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From Editor’s desk 

“Još nisam susreo čoveka, od kojeg se ne bi moglo nešto naučiti.’’  
Galileo Galilej 

 
Početkom marta  je obeleženo pedeset godina postojanja Fakulteta zaštite na radu  i visokoškolskog obrazovanja 
ne  samo na ovim prostorima već  i  šire. Zahavaljujući entuzijazmu  i naporima  svih  zaposlenih na Fakultetu, od 
1968. do danas, Fakultet je rastao i razvijao se kao sastavni deo velike akademske zajednice, prateći sve promene 
društva  i njegove potrebe, posebno u oblasti  inženjerstva zaštite životne sredine  i zaštite na radu. Fakultet svih 
ovih godina edukuje neohodan inženjerski kadar koji je sposoban da se nosi sa svim problemima koji se javljaju u 
radnoj  i  životnoj  sredini,  vrši  fundamentalna,  primenjena  i  razvojna  naučna  istraživanja,  obavlja  institutske 
poslove čiji rezultati nalaze primenu u privredi, čime direktno  i stalno unapređuje ovu oblast. Fakultet  je tokom 
proteklih  50  godina  imao  značajnu  izdavačku  delatnost,  koja  se  ogleda  u  izdavanju monografija,  udžbenika, 
časopisa, elektronskih  izdanja, zbornika radova  i drugih publikacija. Fakultet  je  izdavao časopis „Zbornik radova 
Fakulteta zaštite na radu“, a od 2011. godine Fakultet izdaje časopis „Safety Engineering“.  
Želeli bismo da se zahvalimo svim autorima, recenzentima  i članovima uređivačkog odbora koji su učestvovali u  
izdavačkoj delatnosti Fakulteta  i podržali  rad  časopisa. Nadamo  se da  ćemo  i u narednom periodu objavljivati 
kvalitetne originalne radove koji  će biti od pomoći svim zainteresovanima za oblast  inženjerstva zaštite radne  i 
životne sredine.  

 
“I have never met a man so ignorant that I couldn't learn something from him.’’  

Galileo Galilei 

At  the beginning of March, Faculty of Occupational Safety  celebrated  fifty years of existence  in  the  
area of higher education, not only  in  this region but  in others as well. Owing  to  the enthusiasm and 
efforts of all the Faculty staff from 1968 until today, the Faculty has developed as an  integral part of 
the great academic community, following all societal changes and  its needs, especially  in the field of 
environmental protection  and occupational  safety.  The  Faculty  has been  educating  the  engineering 
staff  capable  of  handling  all  problems  in  the  working  and  living  environment. Moreover,  Faculty 
teachers and associates conduct fundamental, applied and developmental scientific research, as well 
as the activities at the Faculty Institute for economic purpose. During the past 50 years, the Faculty has 
been very actively involved in publishing activities through the publication of monographs, textbooks, 
journals, electronic editions, proceedings and other publications. The Faculty used to publish a journal 
"Proceedings  of  the  Faculty  of  Occupational  Safety".  Since  2011,  the  Faculty  has  published  Safety 
Engineering journal. 
We would  like  to  thank  all  authors,  all  reviewers,  and  all members of  the  editorial  board  for  their 
support toward Faculty publications and this journal. We hope that our journal will continue to publish 
quality original  articles  that  can help  everyone  interested  in  environmental  and occupational  safety 
engineering.  

 
On behalf of the editors 
Prof. Dr. Ivan Krstić 
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ELECTROCHEMICAL PREPARATION OF 
BISMUTH NANOWIRES USING ION-
ETCHED POROUS POLYCARBONATE 
MEMBRANE 
 
Abstract: Bismuth as “environmentally friendly” metal represents a 
promising electrode material for different electrochemical techniques. 
In this study, we prepared bismuth nanowires by chronoamperometry 
using ion-etched porous polycarbonate membrane. According to SEM-
EDX analysis, obtained bismuth nanowires show uniform growth with 
a high aspect ratio. Due to its large surface, these nanowires have the 
potential to greatly improve sensor properties for the detection of a 
variety of inorganic and organic compounds (pollutants, drugs, etc.). 

Key words: electrodeposition, bismuth, nanowires, SEM-EDX. 

INTRODUCTION 
Post-transition metal bismuth has been investigated in 
recent years as a promising electrode material for 
electrochemical techniques. This is due to a negligible 
toxicity of bismuth and bismuth ions (“environmentally 
friendly” metal) and its excellent performance for 
electrochemical analysis tasks - comparable to well-
known but toxic mercury electrodes. 

Bismuth forms low-temperature alloys with heavy 
metals to enable preconcentrating and offers a wide 
negative potential window, high hydrogen 
overpotential, and as such, is studied for the preparation 
of different types of electrodes for the determination of 
heavy metals.1-3 

Different types of bismuth deposits, which are used as 
electrodes, have been reported in the literature, such as 
bismuth film electrodes,4-8 bismuth particles,3, 9-12 
bismuth bulk electrodes,13 bismuth oxide electrodes14. 
These deposits were prepared by different methods like 
electrodeposition of bismuth from acidic solutions of 
Bi(III)-salts, by evaporation, or modification of the Bi-
electrode with different molecules. Further, a large 
variety of substrates like glassy carbon, boron doped 
diamond, screen-printed electrodes, carbon nanotubes, 
and metal substrate have been used for bismuth 
electrodes.15, 16  

Numerous studies present wide use of Bi-electrodes, 
for different target analytes: pharmaceuticals and 
drugs17, 18; pesticides19, 20; toxic organic compounds – 
aromatic nitro derivates21; biologically significant 
organic compounds14, 22, 23; food colorants24, 25; and 
most prominent for partial or simultaneous detection of 
toxic heavy metals.2, 3, 6, 12, 26  

Better properties of bismuth layer shall be improved 
further by increasing the electrochemical active 
surface, that can be achieved by nanostructures namely 
nanowires (NWs). 

In the literature, there is no data about using bismuth-
nanowires (BiNWs) as sensors; what is described is 

only their preparation by some procedures, such as 
thermal evaporation27, stress-induced method28, 
alumina membrane9, 29.  

In this study, we report electrochemical preparation of 
BiNWs using ion-etched porous polycarbonate (PC) 
membrane in electroplating chamber. The advantages 
of this method are a low-cost set-up and easy handling 
with good reproducibility. The final goal is the 
integration of these well-characterized BiNWs onto 
sensor electrodes (nano sensor) for dramatically 
improved properties, in terms of sensitivity for analytes 
like heavy metals, pollutants, and drugs. 

EXPERIMENTAL PROCEDURE 

Electroplating chamber for BiNWs 
preparations 
The structure of the electroplating chamber is shown in 
Figure 1.  

 
Figure 1. Electroplating chamber for BiNWs deposition: a) 
base plate and centre part, b) with cover plate and c) side 

cross section. Picture is taken from Nick, 2015.30 
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The chamber itself consists of a base plate, a centre part 
and a cover plate. The base plate serves as a base for 
the construction and allows the adjustment and 
assembling of the chamber. The middle piece contains 
all components required for deposition. The cover plate 
is needed to ensure a permanent nitrogen atmosphere. 

Working electrode preparation 

The working electrode (WE) was prepared by a 
sputtering process of metallic gold (Au) and chromium 
(Cr) on previously cleaned silicon wafers (Magnetron-
Sputteranlage NANO 36™, Kurt J. Lesker Company). 
The layer thickness was 100 nm for Au and 10 nm for 
Cr.31 The preparation of Au-Cr-Si wafers (further in the 
text “wafer”) is graphically presented in Figure 2a. 

Electrolyte preparation 

All chemicals (bismuth nitrate pentahydrate 
Bi(NO3)3×5H2O; nitric acid HNO3; dichloromethane 
CH2Cl2 and acetone (CH3)2CO) were purchased by Carl 
Roth (Germany) and were p.a. grade. All solutions 
were prepared using deionized water. The 
electrodeposition bismuth solution was prepared 
dissolving exact mass of Bi(NO3)3×5H2O in nitric acid 
solution defined concentration. 

Preparation of bismuth deposits 

Electrochemical experiments were carried out using a 
potentiostat (VersaSTAT 4, Princeton Applied 
Research, Ametek). Deposition of bismuth was 
obtained using a chronoamperometry in three electrode 
system, with a gold electrode as working electrode 
(WE), a gold mesh as counter electrode (CE) and 
Ag/AgCl as reference electrode (RE) in the 
electroplating chamber. The non-polarizable reference 
electrode allows for a very precise adjustment of the 
applied voltage. 

Before deposition, wafers were cleaned with deionized 
water and acetone to remove impurities from surface, 
and dried with nitrogen gas. Wafers were kept on 25 °C 
during the deposition process with a digital hotplate 
(Stuart, Germany). The squared deposition area (c.a. 
0.25 cm2) on the wafer was defined using Kapton tape. 
The gold WE is suitable for examining the reduction of 
Bi3+ in acidic nitrate solutions.32 

Bismuth layer deposition 
A thin Bi layer was deposited on the Au-Cr multilayer 
by chronoamperometry under the potential of -0.25 V 
for 360 s using a solution of nitric acid (0.5 M) with 
0.02 M Bi3+ (Figure 2b). 

 
Figure 2. Shematic presentation of fabrication process of: a) 
working electrodes, b) bismuth planar deposit and c) BiNWs 

deposit. 
 
Bismuth nanowire deposition 
BiNWs were obtained, using ion-etched porous 
polycarbonate (PC) membrane with a pore diameter of 
200 nm and a density of 6×108 pores/cm2 (Whatman, 
United Kingdom). The electrochemical process was 
performed in a solution of 0.1 M Bi3+ in nitric acid (0.1 
M) at a potential of -0.5 V for 3600 s. A controlled 
nitrogen atmosphere allowed to exclude ambient air 
and thus reduce the oxygen content in the deposited 
material. After deposition, the PC membrane was 
dissolved in dichloromethane, while the Kapton tape 
was treated with acetone and then carefully removed 
with tweezers, Figure 2c. The procedure of preparing 
BiNW is similar like the procedure presented for gold 
wires by Nick in 2015.30 

Characterization of deposits 
Information of bismuth deposits were obtained by 
Scanning Electron Microscopy (SEM) with Energy 
Dispersive X-Ray Analysis (EDX) (Phenom-World, 
Netherlands). 

RESULTS AND DISCUSSION 

The current curve during the chronoamperometric 
deposition of the bismuth layer and BiNWs deposition 
is shown in Figure 3. The current (negative values) 
grows fast in the beginning and then  stabilizes at a 
constant value which represents the formation of 
bismuth growth and the growth of bismuth layer (Fig. 
3a). The current curve in Figure 3b shows the 
formation of BiNWs. In the first few seconds, the 
deposition process takes place within the cavity that is 
formed by the membrane and the wafer (increase in the 
current values). Afterwards, wires grow evenly in the 
nanopores of the membrane, and due to this a nearly 
constant current is established. 
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Figure 3. Current change during bismuth deposition (a) layer 

without PC membrane (b) BiNWs with PC membrane. 
 
In this experimentm, we did not allow for overgrowth 
of the wires, but the beginning of overgrowth can be 
noticed by a sudden increase of the curent magnitude, 
and begin when wires grow above the membrane and 
then form a layer.30, 31 The gold WE shows a reduction 
current starting at -0.65 V, which is about 10 mV 
negative of the reversible hydrogen potential.32 

Scanning electron micrographs of bismuth deposits are 
shown on Figure 4. 

 
Figure 4. SEM micrographs of surfaces of (a) bismuth thin 

layer and (b) BiNWs.  

Figure 4a shows nonuniform formation of bismuth 
layer on gold with deposits of different sizes. Using the 
ion-etched porous PC membrane a uniform and parallel 
wire growth is possible which determines the density 
and geometry of the wires (Figure 4b), similar like in 
Jin et al. (2003)29. An important advantage of the usage 
of PC membranes for BiNWs preparation is that it can 
easily and fast be removed with dichloromethane, 
achieving freestanding nanowires with extremely high 
aspect ratio of 100 and active surface. 

EDX spectra of obtained BINWs are shown in Figure 
6. Under investigated conditions, we achieved thin 
layers and nanowires with a high percent of bismuth, 
100% for deposition without membrane (Fig. 6a) and 
96% for deposition with membrane. A small percent of 

carbon (approx. 4%) which peak are noticed in EDX 
spectrum (Fig. 6b) is probably a rest of the PC 
membrane which was not completely dissolved with 
dichloromethane.  

 
Figure 6. EDX spectra of (a) bismuth layer and (b) BiNWs  

Also, these spectra show that we were able to deposit 
bismuth without any additional elements (except C in 
small %), which is important to achieve high quality 
sensor functionality. 

