja pri davanju izjave o
usaglaenosti su definisane dokumentom ILAC-G8:09/2019 [5].

Prema ILAC-G8:09/2019, prilikom izbora pravila odlu¢ivanja moguce je opredeliti se za jedno

od sledec¢ih pravila:

— Pravilo 1: Binarno pravilo jednostavnog prihvatanja rezultata. Podrazumeva da se rezultati
merenja jednostavno uporeduju sa granicama specifikacije TL (za pritisak otvaranja ventila
sigurnosti +3%) bez uzimanja u obzir merne nesigurnosti (zastitno podru¢je w=0). Rezultat
je prihvatljiv ako je na donjoj granici ili iznad donje granice specifikacije i ako je na gornjoj
granici ili ispod gornje granice specifikacije. Obzirom da merna nesigurnost postoji za
svako merenje, jasno je da rezultat koji se nalazi tacno na gornjoj ili donjoj granici specifi-
kacije ima verovatnoc¢u laznog prihvatanja ili odbijanja od ¢ak 50%, pa se ovo pravilo odlu-
¢ivanja Cesto naziva i pravilom podeljenog rizika.

— Pravilo 2: Binarno pravilo sa zastitnim podru¢jem. Sli¢no kao i Pravilo 1 ima kao rezultat
samo prihvatanje ili odbijanje rezultata ali uzima u obzir zastitno podru¢je w koje se odre-
duje u odnosu na proSirenu mernu nesigurnost. U praksi za ispitivanje ventila sigurnosti
najéesce se uzima zastitno podrucje preporuc¢eno od ILAC-G8:09/2019, odnosno jednako
je prosirenoj mernoj nesigurnosti w=U, mada se mogu uzeti u obzir i druge vrednosti (Ta-
bela 1). Primenom ovog pravila, rezultat je prihvatljiv ako je na ili iznad donje granice
specifikacije uvecanoj za vrednost zaStitnog podru¢ja (donja granica prihvatanja,
LAL=LTL+w) i ako je na ili ispod gornje granice specifikacije umanjenoj za vrednost zas-
titnog podruc¢ja (gornja granica prihvatanja, UAL=UTL-w). Drugim recima prihvatljiv
opseg rezultata merenja se suzava za vrednost proSirene merne nesigurnosti.

— Pravilo 3: Ne-binarno pravilo sa zastitnim podruc¢jem. Ovo pravilo odlu¢ivanja uzima u
obzir zastitno podrucje W identi¢no kao i Pravilo 2 ali rezultatu ispitivanja pridruzuje i
mernu nesigurnost merenja. Prihvatljiv je onaj rezultat koji se nalazi unutar intervala pri-
hvatanja koji uzima u obzir zastitno podrucje (TL-w). Pravilo uvodi pojam uslovno prihvat-
ljivog i uslovno odbijenog rezultata. Uslovno prihvatljiv rezultat je onaj koji se nalazi u
oblasti zastitnog podrucja, odnosno u intervalu [TL-w, TL]. Tada je rezultat merenja u gra-
nicama specifikacije ali sa proSirenom mernom nesigurnos¢u prelazi propisane granice.
Uslovno odbijen rezultat je onaj koji se nalazi van granica specifikacije ali sa pridruzenom
mernom nesigurnos¢u (odnosno zastitnim podru¢jem) moze se naci unutar granica specifi-
kacije. Konac¢no, odbijen (odnosno neusaglasen) ¢e biti samo onaj rezultat koji se nalazi
van granica specifikacije uvecanoj za zastitno podrucje (TL+w). Taj rezultat, kada mu se
pridoda proSirena merna nesigurnost, se sigurno ne moze na¢i unutar granica specifikacije
i kao takav je odbijen.



39. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 293

Sva tri opisana pravila odluc¢ivanja su grafic¢ki prikazana u dokumentu ILAC-G8:09/2019. Pri-
mena svakog od tri navedena pravila odlucivanja povlaci odredeni rizik laznog prihvatanja ili laznog
odbijanja rezultata ispitivanja kada se rezultat nade blizu granice prihvatanja.

Rizik laznog prihvatanja rezultata se pojavljuje u slucaju kada je rezultat unutar intervala pri-
hvatanja ali sa pridruzenom mernom nesigurno$¢u moze izaci iz granica specifikacije. Taj rizik je od
interesa za korisnika i zato se Cesto naziva i rizik korisnika. Najve¢i je pri primeni Pravila 1 i moze
i¢1 do 50%, dok pri primeni Pravila 2 ako je zastitno podrucje jednako proSirenoj mernoj nesigurnosti
(w=U) ne prelazi 2,5%. U Tabeli 1 su navedeni maksimalni rizici laznog prihvatanja rezultata ispiti-
vanja pri primeni razli¢itih vrednosti zastitnog podrucja w.

Rizik laznog odbijanja rezultata ispitivanja se pojavljuje kada je rezultata ispitivanja van gra-
nica specifikacije ali sa pridruzenom mernom nesigurno$¢u moze biti unutar granica specifikacije.
Ovaj rizik je pre svega od interesa za proizvodaca i zato se ¢esto naziva i rizik proizvodaca.

To prakti¢no znaci da ako je rezultat u zoni prihvatanja racunace se rizik laznog prihvatanja, a
ako je u zoni odbijanja ra¢unace se rizik laznog odbijanja rezultata ispitivanja. Pri tome, rizik laznog
prihvatanja oc¢igledno zavisi od:

— Udaljenosti rezultata od granice specifikacije,

— Merne nesigurnosti,

— Usvojenog zastitnog podrucja.

Jasno je da Sto je rezultat merenja blizi granici specifikacije to rizik laznog prihvatanja naglo
raste, a $to je zastitno podruéje vece to je manji rizik laznog prihvatanja rezultata. Sa druge strane,
vece zastitno podrucje znaci vecu verovatnocu laznog odbijanja rezultata. Zastitno podrucje je naje-
fikasniji nacin da se smanji rizik laznog prihvatanja rezultata ali moze dovesti do toga da se preveliki
broj ispravnih uzorka lazno odbaci.

Tabela 1. Rizik laznog prihvatanja rezultata u zavisnosti od primenjenog zastitnog podrucja [5]

Pravilo odlu¢ivanja Zastitno podrudje Rizik laznog prihvatanja
6 sigma 3U <1 ppm
3 sigma 1,5U <0,16 %
ILAC G8 preporuceno pravilo U <25%
ISO 14253-1:2017 0,83U <5%
Jednostavno prihvatanje 0 <50%

Rizici laznog prihvatanja rezultata merenja prikazani u tabeli 1 su maksimalno moguc¢i rizici
koji se mogu javiti pri usvajanju razlicitih zastitnih podrucja. Cilj ovog rada je da prikaze metodolo-
giju izraCunavanja stvarne vrednosti ovih rizika na primeru ispitivanja pritiska otvaranja ventila si-
gurnosti. lako se rad bazira na obradi rezultata ispitivanja ventila sigurnosti, metodologija je svakako
primenjiva i na druga merenja.

2. Primena ILAC G8:09/2019 na oblast ispitivanja ventila sigurnosti

Kod ispitivanja ventila sigurnosti, prema Pravilniku o pregledima opreme pod pritiskom tokom
veka upotrebe, proveravaju se slede¢i parametri:

— Pritisak pocetka otvaranja ventila sigurnosti

— Nepropusnost u okviru koga se ispituje i pritisak zatvaranja ventila sigurnosti

—  Cvrstoéa kuéista hidrauli¢kim ili pneumatskim ispitivanjem.
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Karakteristike protoka ventila se ne ispituju u redovnim pregledima tokom eksploatacije, ve¢
su deo tipskih ispitivanja koja se rade na novim ventilima sigurnosti, prema zahtevima standarda
SRPS EN ISO 4126-1.

StatistiCki obrada rezultata ispitivanja nema smisla za hidraulicka ili pneumatska ispitivanja
kucista i primenjiva je jedino na odredivanje pritiska otvaranja (i zatvaranja) ventila sigurnosti.

Pri tome akreditovane laboratorije za ispitivanje pri davanju izjave o usaglasenosti, koja je
prema Pravilniku [1] obavezna, moraju jasno definisati i u izveStajima iskazati:

— Rezultat merenja,

— Primenjeno pravilo odlucivanja,

— Mernu nesigurnost,

— Zakljucak o ispitivanom uzorku (usaglasen / neusaglasen).

U tom pogledu zahtevi standarda SRPS ISO/IEC 17025, smernice ILAC G8:09/2019 i Pravil-
nika [1] su u potpunosti harmonizovani, odnosno sva tri dokumenta imaju isti pristup.

2.1. Proracun merne nesigurnosti rezultata ispitivanja ventila sigurnosti

Nacin na koji ¢e telo za ocenjivanje usaglasenosti, odnosno u slu¢aju ispitivanja ventila sigur-
nosti akreditovana laboratorija za ispitivanje, procenjivati mernu nesigurnost metode ispitivanja pri-
tiska otvaranja ventila sigurnosti je procedura koju definiSe sama laboratorija. Pri tome, laboratorije
su u obavezi da vrednuju uticajne faktore na mernu nesigurnost metode, a to mogu raditi na razlicite
nacine.

Za ispitivanje ventila sigurnosti jasno je da tacnost pokazivanja merila pritiska svakako pred-
stavlja jedan od dominantnih uticaja na mernu nesigurnost metode ispitivanja. Zbog toga dokumenti
koji definiSu metodu ispitivanja specificiraju klasa merila pritiska (prema Pravilniku [1] to je klasa
0,6). Za greSku pokazivanja merila pritiska, umesto klase instrumenta kao maksimalno moguce gre-
Ske merila, najcesce se uzima podatak o tacnosti merila iz uverenja o etaloniranju, data u formi 95%
intervala poverenja. Na taj nacin se dobija greSka tipa B (Ug).

Drugi uticajni faktori, poput karakteristika samog uzorka koji se ispituje, karakteristika ispitnog
stola, obucenosti ispitivaca, uslova radne sredine i drugo u opstem slucaju bi se mogli pojedinacno
vrednovati. Medutim, pojedinacno vrednovanje ovih uticaja nije opravdano za ispitivanje pritiska
otvaranja ventila sigurnosti. Uobicajeni pristup u naSim akreditovanim laboratorijama je da se svi
ostali uticajni faktori na mernu nesigurnost rezultata procenjuju na osnovu statisticke obrade rezultata
vecéeg broja ponavljanja ispitivanja. IzraCunavanjem standardne devijacije ponavljanja ispitivanja pri-
tiska otvaranja ventila sigurnosti dobija se greska tipa A. Pri tome, srednja vrednost merenja se dobija
iz pojedinacno izmerenih vrednosti:

YZE” Xi=x1+x2+...xn 1)
ni5 n

Standardna devijacija merenja (o) u sustini pokazuje prose¢no odstupanje pojedinacnih rezul-
tata od srednje vrednosti. Izvedena je po principu metode najmanjih kvadrata (po Gausu) i data je
izrazom:

e, @)

gde je n — ukupni broj ponovljenenih merenja.
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Merna nesigurnost tipa A (standardna greSka srednje vrednosti merenja) direktno je srazmerna
izraCunatoj standardnoj devijaciji i1 izraCunava se iz izraza:

Up=—F, 3)
Jn
Vazno je napomenuti, a iz jednacine (3) se to jasno vidi, da $to je ve¢i broj ponovljenih merenja
greska tipa A je manja.
Kombinovana standardna merna nesigurnost se racuna iz izraza:

Ue =4Ui+UZ, (4)

a prosSirena merna nesigurnost metode ispitivanja je proizvod standardne merne nesigurnosti i faktora
pokrivanja koji za normalnu raspodelu i interval poverenja 95% iznosi k=2:

U tom slucaju, rezultat merenja pritiska otvaranja ventila sigurnosti se moze iskazati u obliku:

rezultat merenja =X +U , bar. (6)

2.2. Izralunavanje verovatnoce lagnog prihvatanja (ili odbijanja)
rezultata ispitivanja ventila sigurnosti

Smernica ILAC-G8:09/2019 koristi pojmove verovatnoc¢e laznog prihvatanja i laznog odbijanja
rezultata ispitivanja ali ne daje detaljna uputstva za izraCunavanja te verovatnoce. Ona se, medutim,
relativno jednostavno moze izracunati na osnovu klasi¢ne matematicke statistike kako je to u ovom
radu prikazano.

Kako je ranije naglaseno, verovatnoca laznog prihvatanja se odnosi na situaciju kada je na
osnovu rezultata merenja ventil sigurnosti prihvacen ali zbog merne nesigurnosti postoji mogucnost
da je pritisak otvaranja ventila van granica tolerancije.

Prema tome, prvi korak o primeni pravila odlu¢ivanja je da se definiSu parametri od znac¢aja
za ocenu rezultata ispitivanja a oni obuhvataju:

— Granice specifikacije (tolerancije): za pritisak otvaranja ventila sigurnosti definisane su Pra-

vilnikom [1] 1 iznose £3% ili +£0,1 bar, veéa od te dve vrednosti. Gornja granica tolerancije
u daljem tekstu bic¢e oznacena kao UTL, a donja granica kao LTL.

— lzmerenu vrednost, x.

— ProSirenu mernu nesigurnost (standardna), U.

— Pretpostavlja se da greSka merenja ima normalnu (Gausovu) raspodelu.

Drugi korak je definisanje pravila odlucivanja. U tacki 1 ukratko su objaSnjenja sva tri pravila
odlucivanja koje preporucuje ILAC-G8:09/2019, a praksa je da laboratorije usvajaju ili:

— Pravilo 1 (binarno pravilo jednostavnog prihvatanje bez zastitnog podrucja):

LTL < x <UTL, (7)

— ili Pravilo 2 (binarno pravilo sa zastitnim podru¢jem) gde se definiSu gornja granica prihva-

tanja (UAL=UTL-w) i donja granica prihvatanja (LAL=LTL+w), odnosno rezultat je prihvat-
ljiv ako je u intervalu:

LTL+k-Us < x<UTL—k-Ug. (8)

Treci korak je kljucan i podrazumeva izracunavanje verovatnoce da je stvarna vrednost (Xirue)
van granica prihvatanja iako je izmerena vrednost x unutar prihvatljivog opsega. Ta verovatnoca se
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rac¢una pomoc¢u normalne raspodele. Verovatno¢a laznog prihvatanja (Pra) rezultata da je stvarna
vrednost van granica je suma verovatnoca da se ona nalazi ispod donje granice tolerancije i verovat-
noce da se nalazi iznad gornje granice tolerancije, odnosno:

Pep = P(Xyue < LTL) +P(X e >UTL) . ©)

Da bi se izracunale verovatnoce u jednacini (9) potrebno je izracunati Z-vrednosti normalne
raspodele za postavljenu donju i gornju grani¢nu vrednost, odnosno:

LTL—x
Zi = 10
LTL Ue (10)
UTL—-x
Zym = _U d (11)
C

1 zatim izraCunati ukupnu verovatnocu laznog prihvatanja za standardnu normalnu raspodelu ®(Z)

koja iznosi:
LTL—x UTL—x
Py =@ 1-o) ——||. 12
oo S5 o) 2

Posto kumulativna funkcija ®(Z) uvek predstavna verovatno¢u do vrednosti Z ("leva strana
normalne raspodele"), drugi ¢lan u izrazu (12), odnosno 1-®(Z), prakti¢no predstavlja ukupnu vero-
vatnoc¢u iznad vrednosti Z ("desna strana normalne raspodele").

Za izraCunavanje vrednosti ®(Z) moguce je koristiti tablice normalne funkcije raspodele koje
su dostupne u literaturi ili softver kao na primer Excel. U Excel-u vrednost funkcije ®(Z) se dobija
pozivanjem komade: =NORM.S.DIST(Z, TRUE).

Prilikom svakog merenja, normalno je da se teZzi da merna nesigurnost rezultata bude visestruko
manja od kriterijuma prihvatljivosti. Kada je to obezbedeno, verovatnoce laznog prihvatanja rezultata
u slu¢ajevima kada je rezultat blizu donje, odnosno gornje granice nece se preklapati. Kod ventila
sigurnosti kriterijum prihvatljivosti rezultata pritiska otvaranja je +3%, dok Pravilnik [1] zahteva me-
rila pritiska klase 0,6, a standard SRPS EN ISO 4126-1 dokazanu ta¢nost merenja pritiska 0,5% i
bolju. Jasno je da je kod ispitivanja ventila sigurnosti uvek obezbedena tacnost merenja visestruko
bolja od kriterijuma prihvatljivosti. U tom slucaju, jednacina (12) se moze uprostiti na slede¢i nacin:

UTL—X

— U slucaju kada je rezultat merenja blizu donje granice prihvatljivosti ¢lan ®( )—>1
C
pa se verovatnoca laznog prihvatanja rezultata svodi na izraz:
PFA o LTL—x ' (13)
Uc

— U slucaju kada je rezultat merenja blizu gornje granice prihvatljivosti @[ LTLIJ_ — X] —0
c

pa je:
P, :1—®(Mj, (14)
UC

Na sli¢an nacin se moze postupiti kada je rezultat ispitivanja izvan intervala prihvatljivosti. U
tom slucaju rezultat je odbijen (neusaglaSen), a od interesa je verovatnoca laznog odbijanja rezultata
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(Prr). Rezultat ¢e biti lazno odbijen ako se stvarna vrednost Xirye nade izmedu granica tolerancije, a
verovatnoc¢a tog dogadaja je:

Per = P(Xue > LTL) + P(Xqrye <UTL). (15)

Verovatnoca laznog odbijanja rezultata ispitivanja, odnosno verovatnoca da se stvarna vrednost
rezultata merenja koji se nalazi van intervala prihvatljivosti nade u tim granicama se izraCunava iz
razlike kumulativnih funkcija, kao razlika dve vrednosti:

PFR:cD(U'B_—xJ_(D(LTL—X) (16)

c UC

Ponovo, posto je merna nesigurnost merenja viSestruko manja od Kriterijuma prihvatljivosti
jednacina (16) se moZze uprostiti na slede¢i nacin:
— U slucaju kada je rezultat merenja nesto ispod donje granice prihvatljivosti ¢lan
UTL -x

O(——) -1
( 0. )
pa se verovatnoc¢a laznog prihvatanja rezultata svodi na izraz:
A -1-0 2. an)
Uc

— U slucaju kada je rezultat merenja neSto iznad gornje granice prihvatljivosti

(D(LTL—XJ_)O
UC
pa je:

(18)

UTL —x
Ueo |

Prr :CD(

3. Primer izracunavanja verovatnoca laznog prihvatanja
rezultata ispitivanja ventila sigurnosti

U cilju jasnijeg prikazivanja primene opisanog postupka odredivanja verovatnoce laznog pri-
hvatanja rezultata ispitivanja u daljem tekstu je prikazan jedan konkretan primer. U ovom primeru
usvojeno je u prvom koraku:

— Nominalna vrednost pritiska otvaranja ventila sigurnosti: 10 bar,

— Granice tolerancije: 3%, odnosno pritisak otvaranja treba da je u granicama (9,7 bar+10,3

bar),

— lzmerena vrednost pritiska otvaranja: x=10,2 bar,

— Prema tacki 2.1 izraCunata proSirena merna nesigurnost metode ispitivanja: U=1%, Sto u

odnosu na nominalnu vrednost pritiska otvaranja ventila sigurnosti iznosu U=0.1 bar.

U drugom koraku ¢e, radi poredenja, biti analizirana oba pravila odlucivanja koje usvajaju la-
boratorije, odnosno Pravilo 1 i Pravilo 2.

U tre¢em koraku su racunaju verovatnoce laznog prihvatanja rezultata ispitivanja, obzirom da
je izmerena vrednost unutar granica tolerancije, a za kombinovanu mernu nesigurnost metode ispiti-
vanja Uc=U/2=0,05 bar (merna nesigurnost je u ovom primeru usvojena a izraCunava se kako je
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objasnjeno u tacki 2.1 na osnovu greske tipa A — standardne devijacije ponavljanja rezultata i greSke
tipa B — tanost pokazivanja manometra iz uverenja o etaloniranju).
U ovom primeru Z-vrednosti normalne raspodele iznose:

LTL-x 9,7-10,2

A 10
TET g 0,05
UTL—x 10,3-10,2
=0T T 005 2
C 3

a standardne verovatnoce za ove funkcije iznose:
O(Z 7 )=®(-10)>0 i ®(Zy )=P(2)=0,97725

Na osnovu izracunatih Z-vrednosti i jednacine (12) dobija se da je verovatnoca laznog prihva-
tanja rezultata ispitivanja jednaka:

P, =® LTL=X ) | YT =X | |y | YTL=X —1-®(2)=1-0,97725=0,02275.

Ukoliko se pretpostavi da je izmerena vrednost pritiska otvaranja tacno na gornjoj granici tole-
rancije x=10,3 bar, za sve ostale iste parametre, na isti na¢in se dobija sledeca verovatnoca laznog
prihvatanja rezultata ispitivanja pritiska otvaranja ventila sigurnosti:

Pep=0+[1-@ M =1—-d M :1_®(MJ:1_¢(0):1_0,5:0,5,
Uc Uc 0,05

Iz prethodno izracunatih verovatnoca za izmerene vrednosti x=10,2 bar i x=10,3 bar moze se
zakljuciti da u ovom opsegu verovatnoca laznog prihvatanja rezultata ispitivanja naglo raste sa vred-
nosti Pra=2,275% (za x=10,2 bar) na vrednost Pra=50% (za x=10,3 bar). Prilikom primene Pravila 1
odlucivanja (bez zastitnog podrucja) poslednja prihvatljiva vrednost rezultata ispitivanja je tacno na
granici tolerancije x=10,3 bar, a pri primeni Pravila 2 (sa zastitnim podru¢jem jednakim proSirenoj
mernoj nesigurnosti w=U=2Uc=0,1 bar) poslednja prihvatljiva vrednost je upravo x=UTL-w=10,2
bar. Na osnovu ovog primera ocigledno je kako izbor primenjenog pravila odlucivanja (Pravilo 1 ili
Pravilo 2), drasti¢no uti¢e na verovatnocu laznog prihvatanja rezultata ispitivanja kada se on nalazi
blizu granice prihvatanja. Na slici 1 prikazana je trend promena verovatnoc¢e laznog prihvatanja re-
zultata ispitivanja u funciji stvarno izmerene vrednosti pritiska otvaranja ventila sigurnosti, u zoni
zastitnog podruc¢ja w=U=0,1 bar.

Sa dijagrama na slici 1 ocigledan je uticaj izbora Sirine zastitnog podrucja na verovatnocu laz-
nog prihvatanja rezultata ispitivanja. Sto se primeni veée zastitno podruéje, odnosno §to je ve¢a merna
nesigurnost merenja, jasno je da ¢e verovatno laznog prihvatanja rezultata ispitivanja, koja je svakako
najveca za vrednost Xx=UTL-w, biti manja. Medutim, kako je ve¢ ranije navedeno, u tom slucaju, raste
verovatnoc¢a laznog odbijanja rezultata kada se on nade van granica privatanja, odnosno kada je re-
zultat ispitivanja neusaglasen (odbijen).
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Slika 1. Promena vrednosti verovatnoce laznog prihvatanja (Pra), U konkretnom primeru,
kada se izmerena vrednost (x) nalazi u blizini gornje granice tolerancije (UTL)

4. Zakljucak

U radu je analizirana primena razli¢itih pravila odlucivanja prema ILAC G8:09/2019, na oblast
ispitivanja pritiska otvaranja ventila sigurnosti, prilikom davanja izjave o usaglasenosti. Definisana
je metodologija odredivanja verovatnoce laznog prihvatanja i laznog odbijanja rezultata ispitivanja
ventila sigurnosti, a takode ovaj postupak je primenjen i razraden na jednom konkretnom primeru.

Praksa je da se naSe akreditovane laboratorije za ispitivanje ventila sigurnosti opredeljuju za
jedno od dva binarna pravila odluc¢ivanja: Pravilo 1 bez zastitnog podrugja ili Pravilo 2 sa zaStitnim
podruc¢jem koje je najéescée jednako proSirenoj mernoj nesigurnosti (w=U). Pri tome u ogromnoj ve-
¢inini slucajeva u izveStajima o ispitivanju, uz pravilo odluc¢ivanja, samo se navodi maksimalno mo-
guca verovatnocu laznog prihvatanja rezultata ispitivanja koja za Pravilo 1 iznosi do 50%, a za Pravilo
2 sa zastitnim podru¢jem w=U do 2,5%. Laboratorije najéesc¢e ne izraCunavaju stvarnu verovatnocu.

Vazno je ista¢i da su akreditovane laboratorije koje se bave ovim ispitivanjima i primenjuju
Pravilo 1 u obavezi da vode racuna o zahtevu standarda ILAC G8:09/2019 koji u svom Appendix-u
B navodi da se ovo pravilo odlu¢ivanja moze primenjivati uz uslov da proSirena merna nesigurnost
ispitivanja U mora biti manja od 1/3 granice tolerancije. PoSto su granice tolerancije za ispitivanje
pritiska otvaranja ventila sigurnosti +3%, to znaci da se pri primeni Pravila 1 mora ispoStovati zahtev
da proSirena merna nesigurnost ispitivanja bude manja od 1%, odnosno ako je interval poverenja 95%
i faktor pokrivanja k=2 to znaci da je uslov za primenu Pravila 1 da kombinovana merna nesigurnost
Uc metode ispitivanja pritiska otvaranja mora biti manja od 0,5%.

Ventili sigurnosti svakako prestavljaju kritican element opreme pod pritiskom jer su poslednja
bezbednosna zastita — stite opremu pod pritiskom od prekorac¢enja maksimalnog dozvoljenog pritiska.
Uzimajuéi u obzir tu ¢injenicu, logi¢no je da se usvoji da ciljana vrednost verovatnoce laznog prihva-
tanja rezultata ispitivanja ne sme biti visoka, odnosno cilja se verovatnoca laznog prihvatanja reda
veli¢ine nekoliko procenata. Zbog toga, u ovom radu se kao preporuceno Pravilo odlucivanja predlaze
Pravilo 2, u kome verovatnoca laznog prihvatanja rezultata ispitivanja, kada je rezultat blizu granice
prihvatanja, nije veca od 2,5%.
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Takode, treba ista¢i da akreditovane laboratorije za ispitivanje ventila sigurnosti koje u izves-
tajima o ispitivanju navode samo maksimalnu vrednost verovatnoce laznog prihvatanja rezultata ispi-
tivanja, bez izraCunavanja te verovatnoce, na odredeni nac¢in dovode u zabunu korisnika. U ogromnoj
vecini slucajeva, rezultat ispitivanja pritiska otvaranja ventila sigurnosti je daleko od granica toleran-
cije, odnosno u oblasti je gde merna nesigurnost metode uopste ne uti¢e na kriterijume prihvatljivosti.
Ventili sigurnosti su uredaji koji se jednostavno podesavaju i rezultat merenja pritiska otvaranja je na
taj nacin lako pribliziti nominalnoj vrednosti, odnosno udaljiti od granica tolerancije. To sustinski
znaci da je u ogromnoj veéini ispitivanja, iako se u izvestajima za pravilo odlu¢ivanja navodi druga-
¢ije, izmerena vrednost pritiska otvaranja sa izraCunatom mernom nesigurnosti u sigurnoj zoni, §to
obezbeduje da je verovatnoc¢a laznog prihvatanja rezultata ispitivanja prakticno jednaka nuli. Labo-
ratorije i u tim slu¢ajevima, u izvestajima o ispitivanju, navode, na primer, da primenjuju Pravilo 1
odluc¢ivanja uz verovatnocu laznog prihvatanja rezultata ispitivanja do 50%. Postavlja se pitanje,
zaSto u izveStajima o ispitivanju navoditi da je maksimalna verovatnoca laznog prihvatanja do 50%,
ako se ona moze izracunati i dokazati da je daleko manja, a najcesce je za konkretno izmerenu vred-
nost, u slucaju kada merna nesigurnost ne moze uticati na kriterijum prihvatanja rezultata, toliko mala
da iznosi 0%?

Verovatnocu laznog prihvatanja rezultata ispitivanja u veéini merenja uopste nema potrebe ra-
Cunati, obzirom da laboratorija mernu nesigurnost moze adekvatno proceniti za svako merenje i argu-
mentovano tvrditi da je rezultat u sigurnoj zoni. Verovatnoc¢u laznog prihvatanja rezultata ispitivanja
potrebno je racunati i iskazati njenu stvarnu vrednost samo u slu¢ajevima kada je rezultat blizu gra-
nica prihvatanja. Ukoliko je rezultat u sigurnoj zoni, daleko od granica prihvatanja, akreditovane la-
boratorije u svom izvestaju o ispitivanju mogu argumentovano, i bez prorac¢una, navoditi da je vero-
vatnoca laznog prihvatanja rezultata ispitivanja priblizno nula procenata.

Na kraju, treba jo$ jednom istaci, da se za rezultat koji se nalazi izvan oblasti prihvatanja rezul-
tata u izvestaju o ispitivanju navodi da je ventil sigurnosti neusaglasen (odbijen), a u tom slucaju ima
smisla racunati samo verovatnocu laznog odbijanja ventila sigurnosti.
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Evropska politika, kroz European Green Deal, Fit for 55, reformu ETS-a, implementaciju
CBAM-a, taksonomiju odrzivih finansija, industrijsku strategiju EU i Inovacione fondove, usmerava
disciplinu procesne tehnike ka dekarbonizaciji, digitalizaciji i cirkularnoj ekonomiji. Ovaj rad ana-
lizira regulatorni okvir, tehnoloske implikacije na projektovanje, vodenje i optimizaciju procesa, kao
i obrazovne i istraZivacke posledice za formiranje nove generacije inzenjera. Dodatno, razmatra se
finansijska i infrastrukturna izvodljivost tranzicije i rizici implementacije. Zakljucak istice potrebu za
integrisanim pristupom u kojem se klimatski ciljevi i industrijska konkurentnost saglasno ostvaruju
[1-9].

European policy, through the European Green Deal, Fit for 55, the reform of the ETS, the
implementation of CBAM, the sustainable finance taxonomy, the EU industrial strategy, and Innova-
tion Funds, is steering the discipline of process engineering toward decarbonization, digitalization,
and the circular economy. This paper analyzes the regulatory framework, the technological implica-
tions for process design, operation, and optimization, as well as the educational and research con-
sequences for shaping a new generation of engineers. In addition, the financial and infrastructural
feasibility of the transition and the risks of implementation are examined. The conclusion highlights
the need for an integrated approach in which climate goals and industrial competitiveness are achi-
eved in harmony [1-9].