Prepared nanowires have the potential to improve 
nano-sensors for the determination of organic and 
inorganic compounds (pollutants, drugs, etc.). The 
integration will be subject of our further investigations. 

CONCLUSION 

In this study, we achieved uniform bismuth-nanowires 
growth using ion-etched porous polycarbonate 
membranes for an easy and low-cost electrochemical 
deposition process. Membranes can easily be removed 
after electrodeposition process, which contributes to the 
creation of free space between the wires and a high 
active surface of the wires. The gold layer in the 
multilayer system is suitable as a working electrode for 
monitoring the reduction of bismuth (III) in the acidic 
nitrate solution. 
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EVALUATING PRODUCTIVITY TARGET 
AND ERGONOMICS SAFEGUARD: A 

HUMAN FACTOR STUDY OF BOTTLE 
MAKING INDUSTRY 

 
Abstract: This study evaluated the relationship between machinery 
operators’ productivity efficiency (MOPE) and the machinery 
operators’ on-the-job ergonomics satisfactions (MOOES) in 
Southwest Nigeria bottle making industry (BMI). The MOPE, for a 
period of one year, was computed for 50 semi-automatic PET blow 
machines operators in 12 bottle making industries. The subjective 
perceptions of the workers (category ratio scale - (CRS)) with respect 
to workloads elements and exposures to machine related hazards 
were measured using a questionnaire. MOPE results showed 78% of 
the studied subjects scored about 50% and their productivity were 
rated average. However, more than 92% of the operators suffered 
from mental, physical and environmental workload elements. With t-
test, MOPE showed statistically significantly higher means value 
(54.22 ± 2.5, SEM= 1.8) compared to MOOES (34.40 ± 2.75, 
SEM=.125), t(98) = 23.309, p = .001 hence, were significantly 
different t- confirming a gap between machinery operators’ 
ergonomics satisfactions and their productivity levels. The study 
suggested development of administrative measures capable of 
bridging the gap to enhance health and safety of the workers. 
 
Key words: ergonomics, satisfaction, machinery, operators, 
productivity, bottle, industry. 

 
 
INTRODUCTION 

Productivity, defined as a ratio of output to input, is one 
of the most important factors that affect overall 
performance of any small, medium or large size 
industry. The input may comprise the resources used to 
produce output and the most common forms of input 
are labour and capital. Output could be in the form of 
goods produced and may be expressed in physical 
quantity (e.g. number of good items produced to reflect 
the physical effectiveness and efficiency of a process 
and/or labour, and are not affected by price 
fluctuations) or financial value (e.g. sales minus change 
in inventory level). Labour productivity, however, is 
the relationship between the quantity of labour output 
and the quantity of input used to generate the output. It 
is basically how effective and efficient the workforce in 
generating output with the resources available. Labour 
can be measured in three ways: number of hours 
worked, number of workers engaged and/or by the cost 
of labour. There are number of factors that directly 
affect productivity of labour, thus it is important for 
any organization to identify and measure those factors 
and take an appropriate action to improve their labour 
productivity [1].  

Productivity measurement, however, plays an 
important role in the management of labour 

productivity. It helps to determine if the organization is 
progressing well and provides information on how 
effectively and efficiently human resources are 
managed. Hence, labour productivity measurement is a 
prerequisite for improving organization total 
productivity. Most commercial bottle making business 
(CBMC) in the South-west Nigeria are categorized 
under Small Scale Industry (SSI) going by the number 
of employee which is usually less than 50 [2] and plays 
some roles to development of the national economy. 
Growths of some CBMC have been constrained by 
different factors such as eratic power supply, lack of 
adequate funds among others leading to a very low 
capacity utilization and productivity.  Gunu [3] stated 
that high productivity in Nigeria’s SSI is a necessary 
condition at boosting GDP and uplifting the standards 
of living of the people just as Essien and Yakub [4] 
mentioned that raising the productivity of SSI is an 
effective vehicle for stimulating private-sector led 
growth. However, no high productivity target can be 
achieved without effective utilization of human 
resources.  Subramaniam et al. [5] stated that humans 
play a major role on the industrial production shop 
floor, actively involved in the decision-making process, 
help greatly to meeting managements’ targets, operate 
semi-automatic machines and many other functions. 
But many workers in this sector are affected by various 
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types of work-related injuries. For instance, 
International Labour Organisation (ILO) [6] mentioned 
that risks are more prevalent among workers in SSI 
than in large scale enterprises. Ezenwa [7] reported 22 
per 1000 workers been exposed to work related injuries 
per year in Nigeria Small and Medium Enterprise 
(SMEs) and that the exposures to  injuries are more 
among young workers [8,9]. There is also a consensus 
that occupational health and safety is poorly managed 
among manufacturing industries in the developing 
countries [10].  High level of work related injuries were 
reported among the SMEs workers in Nigeria. Lack of 
training, low use of personal protective equipment, 
socio demographic, socio economic, personal work 
behaviour and poor working environment were 
reported by Sebsibe et al. [11) and Rongo et al. (12) 
among the leading causes. These contributed negatively 
to efficiency and productivity of many workers and 
those in the CMBC not excluded. 

Though human being is highly adaptable but are not 
infinitely so. There are ranges of optimum conditions 
for any activity carried out by man. Ergonomics 
therefore helps to define what these ranges are and to 
explore the ergonomics hazards which occur if the 
limits are transgressed - for example if any of the 
physical (posture, manual lifting,  repetitiveness), 
mental (job satisfactions, fatigue, job stress) and/or 
environmental (machinery noise, vibration, work 
speed)  loads is too high or too low, labour productivity 
is affected [13,14]. Many industries have successfully 
implemented ergonomics solutions in their facilities as 
a way to address work related injury risks. Ergonomics 
is a multidisciplinary concept rooted in the design of 
jobs, tools, and work stations to fit the capabilities and 
limitations of workers. The main focus of ergonomics 
assessment of any workstation is to identify existing 
hazards or conditions where hazards may develop; 
hazard prevention and control to eliminate job hazards 
through workstation, work practice controls, use of 
personal protective equipment (PPE) and 
implementation of administrative control; training and 
education to enable employees to actively participate in 
the prevention. Relevance of ergonomics is however 
not fully understood in many industries in some 
developing countries. As reported by [15], most of the 
industries are characterised by improper workplace 
design, ill-structured jobs, mismatch between worker 
abilities and job demands, poor human-machine system 
design, inappropriate management programs and 
adverse environment. These lead to workplace hazards, 
poor workers’ health, injuries and disabilities, and in 
turn reduce workers’ productivity. 

An effective intervention of ergonomics in work 
system design has been found to have positive effects 
on workers’ performance, health, safety, satisfaction 
and can help to achieve a balance between workers’ 
characteristics and task demands [16-19]. This present 
study evaluated the relationship between productivity 
target (of CMBC administrators) and the ergonomics 
functions in place to enhance machinery operators' 

safety and health at achieving the goal. The objectives 
were to evaluate the level of productivity, work load 
and the effects on operators' wellbeing and the 
subjective perceptions of workplace ergonomics.   

Significance of the study  

The study presents the subjective opinions of the 
weight allotted safety and health of machinery 
operators in comparison with the attention given to 
maximizing productivity. It provides assistance for the 
management to measure the opinions of a group of 
their workforce and the gap to bridge at meeting their 
desired ergonomic friendly workstations to ensure a 
safer working environment.      

.MATERIAL AND METHODS 
 

The studied industry, machinery and task 

Fifteen (15) bottle making industries (BMI) engaging 
the use of semi-automatic bottle blow molding machine 
(SBBMM) located in Lagos, Oyo and Ogun states, the 
Southwest Nigeria, were included in the study. 
SBBMM was designed for fast producing polyethylene 
terephthalate (PET) plastic bottles. It is commonly used 
to produce the bottle water, carbonated drink bottle, 
pesticide bottle, oil bottle, cosmetics, to mention a few. 
The production of plastic bottles is in stages. Usually 
the plastic bottles are made from PET. The duties of the 
SBBMM operator were in stages. He manually fixed 
mold on blow machine. He positioned preform in an 
oven to heat the preform to the operator’s 
predetermined temperature to form a parison. Two of 
the parisons were placed in a mold on a blow machine. 
The blow machine was prompted by the operator and 
the mold was closed. It was filled with highly 
pressurized air from a compressor, and stretch blow 
molding began: as a result of the pressurized air, heat 
and pressure, the parison was blown and stretched into 
the mold, assuming a bottle shape. The mold was 
quickly cooled either by the use of industrial chiller or 
by manual application of water on the mold so that the 
newly formed component was set properly. Once the 
bottle cooled and set, the mold was opened and the 
formed bottle is manually removed from the mold. The 
bottles were placed in a sack to be arranged by other 
workers ready for transportation.    

Figure 1 shows an example of SBBMM, CM-12 Semi-
automatic blow molding machine, especially used to 
produce different sizes of bottles [20]. 

Subject selection  

All personnel working directly with the SBBMM 
(operators and managers), who were adequately 
experienced on the job and have spent at least 365 
days, excluding holidays, on the machine were selected 
for the study. Some of the machinery were allocated to 
2 operators (on different shifts) and were differently 
assessed during their shift period. 80 operators (male) 
and 50 managers (45 males and 5 females) were 
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involved in the study. All potential volunteers agreed, 
and consents were taken in written form to have the 
interview conducted after they were informed that their 
participation in the study was voluntary. The purpose 
of the study and the confidentiality of the information 
provided were emphasized.   

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. A typical CM-12 Semi-Automatic                    
Blow Molding Machine 

 

Research tools  

Well-structured questionnaires, modified from machine 
checklists [21-25] were used as the research tools for 
collecting information on the operators’ opinions, 
needs and expectations. The questionnaire contained 
personal background, work background, typical 
workday/shift plan, current work, work organization 
and psychosocial factors. Operators’ physical load 
(such as body posture, repetitiveness), mental load (job 
stress) and environmental loads (machine speed, noise, 
vibration) were measured. The subjects were 
adequately tutored and asked to assign numbers to 
stimuli of different intensities in such a way that the 
numbers given match their perceptions.  Category ratio 
scales (crs) from 0 to 10 were used as shown in Table 
1. Ten (10) is defined as the strongest effort and 
exertion a person experienced on the job. 

Table 1. Category ratio scale and interpretations 

Category ratio Scale Interpretation 
0 Nothing at all 

0.5 Extremely weak 
1 Very weak 
2 Weak 
3 Moderate 
5 Strong 
7 Very strong 

10 Extremely strong 
Source: Modified from Gunnar [22] 

Measurement of operators’ productivity 
efficiency  

The operators’ productivity efficiency was calculated 
from the study reported by Billikowki [26] and 
Pellikopf [27]. The ratio of actual input to the output 

that could be achieved if a plant ran at its maximum 
capacity for 365 days per year while producing 100% 
quality product (equations 1 to 3) were used. The actual 
outputs of each operator on each machine over a period 
of one year were obtained from the managers’ record 
while the maximum capacity of each of the machinery 
was derived from the manufacturers’ manual   

 

          (1) 
 
 

       (2) 

 

                                                                 (3) 

 

Where  
ALP = Actual Labour Productivity  
ELP = Expected Labour Productivity 
LPE = Labour Productivity Efficiency 

The output was the units of the average number of 
good bottles produced in the last 365 days and the 
input was the number of hours worked by the 
operators excluded hours paid but not worked (e.g. 
holidays, paid leave).   

Data analysis and statistical tests   

Statistical Package for the Social Sciences (SPSS)  was 
used to analyze the collected data. The 50 calculated 
machinery operators’ productivity efficiency (MOPE) 
results (in percentage) were compared with the 
machinery operators’ on-the-job ergonomics 
satisfaction (MOOES) for correlation strength. 
Spearman’s rho was used for significance tests of 
correlation coefficients at a p-value of 0.01. Correlation 
strengths can be classified as weak, 0 < |r| <0.3; 
moderate, 0.3 < |r| < 0.7; and strong, |r| > 0.7. 

The independent sample t-test was used to analyse the 
means of the unrelated groups at p < 0.05 for further 
confirmation. The independent sample t-test appraises 
whether the means for two independent groups are 
significantly different from each other.   

RESULT AND DISCUSSION 

Workers response to interview   

One hundred and twenty-six (96.9%) of the entire one 
hundred and thirty (130) workers (50 managers and 80 
machinery operators) who participated in the study, 
completed the questionnaire. Table 2 shows the 
demographic of the subjects. The average age of 
machinery operators was 27 years while that of the 
managers was 47 years. Most of the machinery 
operators were 25 years of age and 3 years on their 
current job. Also, most of the administrators were 6 
years on the business of making bottles from SBBMM.    

 
 

Blow 
machine 

Oven 
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Table 2. The demographic and the statistic information of the 
subjects studied in 15 bottle making industry 

Description Job Experience 
(years) 

Age Operating    
time (hours) 

Mean 3.6 (4.5)* 27 (47)* 9.4 
Mode 3 (6)* 25 (50)* 8 
Standard  
Deviation 

3.5 (3.7)* 3.1 
(4.6)* 

2.0 

(  )* = managers’ data 
Reported conditions of workplace, machinery 
and layouts  

From Figure 2, 96.8% of the machine operators 
reported that oil spillages were not cleaned off 
immediately. This was because cleaning of the job 
floor was part of their assigned responsibility and the 
task was usually delayed till the end of day work. 
85.8% stated that the machinery layout do not permit 
natural postures on duty. 83.4% and 78.2% of the 
workers reported that the emergency stops and warning 
labels respectively are not displayed on the machinery 
and in the work place. However about 87% mentioned 
that the exposures to dangerous machinery vibrations 
were minimized. 

 

 

 

 

 

 

 
 

Figure 2. Operators’ self-reported conditions of 
workplace, machinery and layouts 

 

Operators’ reported available measures at 
improving ergonomics criteria on the job. 

 As shown in Figure 3, 92.4% reported that there was 
no provision for free medical care in their workplace. 
87.5% mentioned that shift–work plan affected their 
normal scheduled rest period as 84.5% of this category 
craved for more recovery time outside work. Though 
the majority (53.2%) mentioned that supervisors were 
assigned to them, they however reported that use of 
PPE were not enforced. 76.8% never attended any 
training in line with the machine handled or on safety 
measures.    

 

 

 

 

 
 

 

 

 

 Figure 3. Operators’ self- reported management 
decisions as it affected their works  

Subjective perceptions of machinery operators’ 
regarding workload elements 

Figure 4 shows the measured results of some selected 
workload elements as they affected the workers. The 
interpretations of the ratings are as aforementioned in 
Table 1. More than 92% of the operators reported to 
have been afflicted by mental load. Of this percentage, 
an average CRS of 9.2 marks representing 92%, was 
allocated by the machinery handlers to fatigue after 
daily work, 9.1 (91%) allocated to job stress while 4.2 
(42%) was for job satisfaction. About ninety six 
percent (95.6%) of the subjects complained affected by 
physical load element. In this category, an average 
rating of 7.82 (78.2%) was assigned to awkward 
postures on the work, 6.5 (65%) for manual material 
lifting, and 9.8 marks (98%) for repetitiveness. An 
average of 9.2 (92%) CRS was allotted to work speed 
by 94.8% of all the operators who complained of been 
affected by environmental load element. 8.4 (84%) was 
allocated for job demands, 2.6 (26%) was assigned to 
excessive machinery noise disturbance and 4.0 (40%) 
for job control. 

 

 

 

 

 

 

 
Figure 4. Operators’ perceptions and responses to 

workload elements 
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Operators’ reported on-the-job ergonomics 
satisfactions   

Figure 5 shows the average perceptions of the MOOES 
on how well they are comfortable carrying out their 
jobs on the machine. From the chart, majority of the 
subjects (48%) scored their level of satisfactions 
between 31 to 49%. 34% of the operators scored theirs 
below 30% mark, 14% of the participants rated their 
comfort level between 50 to 70%. Only 4% of the 
subjects assigned above 70% marks. 

 
 

 

 

 

 

Figure 5. Workers‘ perceptions about on-the-job 
ergonomics satisfactions 

Operators’ productivity  

Using the formula 1 to 3 above, the MOPE of 50 
operators on their various machinery were calculated 
and the outputs showed (in Figure 5) that 42% had their 
productivity rated between 50% and 55%, while 34%  
of the operators were ranked below 50%. Only 2% was 
rated above 70% mark. 

 

 

 

 
 

Figure 6. Result of the calculated operators’ 
productivity efficiency 

Ergonomics enhancement versus operators’ 
productivity levels  

Comparing operators’ self-rating on-the-job 
ergonomics satisfactions with their productivity level    

Figure 7 compared self-reporting MOOES with the 
MOPE results. 78% of all the subjects were rated above 
50% (average performance) in terms of productivity, 
having scored at least 50% mark. However, about 18% 
of their subjects self-rated the ergonomics satisfactions 
enjoyed on the job above 50%, indicating that 82% of 
the operators were not satisfied with the human factors 
considerations connected with the job.      

 

 

 

 

 

 

 

 
 

Figure 7. Comparison between percentage operators’ 
productivity and the on-the-job ergonomics satisfaction 
levels of 50 operators on 50 SBBMM 

Spearman’s Rank correlation coefficient statistics 
test between MOOES and MOPE 

After comparing the result of MOEES with that of 
MOPE for correlation strength using Spearman’s rho,      
r = .019 and p= .896. It is obvious based on the result 
that the correlation is not significant. The coefficient of 
determination of 0.019 suggests 1.9% variability.  

4.  Independent samples t-test between MOOES and 
MOPE 

For mean difference determination using independent 
sample t-test, MOPE showed a statistically 
significantly higher means value (54.2 ± 2.5, SEM= 
1.8) compared to MOOES (34.40 ± 2.75, SEM=.125),  
t(98) = 23.309, p = .000. However, since the value of 
"Sig. (2-tailed)" was lower than 0.05, the groups’ 
means were significantly different.  

Discussions  

Labour productivity is one indicator commonly used to 
measure the overall productivity performance of 
employees in an organization. Efficient and effective 
utilization and, management of labour and, other 
factors to generate value added is a high significant 
level of the indicator. As noted in this study, 
performance levels of machinery operators were on the 
average. This was evidence from the 76% of the total 
operators’ efficiency which were rated around 50%. 
High pace of machine speed, the shift work plans and 
the efforts put in by the workers may have helped to 
achieve the average level of productivity performances. 
However, only 14% of the subjects apportioned at least 
an average mark of 50% and/or above to the 
satisfaction level derived on the job.  The majority were 
unsatisfied with the efforts adopted by their employers 
regarding human factors criteria around the job.  

According to Attar et al. [1], among many possible 
factors affecting labour productivity, workplace design, 
equipment, health/safety and working time factors are 
among the major.  Most of the workers studied seemed 
to be affected by some of these factors if not all. 
Among the notable reported discomforts, fatigue after 
daily work, job stress, poor  job satisfaction, awkward 
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postures at work, manual material handling, 
repetitiveness, too fast work pace, and high job 
demands were mentioned. These may have greatly 
reduced their productivity performances to average 
levels. The majority of the workers opined that the 
shift-work plan characterized by the job affected their 
normal rest pattern and craved for more recovery time. 
The majority of the workers reported that their 
management do less at improving human factor 
elements required in their job compared to the demands 
for high productivity.  

Statistically, the correlation between the operators’ 
productivity efficiency and the satisfaction derived on 
the job is not significant. There exists a gap between 
the two groups meaning that the workers may be 
performing their duties under unsatisfactory conditions. 

The workers’ strove to satisfy their employers in terms 
of their productivity efficiency at the detriment of their 
comforts. This productivity result may not really be 
that the workers cared about or enjoyed the work they 
do but may partly be to gain the confidence of their 
employers on their suitability for the job and/or to at 
least keep the job so as to meet economic needs of their 
families. Such motives may not last for so long if there 
are perpetual injustices in the balance between their 
efforts and the satisfaction derived.  

According to Osabiya, [28] unsatisfied employees 
produce less than their efficient potentials. Dissatisfied 
need of employees may jeopardize workplace peace 
and create increasing perception state of dis-
equilibrium between efforts put in place by the 
employees and the benefits derived from the work. 
Therefore, if workers are to continuously contribute 
meaningfully to organizational growth and 
development, their individual needs should be 
considered so as to instil in them a sense of serious 
commitment and desire to contribute to the much 
desired progress of the system. Otherwise, if they are 
poorly managed workers have the potential to reduce 
the system growth pace.  In addition to possibility of 
workers’ poor service delivery aforementioned, job 
stress, fatigue after daily work and insufficient daily 
rest pattern characterized by operating semi-automatic 
PET blow machines can lead to an increased 
absenteeism. Awkward postures and repetitiveness 
reported by the workers can increase sufferings from 
musculoskeletal disorders. The manual material 
handling can also promote physical injuries as too high 
work pace has potentials to reduce job controls. 

Modality to maintain a balance between organizational 
production targets and workers’ comfort needs must be 
set out. The measure(s) will identify employees’ desires 
and allow their free expression of emotions and 
feelings. This will enhance the comforts level, in terms 
of health and safety, of workers attached directly to the 
production assets and the feedback will be enhanced 
quality productivity and profits.  

One of the limitations of this study is that the sample 
sizes were relatively small and the effects may 

underestimate the real-world opinions of the entire 
workers in the industry. Future efforts may however 
consider a wider coverage and other industries different 
from bottle production 

CONCLUSION 

The present study evaluated the relationship between 
productivity target set by managers and the ergonomics 
enhancement of machinery operators in Southwest 
Nigeria bottle making industry. The study showed 
average levels of operators’ productivity efficiency. 
The performances were at average levels. Work 
fatigue, on-the job stress, high level of repetitive related 
discomforts and high level of job demands were the 
leading among all other complaints by the majority of 
the workers. In their opinions, workers desires for 
comfort on the work were not considered as part of the 
priority list of their managements. The poor human 
factor consideration of the job was however suspected 
as one major reason for the average productivity level. 

The study identified gap between the managements’ 
efforts at ensuring high productivity and the measures 
put in place to enhance job satisfactions level of the 
operators. The author, therefore, suggested 
development of measures capable of bridging the gap 
and enhance health and safety of the workers.  
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EVALUACIJA CILJEVA PRODUKTIVNOSTI I ERGONOMSKIH 
MERA: STUDIJA LJUDSKOG FAKTORA U INDUSTRIJI AMBALAŽE 

 
Hezekiah Oluwole Adeyemi 

 
Rezime: U radu je prikazana evaluacija odnosa između efikasnosti produktivnosti operatera na mašinama i 
njihove satisfakcije ergonomskim uslovima pri radu u industriji ambalaže u jugozapadnoj Nigeriji. U toku 
jednogodišnjeg ispitivanja, izračunata je efikasnost produktivnosti u slučaju 50 operatera na poluatomatskim 
mašinama za PET ambalažu u 12 fabrika ambalaže. Subjektivna percepcija radnika (prikazana kroz skalu 
kategorije i skalu odnosa) u pogledu opterećenja i izloženosti opasnostima od mašina je izmerena pomoću 
upitnika. Rezultati procene efikasnosti produktivnosti operatera na mašinama pokazali su da je 78% ispitanika 
ocenilo svoju produktivnost kao prosečnu. Međutim, više od 92% operatera je pretrpelo mentalno ili fizičko 
opterećenje, kao i opterećenje zbog uticaja na životnu sredinu.. Rezultati t-testa ukazuju na statistički značajno 
veću vrednost efikasnosti produktivnosti (54.22 ± 2.5, SEM = 1.8) u odnosu na satisfakciju ergonomskim uslovima 
(34.40 ± 2.75, SEM = .125), t (98) = 23.309, p = .001, čime se dolazi do zaključka da postoji jaz između 
satisfakcije ergonomskim uslovima i nivoa produktivnosti operatera na mašinama. U studiji je dat predlog razvoja 
administrativnih mera za poboljšanje zdravlja i bezbednosti radnika. 
 
Ključne reči: ergonomija, satisfakcija, mašine, operateri, produktivnost, ambalaža, industrija  
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GEOCHEMICAL ANALYSIS OF 
KOSTOLAC POWER PLANT FLY ASH: 
WORKING AND LIVING ENVIRONMENT 
INFLUENCE ASPECT 
 
Abstract: The aim of this study is geochemical analysis of flying ash 
generated by the combustion of lignite in the Kostolac A and B thermal 
power plants. The fractionation procedure of fly ash samples was done 
firstly, and then stereomicroscopy, FTIR, SEM / EDS and ICP-OES 
analyzes. The contents of heavy metals V, Cr, Mn, Co, Ni, Cu, Zn, Cd 
and Pb were determined. The results showed that the concentrations of 
the tested heavy metals are within the limits that are not harmful to the 
human health. However, the mineralogical analysis of the mentioned 
ash indicates that the present glass and other high-temperature 
mineralogical components can cause respiratory problems and 
disfunction of other organs of the inhabitants of Kostolac and the 
immediate surrounding. The tested fly ash, also, can be used as a 
material in various fields of industry (e.g. construction). 

Key words: lignite, fly ash, Kostolac, heavy metals. 
 