1. Uvod

Procesna tehnika, kao multidisciplinarna osnova hemijske proizvodnje, stoji u srediStu evropske
tranzicije ka klimatskoj neutralnosti. Znacaj ove discipline proisti¢e iz njene sposobnosti da mul-
tiplikuje ustede i smanjenja emisija kroz projektni dizajn, izbor rute i parametara procesa, upravljanje
energijom i integraciju povratnih tokova. European Green Deal i Fit for 55 postavljaju jasne numericke
ciljeve (—55% emisija do 2030, neto nula do 2050), dok industrijska strategija EU 1 taksonomija od-
rzivih finansija uvode kriterijume i mehanizme za usmeravanje kapitala ka tehnologijama niskog
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ugljenika [1-3]. U takvom okviru, procesna tehnika nije samo ,,izvoda¢ radova“ klimatske politike, nego
i njen ko-dizajner: kroz izbor tehnoloskih ruta, integraciju otpadne toplote, elektrifikaciju kriti¢nih
jedinica, merenje i verifikaciju emisija, te digitalnu orkestraciju kompleksnih sistema [4, 5].

2. Regulatorni okvir: Green Deal, Fit for 55, ETS i CBAM
u odnosu na procesnu tehniku

Green Deal definiSe strateSki horizont, a Fit for 55 ga operacionalizuje kroz reforme ETS-a
(smanjenje ,,cap‘, jacanje linearne redukcije, smanjenje besplatnih alokacija i povezivanje sa CBAM-
om), prosirenje regulacije na zgrade/transport, unapredenje standarda efikasnosti i ubrzanje ob-
novljivih izvora [2-4]. Za procesnu tehniku, to znaci da se granice dizajna pomeraju: projektovanje
se mora voditi metrikama emisija po jedinici proizvoda, uz certificirane metodologije LCA (Life Cy-
cle Assessment) i MRV (Measurement, Reporting, Verification) [3, 4]. CBAM (Carbon Border Ad-
justment mechanism), iako trgovinski instrument, ima direktne inZenjerske implikacije — evropske
fabrike moraju dokazivo kvantifikovati ugradene emisije po proizvodu, a uvozni inputi (npr. amoni-
jak, urea, metanol) moraju dolaziti sa transparentnim emisijskim faktorima kako bi se izbegle kar-
bonske penalizacije [3]. Taksonomija i Inovacioni fond EU zatim presudno uticu na bankabilnost
projekata elektrifikacije, CCS/CCU (Carbon Capture and Storage/ Carbon Capture and Utilization) i
vodonika: bez jasnog taksonomskog ,,zelena“ statusa, troSak kapitala ostaje visok, a rizik imple-
mentacije neprihvatljiv [2, 6].

3. Tehnoloske implikacije: dekarbonizacija,
elektrifikacija, vodonik i CCS/CCU

Dekarbonizacija procesa obuhvata tri fronta. Prvi je elektrifikacija: zamena termickih jedinica
elektricnim (elektricne peci, indukcione i1 otporni¢ke tehnologije), integracija visokotemperaturnih
toplotnih pumpi, te strateSki PPA (Power Purchase Agreement) ugovori sa proizvodac¢ima obnovljive
energije kako bi se oborio CO: intenzitet ulazne elektricne energije [4-6]. Drugi front je vodonik:
zeleni vodonik (elektroliza uz obnovljivu elektri¢nu energiju) i plavi vodonik (parno reformisanje uz
hvatanje CO2) menjaju Sirovine i energente u amonijacnoj, metanolskoj i rafinerskoj hemiji; inZen-
jerski izazovi su dimenzionisanje elektrolizera, sigurnosna integracija H> u postojece sisteme, te
ekonomija skale u klasterima [5, 7]. Tre¢i front su CCS/CCU rute: hvatanje na dimnim gasovima,
post-kombustiono ili direktno na procesu, transport CO:2 cevovodima i geoloSko skladiStenje ili kon-
verzija u hemijske produkte (urea, metanol, karbonati), gde procesna tehnika zadire u separacione
tehnologije, termodinamiku meSavina i optimizaciju ciklusa [4, 7]. Sve tri rute zahtevaju snaznu dig-
italnu infrastrukturu (napredni softverski modeli, digitalni blizanci, MPC — Model Predictive Con-
trol), standarde merenja i verifikacije, te integraciju sa finansijskim i regulatornim zahtevima [5, 8].

4. Digitalizacija i operativna izvrsnost

Digitalni blizanci postrojenja, kalibrisani istorijskim i real-time podacima, omoguéavaju sce-
nario-planiranje i optimizacije uz preciznu procenu emisijskih i energetskih u¢inaka promene parame-
tara [5, 8]. 10T senzorski stubovi sakupljaju granularne podatke, dok Al modeli identifikuju ener-
getske gubitke, predvidaju ispade i generiSu optimalne rasporede operacija u okviru dozvoljenih kar-
bonskih budzeta. U tom rezimu, procesna tehnika prelazi iz stati¢énog dizajna u dinamicko upravljanje
performansama, povezuju¢i OPEX uStede sa smanjenjem emisija i povecanjem raspolozivosti
opreme [5, 8].
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5. Cirkularna ekonomija i bio-bazirane rute

Cirkularne rute (hemijska reciklaza plastike, depolimerizacija, piroliza, solvoliza) transformisu
raspolozivost sirovina, smanjujuci oslanjanje na fosilne izvore i emisijski intenzitet po toni proizvoda.
Bio-bazirane platforme (fermentacija do monomera, biokataliza) uvode nove procesne topologije sa
drugacijim energetskim profilom 1 kontrolom necistoc¢a [1, 8, 9]. Za procesnu tehniku, to znaci pro-
jektovanje integrisanih sistema koji minimizuju otpadne tokove, standardizuju kvalitet reciklata, i im-
plementiraju MRV protokole za dokazivanje smanjenja emisija u skladu sa EU taksonomijom [2, 6, 9].

6. Obrazovanje, istrazivanje i finansijska izvedivost

Tranzicija zahteva novu kompetenciju: inZenjere koji simultano upravljaju termodinamikom,
kinetikom i digitalnom analitikom, razumeju ETS/CBAM logiku, i umeju da argumentuju banka-
bilnost projekata u okvirima taksonomije [2, 6]. Kurikulumi se Sire na LCA, MRV, energetsku
ekonomiku i upravljanje rizikom, dok industrijsko-akademska partnerstva ubrzavaju prelaz
tehnologija sa TRL 4-5 (Technology Readiness Level) na TRL 8-9 [6, 9]. Finansijski, klju¢ je kombi-
novanje grantova (Innovation Fund), povoljnih kredita (EIB), PPA ugovora i korporativnih zelenih
obveznica kako bi se smanjio ponderisani troSak kapitala; bez toga, elektrifikacija i CCS projekti
teSko prelaze investicionu barijeru [2, 6, 7].

1. Zakljucak

Evropska politika ne samo da definiSe ciljeve ve¢ i menja inzenjersku praksu procesne tehnike,
zahtevaju¢i kvantifikovane emisijske metrike, digitalnu izvrsnost i integraciju obnovljivih ruti. Krat-
koro¢ni izazovi su visi troskovi i slozenija implementacija; srednjoro¢no, industrija koja usvoji el-
ektrifikaciju, vodonik, CCS/CCU i cirkularne rute, te obezbedi finansijsku strukturu u skladu sa tak-
sonomijom, moze povratiti konkurentnost kroz diferencijaciju i otpornost [2, 4, 7]. Akademska
zajednica je kljuéni akcelerator, a procesna tehnika - kao disciplina - postaje operativni jezik evropske
industrijske transformacije.

8. Zahvalnica

Rad je finansiran od strane Ministarstva prosvete, nauke i tehnoloskog razvoja Republike
Srbije.
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Ovaj rad analizira implikacije primene nove EU Direktive o kvalitetu vazduha iz novembra
2024. godine na stanje kvaliteta vazduha u Srbiji, sa posebnim fokusom na suspendovane Cestice
PM?2.5. Direktiva po prvi put uvodi dnevnu granicnu vrednost od 25 ug/m? uz dozvoljeno maksimalno
18 dana prekoracenja u toku jedne kalendarske godine. Cilj istrazivanja je da prikaze kako bi izgle-
dala klasifikacija kvaliteta vazduha u Srbiji kada bi se ovi kriterijumi odmah primenili na dostupne
podatke sa automatskih mernih stanica. Analiza podataka za januar 2026. godine pokazuje da je u
velikom broju gradova vec tokom prvog meseca premasen dozvoljeni godisnji limit od 18 dana sa
prekoracenjem dnevne koncentracije PM2.5. U pojedinim urbanim sredinama zabelezeno je preko-
racenje tokom svih 31 dana, Sto bi prema novim pravilima znacilo da je vazduh za celu godinu oce-
njen kao zagaden. Rezultati ukazuju da problem nije ogranicen na pojedinacne lokalitete, vec je si-
roko rasprostranjen i obuhvata razlicite regione zemlje. Rad naglasava znacaj uskladivanja nacio-
nalnog zakonodavstva sa evropskim standardima, kao i potrebu za sistemskim merama smanjenja
emisija iz sektora grejanja, saobracaja i industrije. Zakljucuje se da bi primena strozih kriterijuma
dovela do realnijeg sagledavanja stanja i mogla posluziti kao snazan podsticaj za unapredenje poli-
tika zastite vazduha i javnog zdravlja u Srbiji.)

This paper analyzes the implications of the new EU Air Quality Directive adopted in November
2024 for air quality assessment in Serbia, with a particular focus on fine particulate matter (PM2.5).
For the first time, the Directive introduces a daily limit value of 25 pg/m3 for PM2.5, allowing a
maximum of 18 exceedance days per calendar year. The aim of this study is to evaluate how air
quality in Serbia would be classified if these criteria were immediately applied to data obtained from
the national automatic monitoring network. The analysis of data for January 2026 indicates that in
numerous cities the annual limit of 18 exceedance days was surpassed within the first month of the
year. In several urban areas, exceedances were recorded on all 31 days, which, under the new EU
standards, would result in the classification of air quality as polluted for the entire year. The findings
demonstrate that the issue is not limited to isolated locations but is geographically widespread,
affecting cities of different sizes and regions across the country. The paper highlights the importance
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of harmonizing national legislation with updated European standards and emphasizes the need for
systemic emission reduction measures in the residential heating, transport, and industrial sectors. It
is concluded that the adoption of stricter criteria would provide a more realistic assessment of air
quality conditions and could serve as a strong policy driver for improving air protection strategies
and safeguarding public health in Serbia.

1. Uvod

Kvalitet vazduha predstavlja jedan od najznacajnijih izazova savremene politike zastite Zivotne
sredine, posebno u urbanim sredinama u kojima su koncentrisani izvori emisija iz saobracaja, indus-
trije 1 individualnih sistema grejanja. Intenzivna urbanizacija, rast broja vozila, kao i znacajna upo-
treba fosilnih goriva u energetskom i sektoru domacinstava doprinose povecanju koncentracija zaga-
dujuc¢ih materija u atmosferi. Posledice ovakvog zagadenja ne odrazavaju se samo na stanje zivotne
sredine, ve¢ imaju 1 znacajne negativne efekte na javno zdravlje, ekonomiju i kvalitet Zivota stanov-
nitva. Posebnu paznju u savremenim istrazivanjima i politikama zastite vazduha imaju suspendovane
Cestice pre¢nika manjeg od 2.5 mikrometara (PM2.5) [1, 2]. Ove Cestice su dovoljno male da mogu
prodreti duboko u respiratorni sistem, dopreti do alveola u plu¢ima, a u odredenim slucajevima ¢ak i
uc¢i u krvotok. Zbog toga su povezane sa povecanim rizikom od respiratornih i kardiovaskularnih
bolesti, ukljucujuéi hroni¢ne bolesti plu¢a, sr€ane udare i pove¢anu stopu prerane smrtnosti. Veliki
broj epidemioloskih studija pokazuje da dugotrajna izlozenost povisenim koncentracijama PM2.5
predstavlja jedan od najvaznijih faktora rizika za zdravlje stanovniStva u urbanim sredinama [3].

U cilju smanjenja negativnih uticaja zagadenja vazduha, Evropska unija kontinuirano unapre-
duje regulatorni okvir koji definiSe grani¢ne vrednosti za klju¢ne zagadujuce materije u ambijental-
nom vazduhu. U novembru 2024. godine usvojena je nova Direktiva o kvalitetu vazduha, kojom se
uvode stroziji standardi za pracenje 1 kontrolu koncentracija zagadujuc¢ih materija, sa ciljem postepe-
nog pribliZzavanja preporukama Svetske zdravstvene organizacije [1]. Ova direktiva predstavlja vazan
korak ka unapredenju zastite zdravlja gradana i smanjenju negativnih efekata zagadenja na Zivotnu
sredinu. Jedna od klju¢nih novina direktive odnosi se na suspendovane Cestice PM2.5, za koje je po
prvi put definisana dnevna grani¢na vrednost od 25 pg/m?*, uz maksimalno dozvoljenih 18 dana pre-
koracenja u toku kalendarske godine. Uvodenje ovog kriterijuma omogucéava preciznije prac¢enje krat-
kotrajnih epizoda zagadenja koje su Cesto povezane sa zimskim periodom i povec¢anom potroSnjom
energenata za grejanje. Istovremeno, ovakav pristup omogucava realnije sagledavanje izlozenosti sta-
novni$tva poviSenim koncentracijama ¢estica tokom godine [1,3].

S obzirom na to da Srbija teZi harmonizaciji svog zakonodavstva sa propisima Evropske unije,
analiza potencijalnih posledica primene ovih standarda ima veliki znacaj za planiranje budu¢ih politika
zaStite vazduha. lako su odredeni koraci ve¢ preduzeti u pravcu unapredenja sistema monitoringa i
upravljanja kvalitetom vazduha, u brojnim urbanim sredinama i dalje se beleZe Ceste epizode poviSenih
koncentracija suspendovanih Cestica, naro€ito tokom zimskog perioda. Posebno je vazno sagledati kako
bi nova pravila uticala na klasifikaciju kvaliteta vazduha u domaéim urbanim sredinama, kao i na pro-
cenu ucestalosti prekorac¢enja dozvoljenih koncentracija. Cilj ovog rada je da analizira stanje kvaliteta
vazduha u Srbiji u odnosu na kriterijume nove evropske direktive, sa posebnim fokusom na koncentra-
cije PM2.5 1 ucestalost prekoracenja dnevnih grani¢nih vrednosti. Analiza se zasniva na podacima sa
automatskih mernih stanica i ima za cilj da prikaze kako bi izgledala klasifikacija kvaliteta vazduha u
Srbiji ukoliko bi se novi evropski kriterijumi primenili na postoje¢e podatke. Rezultati istrazivanja
mogu doprineti boljem razumevanju trenutnog stanja, ali i posluziti kao osnova za definisanje efikasni-
jih mera za smanjenje emisija i unapredenje kvaliteta vazduha u budu¢nosti.
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2. Pregled literature

Kvalitet vazduha i posebno koncentracije suspendovanih ¢estica PM2.5 predstavljaju jedan od
najvaznijih izazova savremene politike zastite zivotne sredine. Veliki broj istrazivanja ukazuje da su
fine Cestice povezane sa povecanim rizikom od respiratornih i kardiovaskularnih bolesti, kao i pove-
¢anom stopom mortaliteta u urbanim sredinama. Zbog toga su medunarodne organizacije i regula-
torna tela poslednjih decenija znacajno poostrila standarde za pracenje i kontrolu ovih zagadujucih
materija.