INTRODUCTION 

Kostolac basin represents one of the economically most 
important deposits of lignite, which is an important 
energy resource in Serbia. [1] The exploitation of 
lignite on a large surface allows the operation of two 
thermal power plants „Kostolac A” and “Kostolac B” 
with a total installed power of 921 MW.  
These two power plants (Figure 1) burn more than 
25,000 tons of coal every day, and produce more than 
5,500 tons of ash as a product of combustion. Kostolac 
thermal power plants generate about 3 700 GWh of 
electricity, which represents c.a. 11% of the total 
electricity production in the electric power system of 
Serbia. [2] 

 

Figure 1. Kostolac thermal power plants: Kostolac A 
(a), Kostolac B (b), place to dispose of the ashes (c) 

 
In the last decade, lignite has been exploited from three 
surface mines Ćirikovac, Klenovnik and Drmno. Since 
2009, Drmno mine is only active for lignite 
exploitation. Lignite combustion in power plants 
produces large quantities of gas and solid waste 

products that endanger the environment. Modern 
research has shown that knowledge of geochemical, 
mineralogical and petrological characteristics of coal 
and its combustion products is very important for better 
utilization and more reliable protection of the 
environment. [2] 
 

Geographical location 

Kostolac coal basin (Figure 2) covers the area between 
the river Morava in the west, Golubac mountains in the 
east, the Danube river in the north and the Mlava basin 
in the south. The total area of the basin is 400 km2. 

Kostolac coal basin encompasses an area of 100 km2 in 
the municipality of Pozarevac. The city Kostolac is 
located 80 km south-east of Belgrade.  

 

Figure 2. Geographical location of Kostolac coal basin 

 

Lignite reserves are estimated at about 400 million 
tons. This deposit originated in the upper Miocene, 
probably in the shallow lake of the Pannonian basin. [1] 

Today, in the Kostolac district, about 2,500 hectares of 
land, which is about 5% of the city of Požarevac, is 
used for the needs of the thermal power plant 
(deposition of piles, plants).  
Flying ash is deposited and mixed with demineralized 
water in a ratio of 1:10 in three cassettes, and then 
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samples from each cassette were taken for this 
investigation. 
 
Fly ash 

Electro filter ash (also called “fly ash”) is formed as a 
waste product in the process of coal combustion in 
thermal power plants. During combustion process most 
of the inorganic matter segregates as ash. The fly ash is 
hydraulically deposited on landfills that are usually 
located in the vicinity of the thermal power plant. A 
small part (about 1%) of the total aspect of the coal 
combustion process flows through the chimney into the 
atmosphere, while the rest is deposited as solid waste in 
the landfill. The amount of ash deposited by a thermal 
power plant, depending on its capacity, is measured in 
millions of tons per year. This presents a huge 
economic and environmental problem in all countries 
around the world, far ahead of other industrial waste, 
such as phospho-, fluoro- gypsum and various 
industrial sludges, etc. [3] 

The characteristics of fly ash depend on the type of coal 
and the type of method used when the ash is collected 
from electrostatic precipitators. It is mostly fine-
grained and powdery material. The colour of the ash is 
usually gray and depends on the content of Fe2O3 and 
the amount of unburned coal in the ash. The ash 
particles are of different sizes, mainly of spherical 
shape, although particles of irregular shape can be 
found as well. The particle size of the ash is from about 
0.01 to about 100 μm in diameter, with largest grain 
size of about 20 μm. [4] 

The chemical composition of ash, as well as its 
physical properties, depends on the type of coal used in 
the thermal power plant. Ash contains SiO2, Al2O3, 
Fe2O3 and CaO as the most important chemical 
compounds, and to a lesser extent MgO, MnO, Na2O, 
K2O, SO3, N and C. The composition of the fly ash 
mainly included inorganic components (crystalline and 
amorphous), organic substances and liquids, gaseous 
and gas-liquid inclusions in inorganic and organic 
components. 

During the combustion process, inorganic components 
form crystalline and amorphous phases, of which the 
ash is composed. Calcite largely exceeds the CaO, 
which in some cases can react with SO2 and CO2 and 
form anhydride (gypsum) and calcite again. Clay and 
feldspar, melt and transform into a glass. Kaolinite 
usually transforms to the glass and sometimes 
cristobalite, while other types of clay and feldspar 
convert into the glass. Quartz is partially melted, or the 
quartz grains are slightly remained in the melting 
process.  

The spherical particles of which the glass (amorphous) 
ash consists mainly of thin, hollow, ceramic 
microspheres called the cenospheres (Figure 3).  

The composition of their solid crust includes 
aluminosilicate glass, mullite, quartz, calcite, Fe-
oxides, Ca-silicates and sulfates. These spheres are 
formed under specific conditions, such as molten drops 

of clay minerals, mica, feldspar and quartz. Spheres are 
usually filled with gases arising from the combustion of 
organic matter, decomposition of carbonates, clay 
mineral dehydration and evaporation of water from the 
pores. These are generally CO2, N2, O2 and H2O. It is 
assumed that these spheres are formed at temperatures 
between 1230 and 1400 °C. Cenospheres in whose 
cavities are much less spherical particles called 
plerosfere (Figure 3). In the ash of lignite, bituminous 
and anthracite coal there are also ferrospheres (Figure 
3), which consist of ferispinel, which are solid solutions 
of magnetite with the content of Mg, Mn and Ca, 
hematite, and to a lesser extent, ilmenite and chromite. 
Ceramic cenospheres, as well as magnetic ferrosphere 
can be concentrated by special methods and as such can 
have industrial application. For example, the 
ferrospheres are used as catalysts in the processes of 
high temperature metal conversion. In addition to the 
amorphous phase and crystalline phases, soot particles 
can also be found in ash, and sometimes minerals such 
as barite, anglezite, apatite and monacite. [5] 

 

Figure 3. The amorphous phase, consisting of 
spherical aluminosilicate particles in fly ash (a); 

alumosilicate spherical particles (b); alumosilicate 
plerosfera in ashes (c); and ferosfera with dendritic 

magnetite crystallization (d) [5] 
 

PAPER ATTRIBUTES 

Three samples of fly ash from Kostolac basin were 
investigated. Samples were taken from the ash dumps 
located in the vicinity of the power plant Kostolac. 

Fractionation procedure 

In order to determine the concentrations of investigated 
metals and mineralogical composition of the fly ash 
samples, the method of sequential dissolution using the 
corresponding mineral acids was used (Figure 4). 

Pre-treatment 

Firstly, the samples were dried in an oven at a 
temperature of from 200 °C in order to determine the 
percentage of moisture, which is approximately 15 %. 
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Before treatment with mineral acids, the samples were 
grinded in a vibrating mill to a particle size of 100 μm. 
[6, 7]. The flow chart in Fig. 4 outlines the major steps 

in preparing the four fractions of fly ash samples from 
Kostolac basin. 

 

 

Figure 4. Fractionation procedure 

 

Dissolution in acetate buffer 

The powdered sample (1,00 g) was added in small 
amounts to 25 mL of 1 M acetate buffer 
(CH3COOH/CH3COONa, pH = 4.8). After that, the 
solution was mixed on a magnetic stirrer, without heat, 
for 12 hours, then centrifuged and rinsed with distilled 
water to a negative reaction to acetate. The residue was 
dried in an electric oven at 105 °C and measured. The 
difference between the masses of untreated sample and 
insoluble residue equals the percentage of fractions 
soluble in acetate buffer. The soluble material 
constitutes the carbonate fraction. The concentration of 
the metals investigated was determined from the 
solution using ICP-OES. 

Dissolution in cold HCl 

The insoluble residue was further demineralized by the 
treatment with cold 6 M HCl. The solution was stirred 
on a magnetic stirrer for 12 hours. After stirring, the 
solution was centrifuged and washed until the 
quantitative removing of chloride occurred. The soluble 
material constitutes the fraction of metal oxides and 
hardly soluble carbonates. The concentration of studied 
metals in solution was determined by ICP-OES. 

Dissolution in boiling HCl 

An exactly measured mass of the sample after treating 
with cold HCl was added in small quantities in warm 
(80 °C) 6 M HCl. After that, the solution was stirred 
with a magnetic stirrer for 12 hours, and the solution 
was centrifuged and washed until the quantitative 
removing of chloride occurred. The concentration of 
metals investigated was determined as mentioned 
before. 

Dissolution in a mixture of HF/HCl  

Dissolving the sample with a mixture of HF/HCl is 
used to remove silicate. Accurately weighed mass of 
insoluble residues after previous treating was added in 
small portions to the mixture of 22 M HF and 12 M 
HCl [3:1 (v/v)], in a Teflon beaker. The solution was 
heated with continuous stirring at 80 °C and, if 
necessary, a mixture of acids can be added to the 
complete dissolution of silicate minerals. The solution 
is evaporated to a small volume, after which 20 ml of 
12 M HCl was added, to remove the excess HF, and 
then re-evaporated to a volume of about 10 ml. After 
stirring, the solution was centrifuged and washed until 
the quantitative elimination of chloride. The 
concentration of metals investigated was determined as 
mentioned before. The insoluble residue represents the 
organic fraction. 

Fourier Transform Infrared (FTIR) spectroscopy 

The functional groups available in the untreated 
samples were detected by the KBr technique using 
FTIR spectroscopy (Bomem, Hartman & Braun MB-
100 spectrometer). The spectra were recorded at room 
temperature in the range from 4000 to 400 cm-1. The 
KBr pastilles were prepared from 1.50 mg of finely 
powdered samples dispersed in 150.00 mg of 
anhydrous KBr. The obtained FTIR spectra were 
analyzed using Win Bomem Easy software. FTIR 
analyses of the whole samples were performed in the 
Spectroscopy Laboratory (Faculty of Technology, 
Leskovac). 

Inductive coupled plasma-optical emission 
spectroscopy (ICP-OES) 
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ICP-OES analysis of fractions were carried out in the 
Laboratory of Physical Chemistry, Institute of Nuclear 
Sciences Vinča in Belgrade, on ICP-OES spectrometer, 
Spectroflame (power of 2.5 kW and a frequency of 
27.12 MHz), the company Spectro (Germany). 

Scanning Electron Microscopy (SEM) 

SEM/EDS images and elementary analysis were 
performed at the University Center for Electron 
Microscopy, Faculty of Medicine in Nis, on JEOL 
JSM-5300 electron microscope with Tracor TN-2000 
energy-dispersive X-ray spectrometer.  

Before analyzing, samples were molded on a brass 
substrate and deposited in a vacuum with argon, a thin 
layer of gold. To record, an acceleration voltage of 30 
keV with a current jet of 0.1 microns was used. 

RESULTS AND DISCUSSION 

The results of fly ash solubility were obtained based on 
fractional analysis which is shown in Table 1. As it is 
shown, the greatest part of the samples consists of 
silicate, which is later confirmed by FTIR analysis. 
Also, there are some clay minerals, oxides and 
carbonates. 

Table 1. Results of fly ash fractionation 

Fraction [mass %] 

Acetate bufer 9 
Cold HCl 8 
Hot HCl 10 
HF/HCl 73 

Stereomicroscopic characterization of investigated 
samples is shown on Figure 5 before (a) and after the 
treatment by cold HCl (b) and boiling HCl (c). Based 
on these observations, it was determined that the fly ash 
consists of very fine particles having a diameter < 10 
mm, have a large surface area and very fine texture. In 
addition, the ash is composed of a solid material which 
has been subjected to high temperatures > 1,000 °C. In 
the atmosphere, most of these materials are unstable 
and is transformed into the thermodynamically more 
stable forms of minerals. 

 

 
Figure 5. The stereomicroscope pictures of fly ash 

samples (a) before and after treatment with cold (b), 
and boiling (c) HCl. 

 

 

FTIR analysis showed that in untreated samples, there 
were some carbonate minerals (peak at 1652 cm-1). It, 
also, contains oxides and clay minerals (bands below 

800 cm-1), but the biggest part of the waste was silicate 
minerals (1090 cm-1). Based on the FTIR spectra 
shown on Figure 6, it can be seen that this type of ash 
contains mostly aluminosilicate glass and quartz. 
SEM/EDS analysis showed results that were in 
correlation with those that can be found in the 
literature. [5] 

 

Figure 6. FTIR spectra of untreated samples of  
Kostolac fly ash 

Figure 7 shows the results of the measurements of the 
concentration of heavy metals in the fly ash in fractions 
obtained by ICP-OES. 