Evropska unija ve¢ duzi niz godina razvija regulatorni okvir za upravljanje kvalitetom vazduha
kroz Direktivu o ambijentalnom vazduhu. Najnovija revizija ovog zakonodavstva doneta je 2024.
godine i predstavlja znacajan korak ka uskladivanju evropskih standarda sa preporukama Svetske
zdravstvene organizacije. Novom direktivom uvode se stroziji grani¢ni nivoi za klju¢ne zagadivace,
ukljucujuéi suspendovane ¢estice PM2.5 i PM10, azot-dioksid i druge zagadujuce materije [1]. Pose-
bno znacajna promena odnosi se na PM2.5, za koje je uvedena nova dnevna grani¢na vrednost od 25
pg/m? koja ne sme biti prekoracena vise od 18 dana tokom kalendarske godine. Istovremeno je pla-
nirano smanjenje godi$nje grani¢ne vrednosti sa 25 pg/m* na 10 pg/m? do 2030. godine. Prema izves-
tajima Evropske agencije za zivotnu sredinu, koncentracije PM2.5 u Evropi pokazuju dugoroéni trend
opadanja, ali 1 dalje predstavljaju znacajan zdravstveni rizik. U 2023. godini mali procenat mernih
stanica premasivao je postojece EU grani¢ne vrednosti, dok je znatno ve¢i broj stanica i dalje prelazio
preporucene vrednosti Svetske zdravstvene organizacije, koje su znatno stroze. Istrazivanja takode
ukazuju da su epizode visokih koncentracija PM2.5 Cesto povezane sa lokalnim izvorima emisija i
nepovoljnim meteoroloskim uslovima [1, 2]. U urbanim sredinama znacajan doprinos zagadenju daju
individualna loziSta na ¢vrsta goriva, drumski saobrac¢aj i odredeni industrijski procesi. Tokom zim-
skog perioda, temperaturne inverzije i slaba cirkulacija vazduha mogu dodatno pogorsati kvalitet
vazduha 1 dovesti do kratkotrajnih, ali intenzivnih epizoda zagadenja. Posebnu paznju u naucnoj
literaturi privlaci pitanje uskladivanja nacionalnih politika sa evropskim standardima u zemljama koje
se nalaze u procesu pristupanja Evropskoj uniji. U tim zemljama, ukljucujuéi drzave Zapadnog Bal-
kana, zagadenje vazduha Cesto predstavlja ozbiljniji problem nego u ve¢em delu Evropske unije, pre
svega zbog strukture energetskog sektora, zastupljenosti individualnih sistema grejanja i sporije mo-
dernizacije industrije.

U tom kontekstu, analiza potencijalnih efekata primene novih evropskih standarda na postojece
podatke o kvalitetu vazduha predstavlja vazan istrazivacki pravac. Takve analize omogucavaju pro-
cenu koliko su trenutne koncentracije zagadujucih materija udaljene od buducih regulatornih ciljeva,
kao 1 identifikaciju klju¢nih sektora u kojima su potrebne dodatne mere za smanjenje emisija. Brojna
istrazivanja potvrduju da je zagadenje vazduha jedan od vodecih globalnih faktora rizika po zdravlje
stanovniStva. Analize sprovedene u okviru Global Burden of Disease Study pokazuju da dugotrajna
izlozenost finim suspendovanim ¢esticama PM2.5 znac¢ajno doprinosi povecanju mortaliteta i ucesta-
losti respiratornih i kardiovaskularnih oboljenja na globalnom nivou [4]. Prema procenama predstav-
ljenim u Casopisu The Lancet, ambijentalno zagadenje vazduha svake godine uzrokuje milione pre-
vremenih smrti §irom sveta, pri ¢emu PM2.5 predstavlja jedan od najznacajnijih pojedina¢nih faktora
rizika [3, 4]. Dalja istraZzivanja naglaSavaju da su zdravstveni efekti zagadenja vazduha posebno izra-
Zeni u regionima sa intenzivnom upotrebom fosilnih goriva i nedovoljno razvijenim sistemima kon-
trole emisija [5, 6]. Rezultati novijih analiza takode ukazuju da i relativno male promene u dugoroc-
nim koncentracijama PM2.5 mogu imati znacajan uticaj na javno zdravlje, Sto dodatno naglasSava
znacaj strozih regulatornih standarda i efikasnih politika upravljanja kvalitetom vazduha [7].
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3. Potreba, regulatorni okvir i nova EU Direktiva o kvalitetu vazduha

Zagadenje vazduha predstavlja jedan od najozbiljnijih ekoloskih i javno zdravstvenih problema
u Srbiji. Dugoro¢na merenja koncentracija suspendovanih Cestica ukazuju da se u brojnim urbanim
sredinama redovno beleze vrednosti koje znacajno premasuju preporucene smernice za kvalitet vaz-
duha. Posebno su izrazene epizode povecanih koncentracija PM2.5 tokom zimskog perioda, kada
kombinacija intenzivnog koris¢enja ¢vrstih goriva u individualnim loziStima, emisija iz saobracaja i
nepovoljnih meteoroloskih uslova dovodi do akumulacije zagadujuc¢ih materija u prizemnom sloju
atmosfere. Prema procenama World Health Organization, dugotrajna izlozenost povisenim koncen-
tracijama finih suspendovanih Cestica znac¢ajno povecava rizik od respiratornih i kardiovaskularnih
bolesti, dok zagadenje vazduha predstavlja jedan od vodecih faktora rizika za preranu smrtnost u
Evropi [2]. U zemljama Zapadnog Balkana ovaj problem je dodatno izrazen zbog strukture energet-
skog sektora, znacajne upotrebe uglja i ¢vrstih goriva u domacinstvima, kao 1 sporijeg procesa mo-
dernizacije industrijskih postrojenja i sistema grejanja. U poredenju sa drzavama ¢lanicama Evropske
unije, zemlje Zapadnog Balkana beleze znatno vece koncentracije suspendovanih Cestica u ambijen-
talnom vazduhu. Analize koje objavljuje European Environment Agency pokazuju da iako se kvalitet
vazduha u Evropi postepeno poboljSava zahvaljujuéi strozim regulativama i tehnoloskim unaprede-
njima, znacajan deo stanovnistva i dalje je izloZzen koncentracijama PM2.5 iznad preporucenih vred-
nosti Svetske zdravstvene organizacije. Ovaj problem je posebno izrazen u regionu jugoistocne
Evrope, gde su koncentracije Cestica Cesto viSestruko vece od vrednosti koje se smatraju bezbednim
za zdravlje ljudi. U tom kontekstu, Srbija se svrstava medu zemlje sa izraZzenim epizodama zimskog
zagadenja, $to ukazuje na potrebu za sistemskim merama koje obuhvataju energetsku tranziciju, mo-
dernizaciju sistema grejanja i unapredenje politika upravljanja kvalitetom vazduha.

Politika Evropske unije u oblasti zaStite vazduha kontinuirano se razvija sa ciljem smanjenja
negativnih uticaja zagadenja na zdravlje ljudi i1 zivotnu sredinu. Nova Direktiva o kvalitetu vazduha
iz 2024. godine predstavlja znacajan korak ka uskladivanju evropskih standarda sa preporukama Svet-
ske zdravstvene organizacije [1, 2]. Jedna od klju¢nih novina direktive odnosi se na stroze kriterijume
za suspendovane cestice PM2.5. Pored postojecih godiSnjih grani¢nih vrednosti, uvedena je i dnevna
grani¢na vrednost od 25 pg/m?3 [1]. Direktiva takode ograni¢ava broj dana u toku godine kada ova
vrednost moze biti prekoraena na najvise 18 [1].

Ovakav pristup omogucava preciznije pracenje kratkoro¢nih epizoda zagadenja, koje Cesto i-
maju najveci uticaj na zdravlje stanovnistva. Istovremeno, postavlja se znatno veci izazov za drzave
koje se suofavaju sa Cestim epizodama visokih koncentracija ¢estica tokom zimskog perioda. Za
zemlje koje se nalaze u procesu pristupanja Evropskoj uniji, ukljucujuéi Srbiju, ovi standardi pred-
stavljaju vazan referentni okvir za unapredenje nacionalnog zakonodavstva i sistema upravljanja kva-
litetom vazduha.

4. Metodologija istrazivanja i rezultati analize

4.1. Metodoloski pristup

U ovom radu analizirani su podaci o koncentracijama PM2.5 sa automatskih mernih stanica u
Srbiji. Podaci obuhvataju dnevne vrednosti koncentracija za januar 2026. godine, §to omogucava pro-
cenu ucestalosti prekorac¢enja u odnosu na kriterijume nove evropske direktive. Metodoloski pristup
zasniva se na slede¢im koracima:

— prikupljanje dnevnih koncentracija PM2.5 sa dostupnih automatskih stanica,

— identifikacija dana u kojima je koncentracija prelazila 25 pg/ms,
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— poredenje broja prekoracenja sa maksimalno dozvoljenim godi$njim limitom od 18 dana,

— analiza prostornih obrazaca zagadenja u razli¢itim gradovima Srbije.

Posebna paznja posvecena je proceni koliko brzo se dostize godiSnji limit prekoracenja ukoliko
se kriterijumi nove direktive primene na postojece podatke [1, 8].

4.2. Rezultati analize

Rezultati analize pokazuju da je u velikom broju gradova u Srbiji ve¢ tokom januara 2026.
godine premasSen dozvoljeni godis$nji limit od 18 dana sa prekoracenjem dnevne koncentracije PM2.5.
U pojedinim urbanim sredinama zabelezena su prekoracenja tokom gotovo svih dana u mesecu, od-
nosno ¢ak 31 dan. Ukoliko bi se primenili kriterijumi nove evropske direktive, to bi znacilo da je
dozvoljeni godisnji limit prekoracenja iscrpljen ve¢ tokom prvog meseca godine.

Ovakav rezultat ukazuje na ozbiljan problem epizodnog zagadenja tokom zimskog perioda, koji
je uglavnom povezan sa:

— intenzivnim kori§¢enjem individualnih sistema grejanja,

— nepovoljnim meteoroloskim uslovima,

— emisijama iz saobracaja,

— lokalnim industrijskim izvorima.

Analiza takode pokazuje da problem nije ogranic¢en na nekoliko izolovanih lokaliteta, ve¢ da se
javlja u razli¢itim regionima Srbije, $to ukazuje na sistemsku prirodu problema. U tom kontekstu
nastavak rada se fokusirao na izbor 4 grada iz razlicitih regiona Republike Srbije koji ¢e opisati situ-
aciju sa primenama kriterijuma nove EU direktive na godisnji limit prekoracenja zagadenja PM2.5
cesticama.

4.3. Studija slucaja

Za potrebe ukazivanja na sistematsku prirodu problema odabrana su 4 grada na opre¢nim Stra-
nama sveta, u razli¢itim regionima, sa drugacijim demografskim, geografskim, topografskim i kli-
matskim odlikama to su Negotin, Uzice, Vranje i Sombor.

5. Negotin

Grad Negotin nalazi se u isto¢noj Srbiji, u blizini granice sa Rumunijom i Bugarskom, i pred-
stavlja administrativni, privredni i kulturni centar Borskog okruga. Poznat je po bogatoj istoriji, ali i
po vinogradarstvu i proizvodnji vina, §to ga ¢ini jednim od znacajnijih vinarskih regiona u Srbiji. U
blizini Negotina nalazi se 1 hidroenergetski sistem Perdap na Dunavu, koji ima veliki znacaj za ener-
getiku zemlje. Grad se nalazi na nadmorskoj visini od oko 42 m i ima umereno-kontinentalnu klimu
sa izrazenim temperaturnim oscilacijama. U poslednje vreme, Negotin se suofava sa izazovima u
oblasti kvaliteta vazduha, posebno u zimskom periodu, usled individualnih loziSta i meteoroloskih
uslova koji pogoduju zadrzavanju zagadenja. Rezultati analize su prezentovani u okviru Tabele 1 i
Slika 1.1 2 [8].
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Tabela 1. Poredenje izmerenih ekstrema emisija PM2,5 u gradu Negotinu [8]

Negotin 2025 2026
Period 01-01-2025 - 16-03-2025. 01-01-2026. - 16-03-2026.
Raspolozivost podataka % 99,9 94,3
Minimum PM2.5 pg/m3 12,2 11,0
LSlrge/cri:gja vrednost PM2.5 90,2 69.7
Maksimum PM2.5 pg/m?3 234,8 168,7
EU 2025 prekoracenje 67 68
SZO prekoracenje 74 71

Primecena je razlika srednje vrednosti emisija PM2,5 od 22,8% viSe u 2025. godini.

PM2.5 (srednje dnevno) [poredenijs] . PM2.5 (srednje dnewvna)
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Slika 1. Emisija PM2,5 u prvih 75 dana 2025. i 2026. godine za grad Negotin [8]
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Slika 2. Emisija PM2,5 u februaru 2025. i 2026.godine za grad Negotin [8]
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6. UZice

Grad UZice je grad u zapadnoj Srbiji smesten u dolini reke Petinje i predstavlja administrativni,
privredni i kulturni centar Zlatiborskog okruga. Grad ima bogatu istoriju koja seze jo$ u srednji vek,
a posebno je poznat po industrijskom razvoju tokom 20. veka. U njegovoj blizini nalaze se znacajni
turisticki lokaliteti poput Zlatibor i Tara. Uzice je takode poznato po staroj hidroelektrani na Petinji,
jednoj od najstarijih u Evropi koja je i dalje u funkciji. Danas grad predstavlja vazan regionalni centar
sa razvijenim obrazovnim, zdravstvenim i kulturnim institucijama. UzZice se nalazi na nadmorskoj
visini od oko 411 m, u dolini reke Petinje, i ima umereno-kontinentalnu klimu sa relativno hladnim
zimama i toplim letima. U tabeli 2 je prikazan poredbeni rezultat za prvih 75 dana merenja u poslednje
2 godine, sa ekstremno visokim brojem dana prekoracenja limita zagadenja.

U okviru slike 3 i 4 se nalaze dijagrami koji graficki prezentuju uporedni rezultat emisija
PM2,5, kao i iste vrednosti za februar 2025. i februar 2026. godine [8].

Tabela 2. Poredenje izmerenih ekstrema emisija PM2,5 u gradu UzZicu [8]

UZice 2025 2026
Period 01-01-2025 - 16-03-2025. 01-01-2026. - 16-03-2026.
RaspoloZivost podataka % 100 99,9
Minimum PM2.5 pg/m3 15,4 16,2
Srednja vrednost PM2.5 ug/m3 62,9 51,5
Maksimum PM2.5 ug/m? 214 143,3
EU 2025 prekoracenje 70 68
SZO prekoracenje 75 75

Primecena je razlika srednje vrednosti emisija PM2,5 od 18,1% viSe u 2025. godini.

PM2.5 (srednje dnevno) [poredenijs] . PM2.5 (srednje dnewna)

b

Slika 3. Emisija PM2,5 u prvih 75 dana 2025. i 2026. godine za grad UZice [8]
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Slika 4. Emisija PM2,5 u februaru 2025. i 2026.godine za grad UZice [8]

7. Vranje

Grad Vranje smeSten je na krajnjem jugu Srbije i predstavlja administrativni, ekonomski i kul-
turni centar PCinjskog okruga. Vranje ima bogatu kulturnu tradiciju i poznato je po specificnom
juznjackom duhu, ali i po razvoju tekstilne i drvne industrije. Grad se nalazi u kotlini okruZzenoj pla-
ninama, na nadmorskoj visini od oko 480 m, §to uti¢e na njegovu umereno-kontinentalnu klimu sa
toplim letima i hladnijim zimama. Geografski poloZaj doprinosi povremenom zadrZzavanju
zagadujuéih materija u vazduhu, posebno tokom zimskih meseci. U analizama kvaliteta vazduha
uocavaju se povremena prekoracenja koncentracija PM cestica, §to ukazuje na potrebu za unapreden-
jem sistema upravljanja zivotnom sredinom (Tabela 3., Slika 51 6.) [8].

Tabela 3. Poredenje izmerenih ekstrema emisija PM2,5 u gradu Vranju [8]

Vranje 2025 2026
Period 01-01-2025 - 16-03-2025. 01-01-2026. - 16-03-2026.
Raspolozivost podataka % 100 100
Minimum PM2.5 pg/m3 18,3 13,0
Srednja vrednost PM2.5 pg/m3 66,1 51,9
Maksimum PM2.5 pg/m3 195,7 177,5
EU 2025 prekoracenje 72 64
SZO prekoracenje 75 74

Primecena je razlika srednje vrednosti emisija PM2,5 od 21,4% viSe u 2025. godini.
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Slika 5. Emisija PM2,5 u prvih 75 dana 2025. i 2026. godine za grad Vranje [8]
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Slika 6. Emisija PM2,5 u februaru 2025. i 2026.godine za grad Vranje [8]

8. Sombor

Grad Sombor nalazi se u severozapadnom delu Srbije, u Autonomnoj Pokrajini VVojvodini, i
predstavlja administrativni centar Zapadnobackog okruga. Poznat je po svojoj bogatoj kulturnoj
bastini, zelenilu i karakteristi¢noj urbanistickoj strukturi. Sombor je tradicionalno orijentisan ka pol-
joprivredi i prehrambenoj industriji, uz razvijen sektor usluga. Grad se nalazi na nadmorskoj visini
od oko 89 m, u ravni¢arskom podruéju, sa umereno-kontinentalnom klimom i izraZzenim uticajem
vetrova. lako nema teSku industriju, kvalitet vazduha moze biti naruSen tokom grejne sezone zbog
emisija iz individualnih loziSta. Pracenje koncentracija PM cestica ukazuje na sezonske varijacije 1
potrebu za dodatnim merama zastite zivotne sredine (Tabela 4, slike 7.1 8.) [8].

Tabela 4. Poredenje izmerenih ekstrema emisija PM2,5 u gradu Somboru [8]

Sombor 2025 2026
Period 01-01-2025 - 16-03-2025. 01-01-2026. - 16-03-2026.
Raspolozivost podataka % 99,8 99,6
Minimum PM2.5 pg/m3 1,2 21,9
Srednja vrednost PM2.5 pg/m3 22,3 21,9
Maksimum PM2.5 pg/m?3 65,4 66,9
EU 2025 prekoracenje 27 22
SZO prekoracenje 50 39

Primecena je razlika srednje vrednosti emisija PM2,5 od 1,5% viSe u 2025. godini.
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Slika 7. Emisija PM2,5 u prvih 75 dana 2025. i 2026. godine za grad Sombor [8]
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Slika 8. Emisija PM2,5 u februaru 2025. i 2026.godine za grad Sombor [8]

9. Diskusija i zakljuéak

Rezultati sprovedene analize ukazuju na izrazito nepovoljno stanje kvaliteta vazduha u Srbiji u
kontekstu primene nove EU Direktive o kvalitetu vazduha iz 2024. godine. Posebno je znacajno da
je u velikom broju analiziranih urbanih sredina dozvoljeni godiSnji limit prekorac¢enja dnevnih kon-
centracija PM2.5 iscrpljen ve¢ tokom januara 2026. godine. Ovakav nalaz potvrduje da problem za-
gadenja vazduha u Srbiji nije sporadican, ve¢ ima sistemski karakter i zahteva sveobuhvatan pristup
reSavanju.

Analiza podataka iz razli¢itih gradova, ukljucujuci Negotin, Uzice, Vranje 1 Sombor, pokazuje
da su epizode povecanih koncentracija PM2.5 prisutne u razli¢itim geografskim i klimatskim uslo-
vima, S§to dodatno potvrduje Sirinu problema. Iako postoje razlike u intenzitetu zagadenja, zajednicki
imenitelj su dominantni izvori emisija, pre svega individualna loziSta na ¢vrsta goriva, saobracaj i
lokalni industrijski izvori. Tokom zimskog perioda, nepovoljni meteoroloski uslovi, poput tempera-
turnih inverzija i slabe cirkulacije vazduha, dodatno pogorSavaju situaciju i doprinose akumulaciji
zagadujucih materija. Uvodenje dnevne grani¢ne vrednosti za PM2.5 omogucava preciznije sagleda-
vanje kratkotrajnih epizoda zagadenja, koje imaju znacajan uticaj na zdravlje stanovniStva. Medutim,
primena ovih kriterijuma istovremeno otkriva znacajan jaz izmedu trenutnog stanja i buducih regula-
tornih zahteva. Ovi rezultati ukazuju na potrebu za ubrzanom implementacijom mera koje obuhvataju
unapredenje energetskog sektora, modernizaciju sistema grejanja i jacanje politika upravljanja kvali-
tetom vazduha. Bez sistemskih promena, dostizanje evropskih standarda ostaje ozbiljan izazov.
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Posebno je znacajno naglasiti da problem zagadenja vazduha u Srbiji ima izrazenu sezonsku
komponentu, pri ¢emu su zimski meseci kriticni zbog povecane potrosnje energenata za grejanje.
Dominantni izvori emisija, ukljucujuéi individualna loziSta, saobracaj i industriju, zahtevaju ciljane
politike 1 investicije usmerene ka smanjenju emisija. U tom kontekstu, energetska tranzicija, poveca-
nje energetske efikasnosti i prelazak na Cistije izvore energije predstavljaju kljucne pravce delovanja.
Harmonizacija nacionalnog zakonodavstva sa evropskim standardima predstavlja ne samo obavezu
u procesu evropskih integracija, ve¢ i priliku za unapredenje kvaliteta Zivota stanovniStva. Primena
strozih kriterijuma omogucava realnije sagledavanje problema i moze posluziti kao snazan podsticaj
za donosSenje efikasnijih politika zasStite Zivotne sredine.

Konacno, na osnovu sprovedene analize moze se zakljuciti da bi primena nove EU Direktive o
kvalitetu vazduha imala znacajne implikacije na klasifikaciju kvaliteta vazduha u Srbiji. Ovakva si-
tuacija ukazuje na potrebu za hitnim i sistemskim merama u cilju unapredenja kvaliteta vazduha i
zaStite javnog zdravlja. Unapredenje kvaliteta vazduha zahteva koordinisano delovanje svih relevan-
tnih sektora, ukljucujuéi energetiku, saobracaj, industriju i lokalne zajednice. Samo integrisanim pri-
stupom moguce je posti¢i odrzive rezultate i obezbediti zdraviju Zivotnu sredinu za buduce genera-
cije. Ipak, treba napomenuti da se zakljucci temelje na jednom zimskom periodu i da je za sve-
obuhvatnu procenu potrebna dugoroc¢nija serija podataka, ¢cime bi analiza koja je predmet istrazivanja
bila kompleksnija, verodostojnija i kredibilnija.
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Rad ispituje mogucnost tretmana rastvora boje Reactive Blue 5 u vodi u mikroreaktorskim
sistemima primenom unapredenog procesa oksidacije. Otpadne vode tekstilne industrije karakterise
visok sadrzaj boja i njihovo ispustanje u vodoprijemnike bez primene odgovarajuceg tretmana pred-
stavlja znacajan rizik za Zivotnu sredinu. Ovu vrstu otpadnih voda je moguce tretirati na razne nacine
ali nusproizvode ovih tretmana je Cesto potrebno dalje obraditi pre ispustanja. Alternativno resenje
je tretman u mikroreaktorskim sistemima. U radu je ispitan tretman rastvora boje Fentonovim rea-
gensom u mikroreaktorskom sistemu. Sistem se sastoji od dve klipne pumpe, meSalice i PTFE cevi.
Uspesnost procesa je ispitana spektrofotometrijskom analizom proizvoda reakcije sa fokusom na pa-
rametre sistema, brzinu protoka reaktanata kroz sistem i molski odnos reaktanata u reakcionoj smesi.

The study examines the possibility of treating aqueous solutions of the dye Reactive Blue 5 in
microreactor systems using an improved oxidation process. Wastewater from the textile industry is
characterised by a high dye content, and its discharge into water bodies without appropriate tre-
atment poses a significant environmental risk. This type of wastewater can be treated in various ways,
but the by-products of these treatments often require further processing before discharge. An alter-
native solution is treatment in microreactor systems. The paper investigates the treatment of dye so-
lutions with Fenton's reagent in a microreactor system. The system consists of two plunger pumps, a
stirrer, and a PTFE tube. The effectiveness of the process was evaluated by spectrophotometric a-
nalysis of the reaction products, focusing on system parameters, the flow rate of the reactants through
the system, and the molar ratio of the reactants in the reaction mixture.

1. Uvod

Tekstilna industrija je, posle naftne industrije, drugi najznacéajniji zagadivac¢ vode, jer, prema
dostupnim podacima doprinosi priblizno 20% njenog globalnog zagadenja. Otpadne vode koje nas-
taju u proizvodnim procesima tekstilne industrije ¢esto karakteri$e znacajna koli¢ina nefiksiranih boja
1 pomo¢nih sredstava za bojenje. Godisnje se proizvede preko 10.000 razlicitih sintetskih boja 1 to u
koli¢ini od oko 800.000 tona [1].

Ove otpadne vode predstavljaju mesavinu boja, metala i drugih zagadujucih supstanci. Boje se
prema poreklu dele na prirodne i sintetske. Proces proizvodnje sintetskih boja nije komplikovan a
ovako nastale boje karakteriSe postojanost [2]. Sintetske boje se prema svojoj hemijskoj strukturi
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klasifikuju u razliCite klase (azo, antrahinon, sumpor, ftalocijanin...) i prema nac¢inu upotrebe (reak-
tivne, direktnedisperzne, bazne...) [3].

Zbog svoje postojanosti, prisustvo boja u otpadnim vodama ¢esto predstavlja problem koji nije
jednostavno resiti 1 razvijene su mnoge metode koje pokazuju uspeh za precis¢avanje vode opterecene
razli¢itim vrstama boja. Metode koje su pokazale uspeSnim su tzv. unapredeni oksidativni procesi
(engl. advanced oxidation processes, AOP) od kojih je najSire primenjivan Fentonov proces.

1.1. Fenton proces

Fenton proces zapocinje proizvodnjim OH radikala u reakciji smeSe vodonik-peroksida i jona
gvozda, jedna€ina 1. OH radikali su visoko reaktivni i neselektivni i reaguju sa Sirokim spektrom
organskih jedinjenja razgradujuci ih na vodu, ugljen-dioksid i neorganske jone [4].

Fe2*+ H,0,—Fe3*+ «OH + OH- (1)

Gvozde u ovoj reakciji predstavlja katalizator dok se vodonik-peroksid tokom reakcije nepre-
kidno trosi i on predstavlja pogonsku silu reakcije.

Uspeh Fentonove reakcije pored karakteristika zagadujuce materije u velikoj meri zavisi i od
uslova pod kojima se reakcije odvija odnosno od koncentracije i molskog odnosa uéesnika reakcije
[Fe?*], [Fe*']i [H20:] kao i pH vrednosti, temperature, duZine trajanja reakcije, prisustva OH radikala
I prisustva organskih i neorganskih zagadivac¢a. Mehanizam po kome ¢e se reakcija odvijati zavisi od
koli¢ine Fe?* jona i molekula H20,. Znacajnu ulogu u uspehu reakcije ima i pH vrednost reakcione
smesSe za koju se pokazalo da je najuspesnija kada je priblizno 3.

1.2. Reactive Black 5

U radu je ispitana mogucnost razgradnje reaktivne boje Reactive Black 5 (RB5). Molekulska
formula ove boje je CosH2:NsNasO19Ss, molekuslska masa 991,82 g/mol a karakteristicna talasna
duzina pika je na 597 nm. U pitanju je diazo vinil sulfonska reaktivna boja koja se Siroko Kkoristi u
tekstilnoj, papirnoj i koznoj industriji zbog svoje visoko efikasne fiksacije i duboke crne nijanse. Siroka
upotreba ove boje za posledicu ima ispustanje u industrijske otpadne vode 5to je nepovoljno sa stanov-
iSta zaStite Zivotne sredine. Iako boja RBS pokazuje nisku akutnu toksi¢nost, njegov potencijal za
hroni¢nu toksi¢nost, posebno genoitoksi¢nost 1 kancerogenost predmet su stalnog istrazivanja [5].

1.3. Mikroreaktorski sistemi

Mikroreaktorski sistemi predstavljaju znacajan pomak u hemijskom inzenjerstvu, udaljavajuéi
se od tradicionalnih sistema velike zapremine ka minijaturizovanim uredajima za izvodenje hemijskih
reakcija. Ovi sistemi koriste kontinualan tok gde se reaktanti pumpaju kroz uske kanale umesto da se
meSaju u statickom rezervoaru. Takav kontinualni proces nudi visok stepen kontrole reakcionih
uslova §to je teSko posti¢i u Sarznim reaktorima. Efikasnost mikroreaktorskih sistema je posledica
ponasanja fluida na mikroskali. Najvaznija karakteristika dizajna je visok odnos povrSine i zapremine
koji moZe biti desetine hiljada kvadratnih metara po kubnom metru. Ovo geometrijsko svojstvo
znacajno poboljsava prenos toplote i mase preko zidova kanala. Na taj nacin, temperature reakcija se
mogu kontrolisati sa visokom precizno$¢u sprecavajuci formiranje lokalizovanih tacaka visoke tem-
perature ¢ak i u visokoenergetskim reakcijama.

Dinamika fluida unutar mikrokanala obi¢no funkcioni$e u rezimu laminarnog toka koji karak-
teriSe predvidivo, neturbulentno kretanje. Nizak Rejnolsdov broj osigurava da se fluidi krecu u par-
alelnim slojevima, $to znaci da meSanje zavisi od molekularne difuzije preko medupovrsine. Ovo
oslanjanje na difuziju obezbeduje ponovljivo i ujednaceno reakciono okruzenje.
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U eksperimentu su koris¢eni mikroreaktori izradeni od politetrafruoroetilena visokih perfor-
mansi.

Cilj rada je ispitivanje mogucénosti koriS¢enja relativno nove, odrzive 1 ekoloski prihvatljive
tehnologije za uklanjanje boje iz otpadnih voda. Konkretno, ovaj rad se bavi odredivanjem efkasnosti
razgradnje boje Reactiv Black 5 pomoc¢u Fentonovog reagensa u mikroreaktorskom sistemu.

2. Eksperimentalni deo

Ispitivanje mogucénosti degaradacije antrahinonske reaktivne boje RB5 izvedeno je Fentonovim
reagensom u mikroreaktorskim uslovima na sobnoj temperaturi. Rastvori boje napravljeni su
koris¢enjem destilovane vode i boje Reactive Black 5. Sumporna kiselina (Zorka Pharma-Hemija
d.0.0. 95-97 %) je koriS¢ena za podesavanje pH vrednosti. U eksperimentu je upotrebljen vodonik
peroksid (H202, 3 %) proizvodac¢a Galena Lab (Srbija) i gvozde sulfat (FeSO4 7H20) analiticke
Cisto¢e proizvodaca Centrohem (Srbija).

Koncentracije rastvora boje bile su 0,1 g/dm?, 0,15 g/dm? i 0,2 g/dm®. Rastvori boje ovih kon-
centracija smatraju se veoma zaprljanom otpadnom vodom. Ovakvu vodu neophodno je tretirati kako
bi njen kvalitet zadovoljio zahteve o kvalitetu vode za ispuStanje u vodoprijemnike propisane odgo-
varaju¢im regulativama.