 

Figure 7. Heavy metals content in fly ash [ppm] 

 

Heavy metals represent a serious environmental 
problem because of frequent use in industry and as a 
result of the human activity. They can be detected in all 
phases of environment (air, water, land). Also, they can 
chronically affect human health through contaminated 
air, food and water. Through accumulation in the 
internal organs, they manifest a hepatotoxic, 
nephrotoxic and neuroacoustic effect. [8] 

Obtained content of vanadium in the analyzed samples 
was from 2.15 to 17.30 ppm in the studied fractions. 
The largest part of V is concentrated in smectite 
minerals.  
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Chromium was not detected in the carbonate fraction, 
due to a low affinity of this metal to form carbonates, 
while in the rest of the fractions its contents are from 
0.45 ppm in silicate fraction up to 5.5 ppm in smectite 
fraction. 

As shown in Figure 7, the concentrations of manganese 
in the tested samples were 5.18 ppm in the fraction 
which is soluble in cold HCl, and 50.20 ppm in the 
fraction that is soluble in hot HCl. The smallest part of 
the Mn is concentrated in the fraction which is soluble 
in a mixture of HF/HCl (0.95 ppm). 

Content of cobalt in the analyzed samples are in range 
from 1.15 to 2.50 ppm. It is interesting that the 
carbonate and silicate fraction did not contain Co, 
while most of the nickel is concentrated in the silicate 
fraction (5.30 ppm) 

The content of copper in the tested samples ranges 
from 0.60 to 18.00 ppm. The largest part of Cu is 
concentrated in the clay fraction. The lowest 
concentration of Cu is in the carbonate fraction (as 
expected Cu rarely builds carbonates). 

Zinc content range in the analyzed samples is 1.20 ppm 
in acetic fraction. Most of it is in minerals that make up 
the oxide and clay fraction (18.25 and 19.10 ppm). 

Toxic cadmium was detected only in the clay fraction 
(0.40 ppm). Thus, it is interesting to note the absence of 
this metal in the other (carbonate, oxide and silicate), 
but also very important regard to its toxicity. Lead is 
present mostly in the clay fraction (2.00 ppm). It is 
found in similar quantities in the oxide (0.20 ppm) and 
silicate (0.35 ppm) fraction, while the carbonate is not 
detected, or it can be noted as absence of lead in this 
fraction. 

As can be seen from the ICP-OES analysis in 
comparison with maximally allowed concentrations of 
investigated metals, fly ash from Kostolac thermal 
power plant does not contain enlarged concentrations 
of metals. The concentrations of the tested heavy 
metals are within the limits that are not harmful to the 
human health. However, the mineralogical analysis of 
the mentioned ash indicates that the present glass and 
other high-temperature mineralogical components can 
be the cause of the respiratory problems and may 
negatively affect other organs of the inhabitants of 
Kostolac and the nearest surrounding. Also, as these 
tested metals have a cumulative effect, exposure for a 
long period to the ash could lead to serious health 
consequences [8]. 

The tested fly ash, also, can be used as a material in 
various fields of industry (e.g. construction) [9, 10, 11]. 

CONCLUSION 

Fractional analysis showed that the carbonate-oxide 
fraction ranges from 25-48%, 34-38% of a smectite, 
and silicate fraction was 8%. ICP-OES analyses show 
that the contents of heavy metals in investigated fly ash 
were within the limits that are not harmful to the human 
health, while the mineralogical analysis indicated 

potential harmful influence on respiratory systems and 
other organs of the inhabitants of Kostolac and the 
nearest surrounding. 
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GEOHEMIJSKA ANALIZA LETEĆEG PEPELA IZ TERMO 
ELEKTRANE KOSTOLAC SA ASPEKTA UTICAJA NA  
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Rezime: Cilj ove studije je da se uradi geohemijska analiza letećeg pepela koji nastaje sagorevanjem lignita u 
termoelektranama Kostolac A i B. Uzorci pepela su prvo podvrgnuti procesu frakcinacije, a zatim su urađene 
stereo-mikroskopija, FTIR, SEM/EDS i ICP-OES analize. Ispitivan je sadržaj metala V, Cr, Mn, Co, Ni, Cu, Zn, 
Cd i Pb. Rezultati su pokazali da su koncentracije ispitivanih teških metala u granicama koje nisu štetne po 
zdravlje stanovništva. Međutim, mineraloška analiza navedenog pepela ukazuje da prisutna stakla i ostale 
visokotemperaturne mineraloške komponente mogu biti uzročnici oboljenja disajnih i drugih organa stanovnika 
Kostolca i neposredne okoline. Ispitivani leteći pepeo može se koristiti i kao materijal u različitim oblastima 
industrije (građevinarstvo i dr.). 

Ključne reči: lignit, leteći pepeo, Kostolac, teški metali. 
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THE TREATMENT OF WASTE OIL-IN-WATER 
EMULSIONS IN THE METALWORKING 
PROCESS 
Abstract: Used water emulsions obtained in the metalworking 
process contain oils and grease, organic compounds as well as 
secondary oils and anti-corrosion fluids, metal ions and other things. 
Since they can have a negative effect on the environment before 
released into the recipients, they need to be processed through the 
primary, secondary and tertiary phase of treatment. The primary 
treatment procedure of waste oil-in-water emulsions is used for the 
separation of free and non-emulsifying oils as well as for balancing 
the course of wastewater and oil concentration. In the secondary 
phase of treatment of waste oil-in-water emulsions, the emulsifying oil 
and a large fraction of dissolved oil are carried out. What follows is 
the tertiary biological treatment based on the basic biological 
processes present in nature. 

Key words: metalworking, waste oil-in-water emulsions, treatment 

 

 

INTRODUCTION 

The most common types of cooling and lubricating 
fluids can be classified in four groups: 

 pure oils for cutting and deforming (mineral oils, 
greasy oils and oil mixtures), 

 dissolved oils (e.g. water emulsions of mineral oils), 

 synthetic and semi-synthetic fluids and 

 gas fluids (air under pressure, emulsion or oil fog, 
carbon- dioxide (CO2), argon (Ar) and nitrogen 
(N2). 

Pure oils are the oldest class of cooling and lubricating 
fluids and they contain the highest level of mineral or 
vegetable oil. They provide excellent lubrication and 
good corrosion control. Pure oils are available in 
different forms based partially on their viscosity. Pure 
oils of lower viscosity are used for whetting and 
polishing, whereas pure oils of higher viscosity are 
used in the heavy metalworking.  

Dissolved or emulsifying oils are most commonly used 
metalworking fluids. They represent a combination of 
30-85 % of refined mineral oils and emulsifiers (the 
dominant one is sodium sulfonate) which enable the 
dispersion of oil into water. In order to improve their 
performances, these fluids contain other additives. 
Dissolved oils enable good lubrication as well as 
improved cooling compared to pure oils. On the other 
hand, dissolved oils sometimes have low corrosion 
control and can “smoke”, while emulsions can be 
unstable or short term. It should be pointed out that 
there is a difference between “regular” dissolved oils 
which do not contain any or contain a few additives to 

improve their characteristics and “special” dissolved 
long-term oils with excellent performances in 
metalworking [1]. 

  

 
 

Figure 1. Metalworking fluids 

Physical and chemical properties of 
metalworking fluids 

The quality of metalworking fluids depends on the 
chemical and physical properties of mineral oil, oil 
concentration in emulsion, oil stability and water 
emulsion stability. 

The appearance of emulsion is influenced by the size 
of dispersed particles and the way of their 
distribution. The size of particles is from 0.1-1.0 m. 
The higher the size of the particles, the less clear the 
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emulsion is, whereas with particles bigger than 1,0 m 
it becomes creamy-colloid. 

The density of water emulsions of mineral oils in 
normal temperatures is close to the density of water. 

The viscosity is the most important individual property 
of metalworking fluids. Its significance decreases if the 
fluid is diluted by water before use. 

Most metalworking fluids are bases and their pH value 
is between 8.0 and 9.5. The common reason for pH 
decrease is microbiological increase, which leads to the 
formation of acids. Keeping pH level at 8.8 or higher is 
an efficient way of controlling bacterial increase.  

A metalworking fluid may contain acids or bases, and 
these compounds can be formed by degrading certain 
components during usage. Alkalinity can increase 
during the ageing period of the metalworking fluid, 
because it not very likely for the alkaline components 
to be separated by secondary oil, carbonates from water 
or other contaminants.  

By measuring conductivity the information about the 
presence of all ions is obtained. Conductivity increases 
during the application until a saturated solution has 
been reached. After that, conductivity remains constant 
since the “excess” of non-organic ions is lost through 
precipitation, whereas the excess of organic ions is 
transformed from water to oil phase through adding 
enormous amounts of non-organic salts. When this ion 
loss occurs, the performances of the metalworking fluid 
worsen, so that the emulsion may become unstable. 

The foaming of metalworking fluids can lead to high 
operative costs due to liquid loss, shortening of 
working time of pumps due to cavitation and 
decreasing cooling and lubricating properties on the 
surface of the tools. The factors influencing the 
intensity of foaming during the cutting and grinding 
processes are: water hardness, the composition of water 
emulsion, the reaction of emulsion components over 
time etc.  

It is very important to control the concentration of 
mineral oil in water emulsion. All water emulsions of 
mineral oil react usually problem-free when the ratio of 
mixing mineral oil with water is defined. Corrosion, 
microbiological increase and emulsion instability can 
occur when oil concentration is smaller, while high oil 
concentration can result in foaming and skin irritation. 

Knowing the emulsion instability represents a crucial 
factor which enables decomposition (treatment) of 
waste emulsions. Instability of emulsions is reflected in 
three ways: by forming creams, inversion and 
demulsifying (separating emulsion). The formation of 
creams represents decomposition of emulsion into two 
layers due to coagulation and creation of aggregates 
(flocculation) in the presence of electrolytes.  Inversion 
is reflected through the transfer of one type of emulsion 
(oil in water) into the opposite one (water in oil) due to 
high heating accompanied by constant and intensive 

stirring. Demulsifying is a process of complete 
decomposition of emulsion, which can be followed by 
the creation of cream or inversion due to elevated 
temperatures, low or high amount of emulsifiers and 
presence of a larger number of bivalent cations [2]. 

Wastewaters in the metalworking 

Water emulsions used in the metalworking must satisfy 
not only high criteria of the industry regarding heat 
exchange (cooling) and lubrication, but also the criteria 
regarding working and living environment. Out of the 
overall amount of waste fluids in the metalworking, 28 
% disappears in nature without control. The largest part 
of these waste fluids is water emulsions, which account 
for 20 % of used industrial metalworking fluids. After 
use, enormous amounts of these emulsions remain 
unprocessed and as such enter the waterways [3]. 

Reduction, or possibly a complete removal, of harmful 
effects of water emulsions on the environment can be 
achieved in different ways such as: development and 
application of new water environmentally safe 
emulsions, oil recycling and treatment of waste oil-in-
water emulsions before disposal. By using semi-
synthetic and synthetic fluids “oil fogs“ in the 
workshop and danger of fire have been eliminated. 
Despite these benefits, there is a concern about the 
environment even when using synthetic fluids. From 
the point of view of waste treatment, many synthetic 
fluids are not compatible with the operations of 
treatment of wastewaters which are designed to work 
with the metalworking fluids with mineral oils. 
Regardless of the performances and efficiency of these 
operations, complex soluble organic compounds, which 
comprise synthetic fluids, go through the process of 
wastewater treatment. This results in the additional 
treatment on the spot, otherwise the treated wastewater 
will contain complex organic substances which will 
negatively affect further treatment processes. New 
lubricating fluids, harmless for the environment,  
should meet the following requirements: to provide 
maximum protection of water, air and soil, to 
minimally influence  the health of people, animals and 
plants, as well as to ensure a safe technological 
procedure and easy treatment of the used processing 
fluids. It is necessary to make efforts so as to reduce the 
release of the used metalworking fluids from 
production workshops with a view to decreasing their 
negative effect on the environment. If recycling is not 
possible or is not justified from the finacial point of 
view, wastewaters must be treated in a suitable way so 
that they could be poured into the sewage system or 
waterways. 
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Treatment of wastewaters in the metalworking 

The procedures of treatment of water emulsions 
obtained in the metalworking can be: physical, 
chemical and biological, whereas according to the level 
of gradation they can be primary, secondary and 
tertiary. 

The primary treatment of waste oil-in-water 
emulsion is used for the separation of floating or free 
and non-emulgated oils as well as balancing the course 
of wastewater and oil concentration. What is used here 
for their separation in the field of gravity is the 
difference in oil and grease density in relation to water. 
The most commonly used devices in this treatment  are 
gravitational separators. The treatment usually involves 
retaining oil waste in the separator, which is then 
removed (skimmed) from the water surface using a 
sutable device (“skimmer“). The efficiency of a 
gravitational separator depends on the correct hydraulic 
design of the projected period of water retention. A 
short period of retention, less than 20 minutes, results 
in oil and water separation of  less than 50 %, whereas 
longer periods improve the separation of oil from 
water.  Gravitational separators are equally efficient  in 
the elimination of grease and non-emulgated oils.  