Slede¢i korak u pripremi reaktanata bilo je rastvaranje gvozda. U svim rastvorima boje koncen-
tracija gvozda podesena je tako da odnos molekula gvozda i molekula vodonik peroksida u reakcionoj
smesi bude 0,5. Nakon dodavanja gvozda u reakcionu smesu rastvorima boje podeSavana je pH vred-
nost 3 jer se prema literaturnim podacima i rezultatima prethodnih istrazivanja [6] ova vrednost poka-
zala kao najpovoljnija. PodeSavanje pH vrednosti izvedeno je razblazenim rastvorom H>SO4. pH
vrednosti simulirane otpadne vode merene su pomo¢u Hanna Wastewater treatment photometer
H183314-02.

Reakcija u mikroreaktorskom sistemu izvedena je u reakcionom sklopu koji se sastojao od dve
klipne pumpe (LC-20AD XR, Shimadzu), T miksera i politetrafruoroetilen reaktora duzine 15 m
pre¢nika 0,3 mm.

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 pomoc¢u T miksera
nakon ¢ega reakcija poCinje u mikroreaktoru. Na kraju reakcije uzorci su prihvatani i analizirani spek-
trofotometrijski (Shimadzu UV-Vis 1700) na talasnoj duzini 597 nm.
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Slika 1. Sema mikroreaktorskog sistema [6]
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U ovom eksperimentu mikroreaktorski sklop je bio konstantan a varirane su ukupne brzine
protoka reaktanata, pojedinacni protoci i molarni odnosi reaktanata u reakcionoj smesi. Tabela 1 pri-
kazuje primenjene reakcione uslove.

Tabela 1. Reakcioni uslovi

Vrednost Jedinica

Pritisak 101,3 kPa
Temperatura 25 °oC
pH 3

Pocetna koncentracija boje 0,1 | 0,15 | 0,2 gdm™
Precnik mikroreaktora 0,3 mm
Duzina mikroreaktora 15 m
Molski odnos H2O2/Fe“” 0,1 0,05 0,025

Viskozimetar LE0089, EU Instruments iskori§¢en je za odredivanje viskoznosti smese koja se
kretala kroz reaktor. Koris¢enjem podataka o viskoznosti i primenjenim brzinama protoka izracunat
je Rejnoldsov broj koji je potvrdio da se reakciona smeSa kroz mikroreaktorski sistem kretala lami-
narno. Vreme zadrZavanja reakcione smese pri konstantnim dimenzijama reaktora zavisilo jedino od
podeSene brzine protoka. Pri brzini protoka od 1 pl/min vreme zadrZavanja reakcione smeSe u
reaktoru 64 s dok je pri protoku od 5 pl/min 13s.

3. Rezultati i diskusija

Uticaj molskog odnosa, u daljem tekstu MO, reakcione smeSe na efikasnost razgradnje boje
RBS5 Fentonovim reagensom ispitan je u mikroreaktorskom sistemu duzine 15 m i pre¢nika 0,3 mm
za dve vrednosti brzine kretanja smeSe kroz reaktor. Slika 2 prikazuje rezultate eksperimenta kada se
reakciona smesa kroz mikroreaktorski sistem kre¢e brzinom od 1 pl/min.
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Slika 2. Efikasnost razgradnje boje RB5 koncentracije 0,1 g/dm? ; 0,15 g/dm?i 0,2 g/dm?
u mikroreaktorskom sistemu u zavisnosti od molskog odnosa rektanata
u smesi pri brzimi protoka od 1 pl/min

Sa slike se vidi da je efikasnost razgradnje boje najveca kada je koncentracija boje najniza i to
preko 98% pri bilo kom molskom odnosu reaktanata u reakcionoj smesi. Efikasnost Fentovog rea-
gensa u procesu razgradnje boje RB5 nesto je niZa kada je u pitanju rastvor boje koncentracije 0,15
g/dm?®. Efikasnost razgradnje reastvora boje ove koncentracije i dalje se moZe smatrati veoma
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uspesnom jer za bilo koji primenjeni molski odnos rezultati efikasnosti razgradnje su preko 89% dok
je efikasnost razgradnje boje u slu¢aju rastvora koncentracije 0,2 g/dm® preko 78%. Efikasnost
razgradnje boje iz vodenih rastvora na ovaj nacin je izuzetno visoka posebno imajuci u vidu da sam
proces obezbojavanja traje priblizno 1 minut.

Slika 3 prikazuje rezultate efikasnosti razradnje boje RB 5 iz vodenih rastvora Fentonovim re-
agensom u slucaju kada se reakciona smesa krec¢e brzinom od 5 pl/min. Sa slike je ocigledno da je
efikasnost razgradnje boje koncentracije 1 izuzetno visoka, preko 90% za bilo koji od primenjenih
molskih odnosa. Efikasnost uklanjanja boje koncentracije 0,15 je neSto niza ali, za molski odnos 0,1
je skoro 78% $to se ne moZe smatrati losom efikasnoséu. Kada je koncentracija boje 0,2 g/dm? efi-
kasnost razradnje boje je niska za slu¢aj molskih odnosa 0,05 i 0,025, dok se za slu¢aj molskog
odnosa 0,1 to ne moze reci jer je postignuta efikasnost razradnje boje od preko 60% za samo 13 s.
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Slika 3. Efikasnost razgradnje boje RB5 koncentracije 0,1 g/dm? ; 0,15 g/dm?i 0,2 g/dm®
u mikroreaktorskom sistemu u zavisnosti od molskog odnosa rektanata
u smesi pri brzini protoka od 5 pl/min

Nakon toga, eksperimenti su nastavljeni ispitivanjem uticaja brzine kretanja reakcione smese
kroz reaktor na efikasnost procesa degradacije boje RB5. U slucaju degradacije boje koncentracije
0,1 g/dm?3 efikasnost razgradnje boje je veoma visoka bez obzira na primenjenu brzinu protoka. Nesto
viSa efikasnost je u slucaju kada reakcija traje duze ali, zadovoljavajuéi rezultati su dobijeni kada
reakcija traje 13 s.

90 R
80
70

60

Efikasnost [%]

50
40

30
0.1 0.05 0.025

Molski odnos reaktanata
—&—Protok 1 ul/min  —@—Protok 5 pl/min

Slika 4. Efikasnost razgradnje boje RB5, koncentracije 0.1 g/dm?,
u zavisnosti od brzine protoka boje i molskog odnosa reaktanata
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Efikasnost obezbojavanja boje koncentracije 0,15 g/dm® pokazuje nesto veéu razliku u re-
zultatima efikasnosti kada se reakciona smesa krec¢e brzinom od 1 pl/min ili 5 pl/min. Tako, najvisa
efikasnost je dobijena u slucaju kada je molski odnos reaktanata 0,1 1 tada razlika izmedu rezultata
dobijenih pri protoku reakcione smese od 1 pl/min ili 5 pl/min iznosi neSto manje od 4% dok je za
slucaj reakcione smese sa molskim odnom 0,025 ta razlika 8%. Ova razlika se ne moze smatrati
velikom i pri donoSenju odluke koji bi reacione uslove trebalo primeniti treba imati na umu i vreme
trajanja procesa.
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Slika 5. Efikasnost razgradnje boje RB5, koncentracije 0,15 g/dm®,
u zavisnosti od brzine protoka boje i molskog odnosa reaktanata

Slucaj razgradnje rastvora boje koncentracije 0,15 pokazuje efikasnost od preko 60% za obe
brzine kretanja smese kroz reaktor ali, je razlika izmedu primenjenih protoka znacajnija kod uspeha
za slucajeve istih molskih odnosa a razli¢ite protoke smesa. Tako, za slucaj molskog odnosa 0,1
razlika u dobijenim rezultatima iznosi priblizno 14% dok za slu¢aj molskog odnosa 0,025 ova razlika
iznosi preko 27%.
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Slika 6. Efikasnost razgradnje boje RB5, koncentracije 0,2 g/dm?,
u zavisnosti od brzine protoka boje i molskog odnosa reaktanata

Najlosiji rezultati efikasnosti dobijeni su za slucaj kada je koncentracija rastvora boje iznosila
0,2. Uticaj brzine protoka smeSe kroz reaktor, odnosno vremena zadrZavanja u sistemu, je za ovaj
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slucaj najociglednija 1 to u slu¢aju molskog odnosa 0,1 razlika u efikasnosti je 22% dok je za slucaj
molskog odnosa 0,025 ta razlika visa od 44%.

4. Zakljudak

U ovom istrazivanju ispitana je moguénost degradacije boje Reactive Blue 5 Fentonovim rea-
gensom u mikroreaktorskom sistemu. Eksperimenti su izvedeni kako bi se utvdio uticaj molskog od-
nosa i brzine kretanja reacione smeSe kroz mikroreaktorski sistem na efikasnost obezbojavanja sin-
tetske boje RB5.

Rezultati su pokazali da je efikasnost uklanjanja boje veca kada se reakciona smesa kroz sistem
kreée brzinom 1 pl/min nego 5 pl/min, odnosno kada reakcija traje 64 s. Degradacija boje se moze
smatrati uspe$nom i kada se reakciona smesa kroz sistem kre¢e brzinom 5 pl/min odnosno kada
reakcija obezbojavanja traje 13 s u slucaju kada je u pitanju degradacija boje koncentracije 0,1 1 0,15
g/dm? i tada je efikasnost, za bilo koji molski odnos, preko 62%.

Dobijeni rezultati su pokazali da je primena Fentonovog reagensa za degradaciju boje RB5 u
mikroreaktorskom sistemu dobar nacin da se boja visoke koncentracije uspesno razgradi za veoma
kratko vreme.

5. Zahvalnica

Istrazivanja u ovom radu izvrSena su u okviru aktivnosti koje finansira Ministarstvo nauke,
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U radu je ispitana mogucnost valorizacije pepela suncokretove ljuske, nastalog kao nusproiz-
vod termickog tretmana biomase, u cilju delimicne supstitucije mineralnih sirovina u proizvodnji
NPK dubriva. Primarni cilj bio je razvoj formulacije kompleksnog granulisanog dubriva NPK
6:12:24 + 6% S koja zadrZava visok nutritivni kvalitet uz potpunu bezbednost po zdravlje ljudi i
zivotnu sredinu.

Sprovedena je detaljna fizicko-hemijska karakterizacija uzorka pepela, sa posebnim fokusom
na sadrzaj primarnih nutrijenata i teSkih metala. Laboratorijska granulacija varijanti sa dodatkom
30 kg/t 1 50 kg/t pepela realizovana je u Eirich granulatoru, uz primenu mineralnih kiselina i soli
koje se standardno koriste u procesu proizvodnje dubriva. Finalni proizvodi su podvrgnuti laborato-
rijskom testiranju, a bezbednost je proverena u skladu sa kriterijumima Uredbe (EU) 2019/1009.

Laboratorijske analize potvrdile su da je pepeo suncokreta izuzetno bogat kalijumom (48,33%
K20), pri cemu je preko 93% ovog elementa u vodorastvornom obliku. lako sam pepeo sadrzi povi-
Sene koncentracije nikla i Sestovalentnog hroma, rezultati ispitivanja finalnih dubriva pokazuju da
su vrednosti svih teskih metala visestruko nize od zakonski dozvoljenih granica, zahvaljujuci efektu
razblazivanja unutar normativa. Varijanta sa 50 kg/t pepela pokazala je najveci potencijal za supsti-
tuciju mineralnih soli, uz blago povecanje egzotermne reakcije tokom procesa granulacije.

Istrazivanje dokazuje da pepeo suncokretove ljuske predstavlja konkurentnu i ekoloski oprav-
danu alternativu tradicionalnim izvorima kalijuma. Implementacija ovog reSenja direktno doprinosi
principima cirkularne ekonomije, omogucavajuci povratak nutrijenata u zemljite i smanjenje depo-
novanja industrijskog otpada, uz punu uskladenost sa evropskom regulativom.
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The paper investigates the possibility of valorizing sunflower husk ash, generated as a bypro-
duct of thermal biomass treatment, for the partial substitution of mineral raw materials in NPK fer-
tilizer production. The primary objective was to develop a complex granulated fertilizer formulation,
NPK 6:12:24 + 6% S, which maintains high nutritional quality while ensuring complete safety for
human health and the environment.

A detailed physicochemical characterization of the ash sample was conducted, with a specific
focus on the content of primary nutrients and heavy metals. Laboratory granulation of variants with
the addition of 30 kg/t and 50 kg/t of ash was performed in an Eirich granulator, utilizing mineral
acids and salts standardly used in the fertilizer manufacturing process. Final products underwent
laboratory testing, and safety was verified according to the criteria of Regulation (EU) 2019/1009.

Laboratory analyses confirmed that sunflower ash is exceptionally rich in potassium (48.33%
K20), with over 93% of this element in water-soluble form. Although the raw ash contains elevated
concentrations of nickel and hexavalent chromium, the testing results of the final fertilizers show that
the values of all heavy metals are several times lower than the legally permitted limits, thanks to the
dilution effect within the formulation. The variant with 50 kg/t of ash demonstrated the highest po-
tential for mineral salt substitution, alongside a slight increase in the exothermic reaction during the
granulation process.

The research proves that sunflower husk ash represents a competitive and environmentally
justified alternative to traditional potassium sources. The implementation of this solution directly
contributes to the principles of circular economy, enabling the return of nutrients to the soil and
reducing the landfilling of industrial waste, while maintaining full compliance with European regu-
lations.

1. Introduction

The growth of the global population is associated with an increasing demand for food and na-
tural resources worldwide [1]. According to data from the United Nations, more than 430 million
tonnes of food waste are generated annually at the global level, while over 85 million tonnes are
produced within the European Union [2]. Food waste has been identified as a priority area in the
Waste Prevention Programme due to the substantial economic losses it causes, its significant potential
for prevention, and its high ranking on the international political agenda (Sustainable Development
Goals) [3]. In addition to social and ethical considerations, the issue of food surplus is also important
from an environmental protection perspective, as large amounts of natural resources are consumed
during food production, distribution, and storage.

According to available data, food waste generates approximately 8% of total greenhouse gas
emissions [3], thereby contributing to climate change. Consequently, the issue of sustainable food
waste management is of great importance from social, environmental, and economic perspectives.
Nevertheless, modern society continues to face significant challenges in fully achieving a circular
economy, which implies the development of efficient approaches for managing waste streams from
all industrial sectors, as well as from households.

The need for a transition towards a circular economic model is not driven solely by environ-
mental concerns—accelerated industrialization also leads to the gradual depletion of natural resources
[4,5]. Viewing waste materials as potential by-products and their subsequent valorization can contri-
bute to environmental protection while also increasing the availability of natural resources.
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2. Regulatory framework and strategic management
of waste streams

In contrast to agriculture, which predominantly generates biodegradable residues, waste from
various industrial sectors often exhibits characteristics of hazardous waste. Consequently, efforts in
many countries have primarily been directed toward the treatment and utilization of industrial waste,
while circular management of agricultural waste has so far been considerably less represented [6].
Among the commonly applied approaches for reducing the negative environmental impact of waste,
waste-to-energy processes, as well as improvements in composting, storage, and waste treatment
methods, stand out [7].

In combination with stricter waste management policies, these measures can lead to significant
positive outcomes; however, a key element is also raising awareness among producers and consumers
regarding the importance of sustainable development. An additional mechanism for encouraging
waste recycling and its transformation into valuable resources lies in the creation of economic benefits
derived from such processes [8].

The application of the concept of valorization of agricultural by-products and waste—such as
plant residues, animal waste, and other materials—enables their transformation into useful products.
This approach not only significantly reduces the amount of waste disposed of in landfills but also
facilitates the reintegration of organic and inorganic components into production cycles, in the form
of fertilizers, soil amendments, pigments, and other products [9,10].