In the phase of secondary treatment of waste 
emulsion oil-water, which was subjected to the primary 
treatment  first, what happens first is the decomposition 
followed by the separation of oil and water phase. The 
removal of emulgated oil and a big fraction of 
dissolved oil is achieved in the phase of secondary 
treatment. Emulsions can be decomposed by means of 
chemical, electrical and physical methods. Electrical 
methods are usually used if the emulsion is with low 
water content. Physical methods are heating, 
centrifugation and filtration.  

A chemical treatment of used water emulsions is 
based on the decomposition of emulsion into oil and 
water phase using electrolytes. Acids, salts and organic 
compounds (polyelectrolytes) are used as decomposing 
fluids. The essence of this procedure is to neutralise the 
effect of the emulgator or its decomposition. The 
procedure consists of three phases: 

 coagulation, which involves adding the chemicals to 
waste water, accompanied by intensive stirring, 

 flocculation, which involves the growth of the 
particles (“floccules“), accompanied by moderate 
stirring and 

 separation of the phases by flotation or 
sedimentation. 

Coagulation consists of the decomposition of water 
emulsions. In this process, under the influence of 
certain reagents, the neutralisation of the effects of the 
emulgators in the emulsion occurs and the stability of 
the colloid particles is affected. The stability of 
emulsion is the result of the protective effects of certain 

absorbed components as well as mutual repulsion of the 
particles under the influence of electrostatic forces. In 
natural water, colloid particles are always negatively 
electrically charged, which is often the case with the 
colloids of wastewaters [4]. In the coagulation process, 
by adding oppositely charged ions, the electricity of the 
colloid particle decreases (Z-potential), which leads to 
the creation of agglomerate.  This process is the result 
of the bačance disturbance in the balance ocurring by 
adding chemical reagents which undo the effects of the 
repulsion forces or influence the hydrophility of the 
colloid particles by aggregational or adsorptional 
mechanisms. Intensive stirring of the system and 
adding substances, so called coagulants, improves the 
process. Coagulants are chemical compounds which 
cause destabilisation and sedimentation  of colloid 
particles in the system by neutralising them. Two 
primary roles of coagulants are the stabilisation of 
particles and strengthening of floccules. Flocculation 
happens immediately after the coagulation process and 
provides the increase in the number of contacts 
between coagulated particles suspended in water by 
means of gentle and long stirring so as to prevent the 
formed aggregates from breaking and decomposing.  
The floccules created by aggregating particles between 
which a successful collision occurred will more easily 
and more successfully grow if the following is 
provided: 

 establishing the contact between water and formed 
sediment, which increases the concentration of 
floccules in water and, therefore, the possibility of 
successful collisions,  

 homogenous and gentle stirring of the whole 
mixture so as to increase the possibility of colloid 
particles, free of electricity, meeting a floccule and 

 using flocculants. 

Flocculants are additional flocculating fluids used as 
the basis on which floccules grow, enhancing in this 
way the speed of their sedimentation. Flocculants affect 
the speed of the creation process and the quality of 
floccules, which are characterised by a bigger volume, 
bigger hardness and consistency. They are usually 
organic, but there is a number of them which are not 
organic such as sodium-silicat.  They can be natural 
(sodium-alginate) and synthetic, which are considered 
to be the most effective polymers. When conducting a 
flocculation procedure, pH values and temperature 
which determine the reaction of the flocculants should 
be monitored. 

A chemical treatment is usually performed in a batch 
reactor and involves determination of necessary doses 
of chemicals for each batch in laboratory conditions 
[5]. 

Oil-water emulsions can be decomposed  by acidifying, 
adding sulphur acid. By adding a strong acid, 
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carboxylate ions of the emulgator are transferred into 
non-ionised form, after which agglomeration of oil 
drops occurs. The advantage of this procedure is that 
oil is separated in pure form so it can be burnt or mixed 
with fuel oil and used as energetic fluid. Generally, 
acids separate emulsions more efficiently  than 
coagulation salts, but are more expensive and the acid 
wastewater obtained in the process must be neutralised 
after the separation of oil and water. The necessary pH 
value for acid deemulgation depends on the type of 
waste. Adding a non-organic coagulant, such as 
aluminium (III)-sulfate, instead of or after adding the 
acid, facilitates the agglomeration of oil drops. 
Efficient emulgators are also organic compounds of 
polyamine type. Decomposition of oil-water emulsions 
using organic deemulgators is common with lower 
doses, where a smaller amount of sediment is formed. 

Alternative chemical deemulgation processes include: 

 adding coagulation salts (aluminium or iron salts), 

 adding acids, 

 adding salts and heating emulsion, 

 adding coagulation salts and electro-treatment and 

 adding acids and organic compounds. 

The most commonly used procedure for the treatment 
of industrial wastewaters, including wastewaters in the 
metalworking, is the one involving adding coagulation 
salts. For example, coagulation with aluminium (III)-
sulfate in concentration 35 mg/dm3, followed by 
sedimentation, reduces the oil content form 50-100 
mg/dm3 to less than 15 mg/dm3. Deemulgation or 
flocculation are improved by adding polymers. The 
drawback of the procedure with coagulation salts is the 
formation of hydroxide sedimentation, which appears 
as solid waste and is difficult to dehydrate. Adding 
great amounts of non-organic salts can create an 
additional problem of pollution due to a significant 
increase of salts in the effluent. Organic deemulgators 
are extremely efficient deemulgating reagents, but due 
to their high price are considered to be impractical in 
big flow and low oil concentration. 

Within the chemical treatment of waste oil-in-water 
emulsion, physical-chemical procedures using the 
combination of decomposing and adsorbing materials 
can be applied. Adsorbing materials used are: silicic 
acid, active bentonites and clay flour. Because of its big 
surface and oleophilic character, silicic acid absorbs a 
big amount of oil. The remaining oil amount in this 
procedure is less than 20 mg/dm3. Wastewater contains 
little amount of salts and does not need to be 
neutralised. The oil separated on filters is destroyed by 
burning. This way of separation is not economical and  
is used for small amounts of emulsions. Another type 
of adsorption is done by using bentonite and adding 
polyacrylamid (a macromolecule which connects 
floccules) to facilitate the separation. Electrochemical 

decomposition includes subjecting emulsion to the 
process of electrolysis and is usually applied in 
emulsions which contain mostly oil, with small 
amounts of water. Electroflotation and 
electrocoagulation use electricity for destabilisation of 
oil in wastewater. 

Physical treatment involves evaporation and 
mechanical procedures. 

Evaporation is becoming more and more significant 
because it can be used for the treatment of all kinds of 
emulsions (no chemicals are necessary; the obtained 
wastewater can be used or poured). During the 
evaporation process we should take care that easily 
vaporable carbo-hydrogen and emulgator parts do not 
go away. That is why additional devices for treatment 
are attached to the evaporators. Due to high level of 
energy consumption, the process is carried out in 
several evaporators or in the vacuum. 

Mechanical treatment is based on the physical 
properties of the substances which are dissolved in 
water. Mechanical treatment includes: sedimentation, 
flotation, filtration, ultrafiltration, centrifugation and 
using ultrasound.  

Sedimentation is the oldest and most widely used 
procedure of wastewater treatment primarily because of 
its low costs and low level of energy consumption. It is 
based on the separation of diluted suspension into pure 
liquid and thickened suspension with higher 
concentration of solid phase. In order to define more 
clearly different properties of water systems, particles 
that can be found in water can be classified into three 
groups: 

 rigid particles, in relatively low concentration do 
not flocculate and sediment independently of each 
other, 

 flocculated particles, created through natural 
agglomeration or due to the presence of coagulants, 
and present in relatively low concentration and 

 more or less flocculated particles, present in high 
concentration. 

Depending on the concentration of the solid phase, 
sedimentation can be diffusive or hydraulically 
decelerated sedimentation. In low concentration of the 
solid phase, a flocculated particle is sedimented as if it 
was alone, but its sedimentation speed grows with the 
increase in its dimensions due to agglomeration 
(diffusive or free sedimentation). In higher 
concentrations, due to a larger number of floccules, 
compacted sedimentation occurs and it is characterized 
by a prominent contact surface between the oil 
sediment and the liquid above it (hydraulically 
decelerated sedimentation). 

During flotation, air bubbles are introduced in 
wastewater. The “catching“ of the drops of emulgated 
oil occurs on the surface of the air bubble in the 



V. Lazarevic, M. Stanisavljevic, Vol 8, No1 (2018) 21-26 

 25 | Safety Engineering 

presence of superficial active compounds. Released 
floccules and air bubbles come to the surface and are 
mechanically removed. Filtration is a procedure of 
mechanical separation of solid from liquid particles. 
Depending on the treatment and medium 
characteristics, there are two types of filtration: 

 filtration through the cake and 

 filtration through the medium. 

Filtration through the cake involves retaining solid 
particles from suspension (usually with solid phase 
content higher than 1 % vol.) on the filtration medium, 
on which a filtration cake is formed, while the liquid 
(filtrate) goes through the filtration medium. The 
filtration cake that has been created serves as a 
filtration medium. Filtration through the medium 
represents the separation of solid particles from 
suspension  (about up to 0.1 % vol.) using the filtration 
medium, without the formation of a filtration cake..  

Adding coal as an adsorbent in the process of waste oil-
in-water emulsion treatment and its subsequent removal 
through the filtration process enable economical and 
highly efficient separation of oil from wastewaters [6]. 

Biological treatment. After the mechanical and 
chemical treatment, biological treatment of waste oil-
in-water emulsion, which is considered as the tertiary 
type of treatment, can be applied. This treatment is 
based on the basic biological processes in nature. 
Independent of human influence, the decrease or 
disappearance of polluting substances occurs in waters 
as a result of physical, chemical and biological actions. 
Esentially, the processes in treatment devices represent 
just a simulation of natural processes [7]. Biological 
wastewater treatments are: 

 processes using active sludge, 

 processes of biological filtration and 

 processes in lakes and lagoons. 

In these processes, polar biodegradable oils and grease 
are removed up to the level of 2-8 mg/dm3 in the 
treated wastewater, whereas non-polar oils and grease 
are removed through primary clarification or are 
incorporated in biological floccules. 

Biological wastewater treatment is based on certain 
basic principles: 

 active sludge population consists of different 
microrganisms from the natural environment whose 
growth and development do not happen in optimal 
physiological conditions, 

 the substrate is wastewater whose chemical 
composition and other characteristics can be very 
different, 

 the substrate concentration is usually low in relation 
to the values for the growth of microorganisms and 

 the process is directed at decomposition of organic 
substances, which are difficult to remove in a 
chemical or mechanical way, such as fatty acids and 
amines, and not at creating a biomass or using the 
products of metabolism. 

The most important engineering problems in the 
biological treatment of wastewaters deal with providing 
a big contact surface and efficient dissolving of 
oxygen. Besides this, significant problems are 
connected with particle flocculation and sedimentation 
of microrganisms. 

The application of membrane processes, ultrafiltration, 
reverse osmosis and electrodialysis does not only 
enable the regeneration of toxic metals, but also 
produces the high quality effluent which can be 
recycled in the technological process of galvanisation. 
In this way, through the application of the tertiary 
treatment preceeded by quality pre-treatment, the 
efficiency of the technological process increases and 
the demands of pure technologies are met. If a classical 
wastewater treatment is used, secondary environment 
pollution occurs in the form of sludge, which can be 
destabilised through chemical transformations into eco-
friendly products [8-12]. 