Within the framework of the European Commission’s Circular Economy Action Plan, the revi-
sion of fertilizer regulations has been recognized as a key mechanism for stimulating the market for
secondary raw materials. With the adoption of Regulation (EU) 2019/1009 [11], European legislation
has significantly expanded its scope by integrating products derived from biogenic waste and other
secondary sources. This regulation not only establishes a level playing field for all types of fertilizers
but also actively promotes the use of recycled materials in agriculture.

In parallel with legislative changes, a technical report by a group of authors [12] has defined
frameworks for the safe production and placement on the market of fertilizers derived from waste.
This document sets strict criteria regarding permitted input materials and process conditions, quality
standards and quality management systems, as well as the assessment of impacts on food safety and
environmental protection.

At the national level, the quality of fertilizers in the Republic of Serbia is regulated by the Law
on Plant Nutrition Products and Soil Amendments [13]. The accompanying by-laws [14,15] are alig-
ned with the earlier European regulation EU 2003/2003, particularly in the domain of classification
and labeling of mineral fertilizers.

2.1. Potential of sunflower husk ash in fertilizer production

Historically, biomass ash represented a primary source of potassium carbonate as early as the
18th century, while records of the first patents for fertilizer production from ash date back to 1790.
Although the emergence of more economically accessible mineral sources temporarily displaced this
material, contemporary research has reaffirmed sunflower husk ash as a safe and cost-effective alter-
native for potassium extraction [16].

During the industrial processing of sunflower for the production of edible oil or biodiesel, sig-
nificant quantities of husks are generated. While these residues have traditionally been used as animal
feed or disposed of in landfills, their energy potential through pyrolysis and combustion is increa-
singly being recognized [17,18]. The implementation of a two-stage reuse approach—where the husk
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is first utilized as an energy source and the resulting ash subsequently as a raw material for fertili-
zers—offers a synergy between energy efficiency and environmentally sustainable agriculture.

Depending on the applied agrotechnical practices and sunflower cultivation conditions, ash
obtained from the combustion of husks may be rich in key elements such as potassium, calcium, and
magnesium, as well as certain microelements, including zinc, copper, and manganese [16,19-22].
Potassium carbonate, which can be extracted from plant ash, has long been used in agriculture as a
fast-acting fertilizer [23-28]. Previous studies confirm that ash derived from sunflower husk combu-
stion possesses exceptional value as a secondary raw material due to its specific mineral composition.
According to research conducted by Ninkov et al. [29], ash samples tested in accredited laboratories
exhibit a high content of water-soluble potassium, making this material a directly applicable source
of nutrients. Analyses further confirm that the heavy metal content in this type of ash is significantly
below the limit values prescribed by both national and European regulations, thereby eliminating the
risk of soil contamination [29].

Additionally, studies conducted at industrial facilities indicate that sunflower ash, in addition
to its primary potassium content, contains significant amounts of secondary nutrients such as calcium
and magnesium, as well as beneficial microelements [30]. Zgureva-Filipova et al. [30] emphasize
that, through the application of appropriate granulation technologies, this waste material can be
successfully transformed into a highly efficient biofertilizer. Such characterization confirms that
sunflower ash is not merely a by-product of energy processes, but a resource with substantial potential
to enhance the sustainability of agricultural production.

Table 1. Comparative Characteristics of Sunflower Husk Ash According to Different Authors

Parameter Unit [29] [30]
Moisture % 0.40-1.63 0.42-0.76
pH value - 11.0-12.6 12.0-12.1
Total P2Os % 4.90-1042 1.40-10.50
Total K-0 % 42.85-55.30 12.00 - 44.00

The aim of this study is to investigate the possibility of replacing conventional raw materials
that serve as carriers of the potassium component (potassium chloride or potassium sulfate) in com-
plex mineral fertilizers with ash obtained from the combustion of sunflower husks. The research fo-
cuses on the analysis of macro- and microelement content in the resulting fertilizers, as well as on
evaluating their compliance with current regulatory requirements regarding the safety and quality of
plant nutrition products.
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Figure 1. A two-stage approach to the reuse of sunflower processing waste

3. Materials and methods

For the purposes of this study, ash obtained from sunflower processing followed by subsequent
thermal treatment (combustion) of husks in an industrial facility located in the Republic of Serbia
was used.

The sample represents a mixture of ash collected from different filtration sections, thereby ensu-
ring the representativeness of the raw material under real industrial conditions, where logistical requ-
irements often necessitate the use of a unified material stream. Such a composite sample constitutes
a representative mixture that simulates the actual raw material available for fertilizer production. Prior
to its introduction into the granulation process, the ash was homogenized and prepared in accordance
with standard protocols for handling powdered materials.

The integration of such a novel raw material into the mineral fertilizer production process requ-
ires comprehensive physicochemical characterization in order to assess its compatibility with the se-
lected formulation. In this context, laboratory analyses serve as the primary screening criterion for
the acceptance or rejection of the raw material, while the accompanying documentation is systemati-
cally archived to ensure traceability and quality control.

In the case of a positive evaluation, the Development Laboratory proceeds with the preparation
of experimental samples, focusing on two critical parameters:

1. Physical properties: Granulation potential of the sample and the stability of the resulting

particles.

2. Chemical properties: Quantitative analysis of nutrient elements and control of heavy metal

concentrations.

The first phase of the study was focused on evaluating the tendency toward granulation. To
simulate the industrial process under controlled conditions, a laboratory granulator Eirich Type EL10
Profi Plus (Figure 2) was used.
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Figure 2. Eirich granulator

The procedure began with the homogenization of solid components, followed by the gradual
addition of liquid phases. Water was used as a technological modifier to initiate granule growth in
cases where spontaneous granulation was insufficiently pronounced. High moisture content of the
mixture was interpreted as an indicator of low granulation tendency or as a signal for the need to
adjust phase ratios, which is crucial for optimizing the stability of the final product.

In the experimental part of the study, a wide range of raw materials was used to evaluate the
substitution of conventional potassium carriers with sunflower ash:

— Mineral acids: phosphoric acid and sulfuric acid.

— Salts and mineral ores: ammonium sulfate, aluminum sulfate, SSP powder (Single Super-

phosphate), raw Egyptian phosphate (27% P20s), and potassium chloride (60% K-O).

— Secondary raw materials: ash obtained from the combustion of sunflower husks.

3.1. Definition of the Test Formulation and Analytical Methods

To evaluate the potential for integrating sunflower husk ash into the final product, an NPK
6:12:24 + 6% S formulation was selected. This formulation represents a complex mineral fertilizer
with a high potassium content, making it an ideal model for investigating the substitution of conven-
tional potassium sources (such as KCI or K>SO.) with the tested ash.

Different experimental variants of this formulation were designed based on the theoretical norm
(TRN.EZ.VAR.), which serves as a reference model for calculating the proportions of raw materials
and predicting the final nutrient content.

All physicochemical analyses of the prepared samples were carried out in the Testing Labora-
tory of the “Center for Applied Circular Economy Ltd.”, which is accredited in accordance with the
international standard ISO/IEC 17025.

Table 2 provides a systematic overview of the methods used for the characterization of samples
in the accredited laboratory [31]

Parameter Method designation
Total nitrogen (N) SRPS EN ISO 21663:2021
Ammonium nitrogen (N-NH.) SRPS EN 15475:2016
Amide nitrogen (N-NH-) SRPS H.B8.287:1983 (withdrawn)
Nitrate nitrogen (N-NOs) SRPS EN 15476:2016
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Parameter

Method designation

Total P.Os

VM 003"

P2Os soluble in formic acid

SRPS EN 15919:2011 / SRPS EN 15959:2024

P.Os soluble in NAC

VM 003!

P.Os soluble in citric acid

SRPS H.B8:292:1983 (withdrawn)

P.Os soluble in water

SRPS H.B8:290:1983 (withdrawn)

Total K-O

KO soluble in water

SRPS EN H.B.8.294:1986 (withdrawn)

Total organic carbon

SRPS EN 15936:2022 Method B

Fluorides (F°) VM 002
Chlorides (CI°) VM 033
pH (1% solution) VM 027

Moisture at 105°C

SRPS EN 12880:2007

Perchlorates

SRPS EN 17246:2020

Loss on ignition

SRPS EN 15935:2021

Free acidity

SRPS H.B8.295:1986

Silicon dioxide (SiO2)

VM 013

Total calcium (Ca)

Water-soluble calcium (Ca)

EPA 7000B:2007 / SRPS EN 16319:2016

Total magnesium (Mg)

Water-soluble magnesium (Mg)

SRPS EN 16197:2013 / SRPS EN 15960:2012

Total zinc (Zn)

EPA 6010C:2000 / EPA 3050B:1996

Total sulfur (S)

Water-soluble sulfur (S)

SRPS EN 15749:2022 Method A / SRPS EN 15960:2012

Total copper (Cu)

Total aluminum (Al)

Total boron (B)

EPA 6010C:2000 / EPA 3050B:1996

Total sodium (Na)

Water-soluble sodium (Na)

SRPS EN 16199:2013 / SRPS EN 15960:2012

Total iron (Fe)

Total manganese (Mn)

Total cobalt (Co)

EPA 6010C:2000 / EPA 3050B:1996

Arsenic (As)

Cadmium (Cd)

EPA 7061A:1992 / EPA 3050B:1996

Cd / P20Os

Calculated

Nickel (Ni)

Chromium (Cr)

EPA 6010C:2000 / EPA 3050B:1996

* Mineral fertilizers - determination of extracted phosphorus (spectrophotometry), edition 01 of 10.01.223. based on SRPS H.B8:290:1983 “with-
drawn” and SRPS H.B8:292:1983 “withdrawn”. Sample preparation is carried out according to standard methods SRPS EN 15919:2011, SRPS EN

15957:2012, SRPS EN 15956:2012
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Parameter Method designation
Hexavalent chromium (Cr¢") SRPS EN ISO 15192:2021
Mercury (Hg) EPA 6010C:2000 / EPA 3050B:1996
Lead (Pb)
Selenium (Se)
Wet sieving VM 062

4- Results and discussion

4.1. Characterization of the Investigated Sunflower Husk Ash

Figure 3 shows the physical appearance of the analyzed ash, characterized by a gray color and
a fine-grained structure.

Figure 3. Ash Obtained from the Combustion of Sunflower Husks

Based on the results of laboratory analyses, it was determined that the investigated ash
possesses a high content of active substances. A particularly significant parameter is the total potas-
sium content, expressed as K-O, which amounts to 48.33%, of which as much as 44.99% is water-
soluble. Such a high proportion of water-soluble potassium ensures high bioavailability of this ele-
ment for plants, which is of crucial importance for the quality of mineral fertilizers.

During the drying of the raw material to the required moisture level of <2%, the K-O content
proportionally increases to approximately 50.00%. These values position sunflower husk ash as a
competitive alternative to conventional potassium sources, considering that the K-O content in sta-
ndard potassium sulfate is around 50%.

The phosphorus content, expressed as P-Os, amounts to 7.58%. Although this value is lower
compared to primary phosphate raw materials, it is important to emphasize that nearly the entire
content is acid-soluble, while approximately 50% is water-soluble, which significantly contributes to
the overall agronomic value of the raw material. The recorded loss on ignition of 17.62% indicates
the presence of inorganic matter and incomplete combustion during thermal treatment, which is cha-
racteristic of raw materials of organic origin.
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Table 3. Complete Results of Laboratory Analysis of the Ash Sample

Parameter Unit | Content Parameter Unit | Content

Total nitrogen (N) % <0.5 Free acidity % <0.1
Ammonium nitrogen (N-NH.) % <1.0 Silicon dioxide (SiO2) % 3.11
Amide nitrogen (N-NH) % <1.0 Total calcium (Ca) % 2.33
Nitrate nitrogen (N-NOs) % <1.0 Water-soluble calcium (Ca) % 0.028
Total P2Os % 7.58 Total magnesium (Mg) % 2.1
P20:s soluble in formic acid % 7.06 Water-soluble magnesium (Mg) % 0.015
P05 soluble in NAC % 5.57 Total zinc (Zn) mg/kg |1129
P05 soluble in citric acid % 7.46 Total sulfur (S) % 4.32
P05 soluble in water % 3.51 Water-soluble sulfur (S) % 4.1
Total K-O % 48.33 Total copper (Cu) mg/kg |392
KO soluble in water % 44.99 Total aluminum (Al) mg/kg |1545
Total organic carbon % 1.78 Total boron (B) mg/kg [835.4
Fluorides (F") % <0.005 |Total sodium (Na) % 0.72
Chlorides (Cl") % 4.06 Water-soluble sodium (Na) % 0.5
Moisture (105°C) % 5.28 Total iron (Fe) % 0.21
Perchlorates mg/kg |<25 Total manganese (Mn) mg/kg [92.5
Loss on ignition % 17.62 Total cobalt (Co) mg/kg |3.44

The pH value is 10.95, indicating a strongly alkaline reaction. This parameter represents a tec-
hnological constraint regarding the maximum proportion of ash in the NPK 6:12:24 + 6% S formu-
lation, considering that the target pH of the final product ranges from 3.7 to 5.0. An increase in pH
above the critical threshold may lead to degradation of the granule structure, necessitating correction
through the addition of acids, which directly affects the formulation space available for other compo-
nents.

The results of heavy metal content analysis (Table 4) confirm that the raw material is fully
compliant with the requirements of European Regulation (EU) 2019/1009. Although a hexavalent
chromium (Cr¢") content of 2.69 mg/kg was detected, the expected incorporation level of ash in the
final product (3-5%) ensures that the chromium content in the fertilizer remains well below the pre-
scribed limit of 2 mg/kg.

A similar rationale applies to nickel (Ni). Although a value of 196.5 mg/kg was detected in the
ash itself, which exceeds the limit for the final product, the mass fraction of ash in the final mixture
ensures complete safety and compliance of the final fertilizer with European standards.

Table 5 presents the results of the particle size distribution analysis of the ash sample used for
the preparation of mixtures corresponding to the NPK 6:12:24 + 6% S formulation. Based on the
granulometric distribution (Table 5), it was determined that the raw material is predominantly char-
acterized by a powdered structure, which is technologically advantageous for its application in min-
eral fertilizer production. Such a structure enables efficient homogenization of components and sup-
ports an effective granulation process.
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Table 4. Heavy Metal Content in the Investigated Sunflower Ash

Parameter Unit Value Limit value (EU 2019/1009)"

Arsenic (As) mg/kg 3.60 40
Cadmium (Cd) mg/kg 1.80 60
Cd / P2Os ratio mg/kg P20s 23.75 60
Nickel (Ni) mg/kg 196.5 100
Chromium (total Cr) mg/kg 7.18 -

Hexavalent chromium (Cr®") mg/kg 2.69 2.0
Mercury (Hg) mg/kg 0.089 1

Lead (Pb) mg/kg 10.86 120
Selenium (Se) mg/kg <1.0 -

Table 5. Results of Granulometric Composition

Analysis of the Investigated Ash

Particle size fraction Unit Value
Residue on sieve > 0.200 mm % 0.14
Residue on sieve > 0.160 mm % 0.20
Residue on sieve > 0.125 mm % 0.22
Residue on sieve > 0.090 mm % 0.20
Residue on sieve > 0.071 mm % 1.22
Residue on sieve > 0.063 mm % 0.28
Residue on sieve > 0.045 mm % 1.42
Residue on sieve > 0.032 mm % 0.82
Residue on sieve > 0.020 mm % 2.86
Residue on sieve < 0.020 mm % 92.64

4.2. Production of NPK 6:12:24 + 6% S Fertilizer

Based on the conducted investigations, it was determined that ash obtained from the combustion
of sunflower husks demonstrates high potential for application in the production of mineral fertilizers.
In accordance with the obtained results, formulations were developed with the addition of ash in
amounts of 30 kg (TRN.EZ.VAR.1) and 50 kg (TRN.EZ.VAR.2) per 1000 kg of product, while com-
parison was performed with a control sample without ash addition (PLN.EZ.VAR.0).

During the experimental phase, the behavior of the raw material during the reaction, the granu-
lation process, and gas evolution were carefully monitored. The formulation containing 30 kg of ash
did not exhibit vigorous reactions. During the mixing of liquid and solid raw materials, only minimal
gas release was observed. In contrast, the formulation containing 50 kg of ash showed a more prono-
unced exothermic reaction, accompanied by increased gas evolution (Figure 4) and heating of the

reaction vessel.

T *Limit values are defined for the final product (inorganic fertilizer with macronutrients).
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Figure 4. Gas Evolution as a Result of the Reaction Between Liquid and Solid Raw Materials
Using the Formulation with 50 kg of Ash

This phenomenon has a dual significance. On one hand, the elevated reaction temperature may
positively affect the reduction of additional energy requirements during the drying of the intermediate
product under process conditions. On the other hand, increased gas evolution may represent an addi-
tional load on the gas scrubbing system, requiring appropriate technological control and process opti-
mization.

During the preparation of NPK 6:12:24 + 6% S samples, no significant differences were obser-
ved in the granulation process between formulations with ash addition and those without it, confir-
ming the suitability of the investigated raw material for application in NPK fertilizer production.

TRN.EZ.VAR.2 - 50kg ~ PLN.EZ.VAR.O - Okg

)
3

TRN.EZ.VAR.1 - 30kg

g
A%

Figure 5. Granulation and Drying of NPK 6:12:24 + 6% S Samples (Before Sieving)

The addition of ash resulted in a lighter color of the product (Figure 6) compared to the formu-
lation without ash, representing a visible difference relative to the control sample.

TRN.EZ.VAR.1 - 30kg TRN.EZ.VAR.2 - 50kg PLN.EZ.VAR.O - Okg

Figure 6. Appearance of the Final Product (After Sieving)
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The results of the analysis of key parameters (Table 6) indicate system stability, suggesting that
the addition of the investigated raw material does not negatively affect the quality of the final product.
The total nitrogen (N) content ranges from 5.94 to 6.27%, with a slight decrease observed in samples
containing ash compared to the control sample. Considering that ash is not a source of nitrogen, this
effect can be attributed to dilution within the overall formulation.

For phosphorus, expressed as P-Os, minor differences were observed among the samples. The
total P-Os content is slightly lower in samples with ash addition, while soluble forms (in NAC and
water) show somewhat higher values in the sample containing 50 kg/t of ash, which may indicate a
favorable influence of the ash’s mineral composition on the solubility of phosphorus compounds.

The potassium content, expressed as K-O, shows a slight increase compared to the control
sample. The total KO content increased from 23.99% in the control sample to 24.75-24.85% in
samples with ash addition, while the water-soluble K-O fraction also shows a slight increase. This
result is expected, given that biomass ash, including sunflower husk ash, represents a significant
source of potassium.

An increase in calcium and magnesium content was also observed, both in total and water-
soluble forms, as a consequence of the mineral composition of the ash. This increase may have a
positive agronomic effect, as these elements contribute to improving soil chemical properties and
nutrient availability for plants.

For microelements (B, Zn, Cu, Co, Mn, and Fe), minor variations in concentration were obser-
ved; however, all values remain within the expected limits for this type of product. A notable increase
in boron and zinc content was observed, which may represent an additional agronomic benefit.

The chloride content is lower in samples with ash addition compared to the control sample,
which is favorable from the perspective of fertilizer quality and potential effects on chloride-sensitive
crops. Perchlorate and phosphonate levels are below detection limits or present at very low concen-
trations.

The pH value ranges from 5.63 to 6.08, indicating a slightly acidic reaction of the product, with
no significant changes observed due to ash addition. Moisture content in samples containing ash is
lower compared to the control sample, which may contribute to improved product stability during
storage.

Based on the obtained results, it can be concluded that the addition of sunflower husk ash in
amounts up to 50 kg/t does not compromise the declared nutritional composition of NPK fertilizers,
and may even contribute to an increase in certain macro- and microelements.

The results of heavy metal content analysis (Table 7) indicate that all obtained values are sig-
nificantly below the limit values prescribed by European Regulation (EU) 2019/1009 and the appli-
cable regulations of the Republic of Serbia, confirming the safety of the product with respect to the
presence of potentially toxic elements.

A positive effect of ash application is reflected in the reduced content of arsenic (As), cadmium
(Cd), chromium (Cr), and hexavalent chromium (Cr¢"), while a slight increase in nickel (Ni) and
mercury (Hg) content was observed compared to the control sample. These changes remain within
permissible limits and do not pose a risk to product quality or safety



39. MEDUNARODNI KONGRES O PROCESNOJ INDUSTRIJI

337

Table 6. Results of Basic Parameter Analysis of NPK 6:12:24 + 6% S
Products Obtained Using Ash

Parameter Unit | PLN.EZ.VAR.0 (Con- | TRN.EZ.VAR.1 (30 kg TRN.EZ.VAR.2 (50 kg
trol) ash) ash)

Total N % 6.27 5.94 6.05
N-NH4 (ammonium) % 6.27 5.94 6.05
Total P>Os % 12.68 12.21 12.25
P-0s soluble in formic a- | % 10.34 10.19 10.52
cid
P20s soluble in NAC % 9.17 8.76 9.38
P-0s soluble in water % 6.36 6.10 6.97
Total K-O % 23.99 24.75 24.85
KO soluble in water % 23.89 24.15 24.25
Chlorides (CI") % 17.73 15.75 15.81
Perchlorates (C1047) mg/kg | <25.0 <25.0 <25.0
Phosphonates (PHOs*) |% <0.1 <0.1 <0.1
Total Ca % 6.39 7.65 7.06
Total CaO % 8.95 10.71 9.88
Water-soluble Ca % 1.04 1.08 1.49
Water-soluble CaO % 1.46 1.54 2.13
Total Mg % 0.21 0.2181 0.2708
Total MgO % 0.29 0.3635 0.4513
Water-soluble Mg % 0.09 0.1483 0.2403
Water-soluble MgO % 0.15 0.2472 0.4005
Total S % 7.06 7.95 8.15
Total SOs % 17.65 19.88 20.37
Water-soluble S % 6.99 7.13 7.40
Water-soluble SOs % 17.47 17.82 18.50
Total B % 0.002 0.0034 0.0049
Total Zn % 0.009 0.012 0.015
Total Cu % <0.001 0.0018 0.0026
Total Co % <0.001 0.0002 0.0002
Total Mn % 0.03 0.0215 0.022
Total Fe % 0.65 0.58 0.56
Total Na % 0.50 0.34 0.36
Water-soluble Na % 0.29 0.25 0.25
pH - 5.88 6.08 5.63
Moisture (105°C) % 0.90 0.50 0.50
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Table 7. Comparative Overview of Heavy Metal Content in Fertilizer Samples
and Regulatory Limits

Parameter Unit PLN.EZ.VAR.O TRN.EZ.VAR.1 (30 | TRN.EZ.VAR.2 (50 | Limitvalue (EU
(Control) kg ash) kg ash) 2019/1009)

Arsenic (As) mg/kg 7.40 6.66 6.55 40
Cadmium (Cd) mg/kg 2.84 217 2.71 60
Cd / P20Os mg/kg 22.40 17.77 22.12 60
Total chromium | mg/kg 44.04 39.65 45.80 -
(Cr)
Hexavalent chro- | mg/kg 0.70 0.45 0.53 2.0
mium (Cr®")
Nickel (Ni) mg/kg 13.08 15.17 19.30 100
Lead (Pb) mg/kg <5.0 <5.0 <5.0 120
Mercury (Hg) mg/kg 0.028 0.062 0.060 1.0

The analysis of heavy metals in the final NPK 6:12:24 + 6% S product (Table 7) demonstrates
that the integration of ash at levels up to 50 kg per tonne (Variant TRN.EZ.VAR.2) is entirely safe.
It was observed that ash-containing variants even exhibit lower arsenic and cadmium content compa-
red to the control sample, indicating that sunflower ash may act as a “cleaner” component relative to
certain mineral raw materials.

Regarding the mercury (Hg) dynamics, a slight increase was observed in the ash-amended va-
riants, where the concentration rose from 0.028 mg/kg in the control sample (PLN.EZ.VAR.0) to
0.062 mg/kg and 0.060 mg/kg in the TRN.EZ.VAR.1 and TRN.EZ.VAR.2 variants, respectively.
This minor incremental rise is directly attributable to the baseline Hg concentration naturally present
in the raw sunflower husk ash (0.089 mg/kg, Table 4), which undergoes minor concentration within
the residual ash fraction during biomass combustion. However, despite this slight increase, the Hg
levels in all formulated fertilizer variants remain orders of magnitude below the strict threshold of 1.0
mg/kg established by Regulation (EU) 2019/1009, reinforcing that the incorporation of this circular
raw material satisfies all ecological and toxicological safety criteria.

Table 8 presents the granulometric composition of the samples after sieving. The results show
that the particle size distribution complies with the requirements of European regulations and the
applicable legislation of the Republic of Serbia.

Compared to the control sample, the distribution of granule sizes is very similar; however, an
increase in the fraction of granules in the 4-5 mm size range was observed, which can be considered
a positive effect. Theoretically, an ideal granulometric distribution would imply an even represen-
tation of granules in three fractions: 2-3 mm (33.33%), 3-4 mm (33.33%), and 4-5 mm (33.33%).
This parameter plays a significant role in optimizing the granulation process and achieving stable
physico-mechanical properties of the final product.
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Table 8. Results of Granulometric Composition Analysis of NPK 6:12:24 + 6% S Products

Granulometric fraction Unit PLN.EZ.VAR.O TRN.EZ.VAR.1 TRN.EZ.VAR.2
(Control) (30 kg ash) (50 kg ash)
Residue on sieve >5.60 mm % 0.00 0.00 0.00
Residue on sieve >5.00 mm % 0.49 0.36 0.44
Residue on sieve >4.00 mm % 11.24 17.78 18.68
Residue on sieve >3.00 mm % 38.97 29.26 27.34
Residue on sieve >2.00 mm % 45.27 47.78 46.86
Residue on sieve >1.80 mm % 3.11 3.82 4.26
Residue on sieve >1.18 mm % 0.86 0.82 1.90
Residue on sieve <1.18 mm % 0.06 0.18 0.52
5. Conclusion

This study confirmed that sunflower husk ash represents a high-quality secondary raw material
with a potassium content of 48.33% K-O, of which nearly 93% is in water-soluble form. The imple-
mentation of ash into the NPK 6:12:24 + 6% S formulation not only successfully replaced a portion
of conventional potassium components but also contributed to an increased content of secondary e-
lements such as calcium (Ca) and magnesium (Mg), as well as essential microelements, primarily
boron (B) and zinc (Zn).

The most significant result in terms of safety is the confirmation that the final product fully
complies with the requirements of Regulation (EU) 2019/1009. Although the raw ash contains eleva-
ted concentrations of nickel and hexavalent chromium, the dilution effect within the formulation (ash
content of 3-5%) ensures that the levels of these metals in the fertilizer remain well below the per-
mitted limits. Moreover, ash-containing variants exhibited lower levels of arsenic and cadmium com-
pared to the control sample, further supporting the environmental profile of this raw material.

Experimental granulation using the Eirich granulator demonstrated that the powder-like
structure of the ash (with more than 92% of particles smaller than 0.020 mm) enables excellent ho-
mogenization and the formation of stable, spherical granules. The variant with 30 kg/t
(TRN.EZ.VAR.1) exhibited a more stable process without vigorous chemical reactions, while the
variant with 50 kg/t (TRN.EZ.VAR.2) resulted in a more pronounced exothermic reaction accompa-
nied by gas evolution. In industrial conditions, this requires enhanced control of gas treatment systems
but may also reduce energy requirements for product drying.

This study demonstrates that the “waste-to-energy-to-fertilizer” principle can be successfully
implemented in a real industrial context. The use of ash as a by-product of the energy utilization of
sunflower husks directly reduces landfill pressure and dependence on imported mineral raw materials,
thereby closing the nutrient loop in agriculture.

The integration of sunflower ash at levels up to 50 kg per tonne of product represents an optimal
solution that balances high nutritional value, technological efficiency, and full safety for human he-
alth and the environment.
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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
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NUMIKON PRO - Vas partner u inZzenjerskim izazovima.

tehnicke podrske.

+ Vodeci svetski softveri za projektovanje, konstruisanje, te proracune procesnih i

energetskih postrojenja

 Implementacija resenja kroz jasno definisane faze

* Profesionalna tehnicka podrska i obuka

Nasa misija je da obezbedimo kvalitetna i prilagodena softverska
reSenja koja povecéavaju produktivnost i efikasnost nasih klijenata.
Djeluju¢i kao visegodisnji regionalni zastupnik tvrtke Hexagon, razvili
smo specijalizovane usluge za sve korisnike Hexagon softverskih

resenja.

CADWorx Suite

Paket snaznih i prilagodljivih alata koji
omogucuju jednostavnu izradu potpuno
inteligentnih 2D i 3D modela energetskih
i procesnih postrojenja, ukljuéujuéi
modele cevovoda, opreme cevovoda,
HVAC, ¢eliéne i betonske konstrukcije.

* CADWorx Plant

* CADWorx P&ID

» CADWorx Structure

- CADWorx Specification Editor
* Isogen za CADWorx

* Orthogen za CADWorx

» CADWorx Design Review

NUMIKON PRO TIPS

Training - Zapocinjemo obukom Vaseg tima
Implementation - Implementiramo softverska resenja

Project - Projektna i tehnicka podrska

NUMIKON PRO pomaze vam u odabiru optimalnih softverskih resenja,
procesa nabavke, do brze i kvalitetne obuke zaposlenika te stalne

Analysis Suite

* CAESARII
Softver za analizu naprezanja i
elasticnosti, te dinamike cevovoda.

* PV Elite

Kompletno reSenje za projektovanje i
proracun posuda pod pritiskom i
izmenjivaca.

* TANK

Sveobuhvatan programski paket za
projektovanje, analizu i procenu
naftnih spremnika.

* PIPESTRESS
Kompletan sustav izracuna za
nuklearne i nenuklearne sustave.

* GT STRUDL
Softver za strukturne analize visoke
kvalitete za sveobuhvatnu analizu
metodom konacnih elemenata
Celicnih i betonskih konstrukcija.

Support - Podrska tokom celog projektnog procesa

me

Ogranak NUMIKON
programska rjeSenja i oprema d.o.o.

Suboticka 94, 21000 Novi Sad 0.
E-mail: info@numikon-pro.rs "
M: +381 62 55 1656
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Smanji
nzik.

Povecaj
kontrolu.

Bespilotne letelice, lasersko skeniranje i specijalizovani
senzori za monitoring i inspekciju procesnih postrojenja.
Od isporuke opreme, implementacije sistema, obuke
osoblja, merenja i obrade, do finalnih izveStaja —

Geotaur d.o.o.

+38165 8352215 GEOTAUR.COM
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39. Medunarodni kongres
o procesnoj industriji

Negotin
3.i 4. jun 2026.

Organizator
Drustvo za procesnu tehniku
Savez masinskih i elektrotehnickih
inZenjera i tehnicara Srbije
(SMEITS)

Suorganizator
Katedra za procesnu tehniku
Univerzitet u Beogradu,
Masinski fakultet, Beograd
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