CONCLUSION 

Based on the physical-chemical properties of cooling 
and lubricating fluids used in metalworking, the paper 
provides an overview of treatments of waste oil-in-
water emulsions by means of conventional systems. 
Since these systems cause secondary environmental 
pollution, we should use block schemes for 
unconventional systems such as ultrafiltration, reverse 
osmosis and electro dialysis, if it is financially justified. 
If these systems are used, we could meet the demands 
of pure technologies, with 99.9 % efficiency, and the 
incoming elements could be recirculated.  
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POSTUPCI PREČIŠĆAVANJA OTPADNIH VODENIH EMULZIJA IZ 

PROCESA OBRADE METALA 
 

Vesna Lazarević, Miodrag Stanisavljević 
 
Rezime: Iscrpljene vodene emulzije iz procesa obrade metala sadrže, po pravilu, ulja i masti, organska jedinjenja, 
kao i sekundarna ulja i antikorozivna sredstva, jone metala i drugo. Obzirom da  mogu imati negativan efekat na 
životnu sredinu, one se moraju obraditi pre ispuštanja u recipijente, primarnim, sekundarnim i tercijalnim 
prečišćavanjem. Primarni postupak prečišćavanja otpadnih vodenih emulzija koristi se za separaciju slobodnih i 
neemulgovanih ulja, kao i za uravnotežavanje toka otpadne vode i koncentracije ulja. U fazi sekundarnog 
prečišćavanja otpadnih emulzija ulje-voda, postiže se uklanjanje emulgovanog ulja i velike frakcije rastvorenog 
ulja. Nakon toga primenjuje se tercijalno biološko prečišćavanje koje se zasniva na osnovnim biološkim procesima 
koji se javljaju u prirodi. 
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WORKING CONDITIONS AT THE WATER 
TREATMENT PLANTS: ACTIVITIES, 
HAZARDS AND PROTECTIVE MEASURES 
 
Abstract: In operational sense, wastewater treatment plants and 
operators who work at those facilities present a proper basis for good 
water quality status.  The basic aim of this paper is to assess the risk to 
which workers - water treatment operators - are exposed to within 
water treatment plants, as well as to propose preventive measures in 
order to reduce the level of occupational risk. The applied 
methodology consists of system analysis, with in-depth literature 
review. The usage of appropriate occupational safety systems in the 
water treatment control processes leads to a double effect: a higher 
quality of treated water in shorter periods of time, with energy and 
material savings, as well as safer and healthier working environment. 

Key words: water treatment plants, occupational hazards, 
occupational risks, protection measures. 

 
 

INTRODUCTION 

At the European Union level, the Water Framework 
Directive (Directive 2000/60/EC of the European 
Parliament and of the Council of 23th October 2000 
establishing a framework for Community action in the 
field of water policy) was the first “framework” 
Directive. This Directive amended significant number 
of previous directives in the field of water policy (water 
protection, protection from water derived emergencies 
and water resources exploitation). Water Framework 
Directive aims at “good ecological status” for all 
ground and surface waters (rivers, lakes, transitional 
waters, coastal waters, and other water bodies) in the 
European Union by the end of 2015. This Directive 
imposes a set of differential criteria that should be met, 
particularly in the field of surface water quality 
intended for water supply, as well as for protection of 
water resources from anthropogenic pressure. [1] 
Majority of the provisions of the Directive aimed at 
water protection are transposed in Serbian Law on 
Environmental Protection and Law on Water, while the 
potable water quality standards are expressed by 
national regulation. The Serbian Law on Environmental 
Protection and Law on Water define measures and 
requirements for environmental and water protection. 
Some of the listed preventive measures are dedicated 
for water protection and, in general, water quality 
management.  The application of the provisions leads 
to a reduction in emissions of greenhouse gases, the 
reduction of the amount of generated waste and 
reduction of water and soil pollution. [2, 3] 

As regards the importance of potable water quality, 
Serbian potable water quality limits are within the 
limits of majority of physical, chemical, biological and 
radiological parameters. [4] 

The operative tools which satisfy the need for good 
ecological status are centralized water treatment plants 
and water treatment operators within the facility. 
Besides the centralized water treatment plants, which 
are the focus of this paper, it is not less important to 
mention the small-scale pre-treatment facilities at the 
industry level, indented for wastewater pre-treatment 
before a discharge into a sewer system. [5] The overall 
aim of this paper is to analyze general occupational 
conditions in the water treatment plants, taking into 
account the nature of the activities of the enterprise 
and/or establishment. Also, the paper tries to evaluate 
the risks to the operators’ safety and health, either in 
terms of choosing the work equipment, preparations 
and their chemical compositions, and the fitting-out of 
workplaces. Based on risk assessment results, the 
employer is obliged to assure the improvement of the 
occupational safety level by taking preventive measures 
or changing the working and productive methods if 
necessary. 

THE MEANING OF WATER 
TREATMENT 
The required degree of potable water or wastewater 
purification is defined by appropriate positive legal 
measures (law, regulations and rules), while it is 
realized through various processes, i.e. different unit 
operations of wastewater treatment. Competent 
institutions control the implementation of these 
measures. 
In practice, the determination of the required degree of 
water purification (either raw water or wastewater) 
(DWP) occurs according to three basic approaches 
(combined approach): 
 

 By implementing the standard for the 
recipient (the emission standards) - 
determining the DWP based on the 
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required water quality in the recipient 
after mixing with the purified wastewater 
(a mixture of a fresh water and waste 
water from the municipal sewage 
systems). Purification is necessary in case 
of all pollutants, where the water in the 
recipient after mixing with the wastewater 
condition is not CМ < CMAC (CMAC 
represents maximum allowable 
concentration - MAC for recipient while 
the CМ stands for possible concentration 
within the mixture of recipient and 
untreated waste water). 

 By applying the effluent standards (or 
emission standards) - determining the DWP on 
the basis of the required quality of treated 
water, i.e. effluent without consideration of 
water quality in the recipient. In case of all 
pollutants where Csw < Cefl (Cefl represents 
MAC for the effluent while Csw stands for 
concentration of raw sewage water), 
purification is necessary, 

 By applying the potable water quality limits. 

Design of plants for water treatment is an extremely 
complex problem and requires the involvement of 
experts from various fields: 

 civil engineers,  
 spatial planning engineers, 
 technologists,  
 demographers, 
 biologists,  
 mechanical engineers, 
 measurement and control operators, 
 electrical and electronics engineers,  
 environmental protection and occupational 

safety engineers, etc. 

A centralized plant for potable water production 
intended for domestic water supply and centralized 
waste water treatment plant should be designed in the 
manner appropriate to satisfy the needs in 15 or 25 
years after the construction (similar to the capacity of a 
regional sanitary landfill). 

UNDERSTANDING THE WORKING 
CONDITIONS AT THE WATER 
TREATMENT PLANT 

The occupational safety management system is a very 
complex, therefore, its performance can be described 
by a large number of indicators. [6] During the normal 
operation and maintenance of each production system, 
there are numerous situations that can trigger an 
accident. For this reason, it is very important to assess 
the possibility of occurrence of errors or error prone 
activities. [7, 8] 
The term occupational safety and health (OSH) was 
introduced in Serbia in 2005 through enactment of the 
Occupational Safety and Health Law, and it represents 

an organized activity aimed at providing safe and 
healthy work and occupational safety conditions.  

The law regulates the rights and obligations of 
employers and employees, the organization of OSH, 
record keeping, cooperation and reporting, supervision, 
and penalty provisions. 

The term occupational safety and health is defined in 
Act 4, Par. 1, Item 4 of the Law: 

Occupational safety and health is the provision of work 
conditions that will minimize occupational injuries, 
professional diseases, and work-related diseases, and 
that predominantly create prerequisites for full 
physical, mental, and social wellbeing of employees. 
The purpose of conducting operations in accordance 
with occupational safety is to raise the awareness 
within the organization about the importance of 
employee health and preventive activities. Any threat to 
employee safety needs to be predicted and identified 
for easier removal. By introducing and implementing 
an OSH system, the organization takes a proactive 
stance on prevention and employee safety. [9] 

During the process of potable water conditioning or 
wastewater treatment due to minimization of its impact 
on the natural recipients, the employed in the facilities 
that deal with some of these treatments must perform a 
series of operations, laboratory and physical work 
obligations. These obligations also include the 
activities of the monitoring process of the plant, as well 
as constant monitoring of indicators of the 
technological process of water treatment and response 
in terms of committing the necessary modifications. 
Other important activities include maintenance of 
facilities and equipment, or for example work with 
sludge incinerators at installations for the treatment of 
used water. During the performance of work activities, 
employees at these plants were subjected to a series of 
hazards including noise, moving mechanical 
assemblies, sources of electricity, chemicals, gases, 
vapors, aerosols, fog and poor ventilation, the 
movement in different levels as well as work in 
confined spaces such as tunnels and pipes, etc. The 
above-mentioned operations should be, due to these 
dangers, conducted under the supervision of the person 
responsible for safety. The information obtained via 
supervision should be used to improve security 
procedures. 

Professional risk management at water treatment plants 
(both potable and wastewater) is a very complex issue 
that need to be analyzed from several aspects. Further, 
it is imperative to determine a level of exposure to 
occupational risks, as well as to perform occupational 
risk assessment especially in case of an accident on 
these plants caused by inadequate working conditions. 
Systematic examination of working conditions could 
improve occupational conditions within these plants, as 
well as the influence of working environment 
parameters on worker’s mental and physical health and 
ability to work. Unfortunately, in our country, such 
tests have not been done in the last fifteen years. 



D. Vasović, S. Stanković, Ž. Vranjanac, Vol 8, No1 (2018) 27-32 

 29 | Safety Engineering 

Therefore, they should be used to create provide a clear 
image of the worker’s exposure to occupational risk 
within these facilities, and trigger a systematic, regular 
and comprehensive examination of the parameters of 
the working environment.  

The main occupational health hazards associated with 
operators working on wastewater treatment plant 
(WWTP) can be the following:  

 Mechanical - working in a confined space at a 
height/depth of the different levels, etc. 

 Physical - chemical character - chemicals, 
gases, fumes, noise, etc. 

 Biological - microorganisms from wastewater 
and sludge, insects, etc. 

Table 1 summarizes the most prominent occupational 
hazards associated with the activities performed by 
water treatment plant operators. [10] 

 

Table 1. Most prominent occupational hazards at water treatment plants 

Potable water treatment Wastewater treatment 

Mineral acid (the pre-treatment intended for 
balancing the pH value), vapours of organic 
acid, ammonia fumes, aluminum sulfate, ozone, 
chlorine gas, sodium hypochlorite, nitrogen gas, 
(final treatment + water disinfection). 
Standard laboratory compounds. 
Work in a confined space at a height/depth of the 
different levels. 
Occupational noise. 

All harmful effects of chemical substances that 
occur during the drinking water treatment, with 
the addition of: phenol, hydrogen sulfide, tri-
halo-methane, methane, etc. (In wastewaters 
treated in these facilities, there are about 200 
identified chemicals to which workers may be 
exposed). 
Work in a confined space at a height/depth of the 
different levels. 
Occupational noise. 
Non-comfortable odour. 
Different pathogens.  
Insects and other animals. 

 
The basic aim is to assess the risk to which workers - 
water treatment operators - are exposed to in water 
treatment plants (workplace, process and organization 
of work, the presence of physical, chemical and 
mechanical hazards, etc.), as well as to propose 
preventive measures to reduce the level of occupational 
risk. 

Considering the fact that in Republic of Serbia there is 
no systematized evidence of occupational injuries by 
activities i.e. economy branches, it is not possible to 
display data related to this activity. For this reason, this 
section presents data related to occupational injuries in 
economy branch E - Water supply; wastewater 
management (sewage system), solid waste management 
and environmental remediation activities in the 
Republic of Croatia in 2014.  

In the Republic of Croatia, a total of 13,929 
occupational injuries occurred during working 
activities in the year 2014, while in the economy 
branch E - Water supply; wastewater management 
(sewage system), solid waste management and 
environmental remediation activities - 425 occupational 
injuries, which makes share of 3.05% of the total 
number of occupational injuries. According to the 
number of occupational injuries, this activity is ranked 
11th, out of 21 activities.  

Table 2 shows data on occupational injuries in 
economy branch E - Water supply; wastewater 
management (sewage system), solid waste management 
and environmental remediation activities in the 
Republic of Croatia. [11] 

 
Table 2. Occupational injuries in economy branch E - Water supply; wastewater management (sewage system), solid waste 

management and environmental remediation activities in the Republic of Croatia 
 

 Sector 
Occupational injuries 

At workplace 
On the way 

to work 
Total % 

1 
Potable water intake, purification activities, water 
distribution 

102 13 115 27.06 

2 Sewage system (wastewater collection and treatment) 13 3 16 3.76 

3 
Solid waste collection, waste treatment and disposal, 
reuse and recycle activities 

251 24 275 64.71 

4 
Environmental remediation activities and other similar 
activities 

19 0 19 4.47 

 Total: 385 40 425 100.00 
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Based on presented data, it can be concluded that the 
highest number of occupational injuries is recorded in 
the area of solid waste collection, waste treatment and 
disposal, reuse and recycle activities - 64.71%. 
Otherwise, in this area, employees are far more injured 
at the workplace (251) - 91.3% rather than on the way 
to work, or vice versa (24) - 8.7%. The second ranked 
is the potable water intake, purification activities and 
water distribution sector, with a share of occupational 
injuries of 27.06%, whereas in the sector of sewage 
system (wastewater collection and treatment) there is 
relatively little occupational injury share, i.e. only 
3.76%. The fact is that the Republic of Croatia has very 
few operational facilities for wastewater treatment and, 
consequently, a small number of employees in this 
field, which explains the relatively small percentage of 
occupational injuries within this sector. 

PREVENTIVE MEASURES 

The primary goals of implemented OSH system should 
be seen in the analysis of all jobs in an observed 
institution or organization in accordance with the 
current laws and bylaws. In order to define jobs with 
increased risk, which are subject to special legislative 
procedures, it is necessary to establish all occupational 
harms and workplace hazards and to compile all 
potential professional risks, demands, and workloads of 
workers, which stem from the job characteristics 

themselves, work activities, and work conditions, as 
well as occupational safety efficiency measures.  
This is a multi-phase process which demands the 
responsible persons to assess and control occupational 
risks in an efficient and effective manner. Hazard 
assessment is an initial way to determine the most 
serious danger, and also, to define a priority. The 
priority is usually determined by taking into account 
the severity of events and the likelihood of occurrence. 
By assigning a priority list, or rating (ranking) list, 
priority activities can be effectively dedicated. 
The following factors form the basis for defining a risk 
matrix: 

Seriousness of exposure - severity of event and 

The probability of occurrence - incident rate. 

The results of the risk assessment are usually presented 
in the risk matrix. Risk matrix is an essential tool for 
the decision-making process regarding risk control. 
Otherwise, the risk can be calculated using the 
following formula: 

Risk = Likelihood x Severity i.e. 

R = L x S 

while R, L and S are non-dimensional units. 
Based on the knowledge of Likelihood and Severity, it 
is possible to construct a basic risk matrix, as shown in 
the Table 3. 
 

Table 3. Basic risk matrix 

Likelihood 

5 5 10 15 20 25 

4 4 8 12 16 20 

3 3 6 9 12 15 

2 2 4 6 8 10 

1 1 2 3 4 5 

Severity 1 2 3 4 5 

Risk levels 

Extreme risk level 15-25 

High risk level 8-14 

Moderate risk level 4-6 

Low risk level 1-3 

 
Once the hazard has been identified, preventive 
measures can be taken to ensure that this information is 
taken into account in risk ranking process. The risk can 
be presented in various ways in terms of the 
distribution of risks within the company or at the 
workplace. In this sense, hazard identification 
represents the initial process for quantifying hazards 
and eliminating or reducing the risk of occupational 
injury/illness of workers as well as damage to property, 
equipment and immediate environment. 
As previously stated, high-risk jobs and tasks are those 
that involve potential risks of injury and harmful health 
effects despite the implementation of specific 
occupational safety and health protective measures, 
since potential risks cannot be eliminated or minimized 
and cannot always be controlled.  

In this sense, regarding the activities performed by 
water treatment operators, it is necessary to do the 
following: 
1. Maintain good personal hygiene, 
2. Improve all aspects of occupational health and 
safety, primarily based on ISO 45001 standard, 
3. Implement other quality management systems 
(QMS) and environmental management system (EMS).  
To prevent risks associated with chemical substances 
used in the plant, it is necessary to do the following: 
1. List all the dangerous chemicals and make a 
description of the impact, 
2. Develop and implement a control program.  
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Dangerous activities include, but are not strictly limited 
to: 
1. Work in a closed confined spaces, such as: 

• manholes, 
• sedimentation tanks, sand traps, aeration basins, 

etc., 
• pumping stations, 
• tunnels. 

2. Lifting heavy objects. 
3. Using ladders and steps. 
4. Work in an area with fumes. 
5. Work with electrical installations. 
By using the risk matrix tool, it is possible to construct 
occupational risk matrix for illustrative working 
operations, as shown in Table 4.  
 

Table 4. Risk matrix – water supply and sewerage treatment activities/units 

Stage/operation Occupational hazard Adverse event Harmful effect 
Risk level 

P S Score 
Potable water intake Confined spaces Choking, drowning Injury, fatality  2 3 6 

Work at height Falling, slippery Injury, fatality 3 3 9 
Laboratory test Breaking Injury 1 3 3 

Disinfection Chlorine inhalation Fatality 4 5 20 
Water treatment Electrical inst. Electric shock Injury, fatality 3 4 12 

Heavy objects Breaking Injury 3 3 9 
Work at height Falling Injury 2 4 8 

Water distribution Confined spaces Choking, slippery Injury 5 1 5 
Heavy objects Breaking Injury 5 1 5 

Wastewater 
treatment 

Area with fumes Choking Nuisance 5 1 5 
Heavy objects Breaking Injury 3 3 9 
Work at height Falling Injury 2 4 8 
Electrical inst. Electric shock Injury, fatality 3 4 12 
Infective areas Infective contact Diseases 4 4 16 

 
After the matrix-based risk identification, the next 
phase refers to defining preventive/protective measures. 
General protection measures include, but are not 
strictly limited to: 

• safety fences, 
• aspects of protection against fire and explosion, 
• safety labels, 
• adequate ventilation, 
• adequate lighting, 
• appropriate handling space, 
• easy access, 
• the appropriate operating temperature. 

For maximum protection, employees who work in the 
plant can additionally received vaccines against 
hepatitis A and B, influenza, measles, mumps, lung 
disease, rubella, tetanus, etc. 

CONCLUSION 
Complex dynamic systems, such as a potable water 
treatment and centralized wastewater treatment plant, 
represent the systems that consist of the large number 
of activities and processes that interact with each other, 
and, as a rule, are always in a condition of slight 
oscillations of the pre-defined process parameters. In 
wastewater treatment systems, such deviations are 
related to the input water quality and the uneven mass 
flow rates over time. Bearing in mind, the operator of 
the plant for centralized treatment of used water often 
has to react to situations that deviate significantly from 
the project defined conditions of the plant. The 
management of deviations from the desired process 
parameters is the basic reason for the introduction of 

advanced occupational safety systems. The advantages 
of using these systems to control the processes in water 
treatment facilities are twofold: there is a higher quality 
of output values in terms of saving time, energy and 
material, and safer and healthier working environment. 

REFERENCES 
[1] D. Vasović,  J. Malenović Nikolić, G. Janaćković: 

“Evaluation and Assessment Model for Environmеntal 
Management under the Seveso III, IPPC/IED and Water 
Framework Directive”, Journal of Environmental 
Protection and Ecology, 17 (1), 2016, pp. 356-365. 

[2]  Law on Environmental Protection, "Official Gazette of 
the RS", No 135/2004, 36/2009, 36/2009, 72/2009, 
43/2011, 14/2016. 

[3]  Law on Water, “Official Gazette of the RS”, 30/2010, 
93/2012 i 101/2016. 

[4] Regulations on the drinking water quality, “Official 
Gazette” of the Republic of Serbia No. 44/99. 

[5] V. Lazarević, M. Stanisavljević: “Analysis of critical 
control points in meat industry”, Safety Engineering, 6 
(2), 2016, pp. 125-128. 

[6] G. Janaćković, S. Savić, M. Stanković: “Selection and 
ranking of occupational safety indicators based on fuzzy 
AHP: A case study in road construction companies”, 
South African Journal of Industrial Engineering, 24 (3), 
2013, pp. 175-189. 

[7] S. Kovačević, Lj. Papić, G. Janaćković, S. Savić: „The 
analysis of human error as causes in the maintenance of 
machines: A case study in mining companies“, South 
African Journal of Industrial Engineering, 27 (4), 2016, 
pp. 193-202. 

 



SAFETY ENGINEERING - INŽENJERSTVO ZAŠTITE 

 32 | Safety Engineering 

[8] J. Malenović Nikolić, I. Ristović, D. Vasović: “System 
modelling for environmental management of mining and 
energy complex based on the strategy principles of 
sustainable balanced scorecard method (SBSC)”, Journal 
of Environmental Protection and Ecology, 16 (3), 2015, 
pp. 1082-1090. 

[9] Occupational Safety and Health Law, “Official Gazette of 
the Republic of Serbia”, No 101/2005, 91/2015. 

[10] I. Krstić, D. Krstić, A. Kusalo: “Analysis of indicators 
for occupational risk assessment”, Safety Engineering, 1 
(1), 2011, pp. 45-58. 

[11] Analysis of occupational injuries in economy branch 
E - Water supply; wastewater management 
(sewage system), solid waste management and 
environmental remediation activities in the 
Republic of Croatia for the year 2014. Croatian 
bureau for occupational health and safety, Zagreb, 
Republic of Croatia, 2015. 

ACKNOWLEDGEMENTS 

The presented research is a part of the projects 
“Development of new information and communication 
technologies, based on advances mathematical 
methods, with applications in medicine, 
telecommunications, power systems, protection of 
natural heritage and education” (III 44006), and 
“Research and development of energy efficient and 
environment friendly polygeneration systems based on 

renewable energy sources utilization” (III 42006), 
under the auspices of the Ministry of Education, 
Science and Technological Development, Republic of 
Serbia. 

BIOGRAPHY  

Dejan Vasović was born in 
Prokuplje, Serbia, in 1982.  
He received the diploma in 
environmental protection 
engineering and the Magister of 
technical sciences degree in the 
same field from the University of 
Nis, Faculty of Occupational 
Safety in Niš. Afterwards, within 
the same  faculty, he obtained the 

 

PhD in technical sciences - environmental protection. 
His main areas of research include environmental 
protection with particular regard to water resources 
management and protection, environmental capacity, 
environmental safety and security, etc. He is currently 
working as an assistant professor at the Faculty of 
Occupational Safety in Nis, University of Nis.   

 

 
USLOVI RADA NA POSTROJENJIMA ZA TRETMAN VODA: 

AKTIVNOSTI, OPASNOSTI I MERE ZAŠTITE 
 

Vasović Dejan, Stanković Sandra, Vranjanac Žarko  
 
Rezime: U operativnom smislu, postrojenja za tretman voda kao i operateri koji na njima rade, predstavljaju 
osnovu za dostizanje dobrog statusa kvaliteta voda. U tom smislu je i osnovni cilj ovog rada usmeren ka oceni 
oceni uslova rada i rizika kojim operateri mogu biti izloženi, kao i merama zaštite kojime se može redukovati 
profesionalni rizik. Primenjena metodologija se sastoji od sistemske analize, kao i detaljne analize sadržaja 
dostupne naučno-stručne literature. Najvažniji zaključci se odnose na definisanje pogodnog sistema upravljanja 
profesionalnim rizikom na ovakvim postrojenjima čijom primenom se postiže dvostruki efekat: viši kvalitet 
tretirane voda tokom kraćeg vremenskog perioda i uz manji utrošak materijala i energije ali i bezbednije i 
zdravije uslove rada. 

Ključne reči: postrojenja za tretman voda, opasnosti, profesionalni rizik, mere zaštite. 
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RADIALLY MAGNETIZED RING 
PERMANENT MAGNET MODELLING IN THE 
VICINITY OF SOFT MAGNETIC CYLINDER 
Abstract: Radially magnetized ring permanent magnet placed above 
the soft magnetic cylinder is modelled in this paper using Hybrid 
Boundary Element Method (HBEM) and a discretization approach 
based on fictitious magnetic charges. The obtained results are 
compared to those obtained with Finite Element Method results 
(FEM). 

Key words: Hybrid boundary element method (HBEM), 
magnetization charges, magnetic force, permanent magnet (PM). 

 

 

INTRODUCTION 

Since permanent magnets have numerous applications 
nowadays, the need for the optimization leads to the 
development of determination methods [1]. The quality 
of the devices that use permanent magnets greatly 
depends on the magnet material, magnetization and 
dimensions. Although there are many different methods 
one could use in order to analyse permanent magnets, 
the fact is that Ampere's current model [2] and the 
Coulombian approach [3] are the ones most frequently 
used. Up to now, the authors have proposed complex 
and simplified solutions for the force between 
cylindrical magnets [4], axially [3], [5] and radially [6], 
[7] magnetized ring permanent magnets or cuboidal 
magnets [8].  Also, there are many papers where the 
magnetic force between permanent magnet and 
magnetic plate is modelled too, but it is performed only 
using image method [2], [9].  

The hybrid boundary element method (HBEM) [10], 
developed at the Faculty of Electronic Engineering of 
Niš, is used for calculating the magnetic force exerts 
between radially magnetized ring permanent magnet 
and magnetic cylinder. Until now, it has been applied 
for solving multilayered electromagnetic problems, 
microstrip lines [11], or electromagnetic field 
determination in the vicinity of cable terminations [10]. 
Up to now, the method has been applied for solving 2D 
and 3D electromagnetic problems. 

THEORETICAL BACKGROUND 

Along with HBEM, the approach that is used for 
solving the force between ring permanent magnet (PM) 
and cylinder made of magnetic material is based on 
fictitious magnetization charges and discretization 
technique [5], [7]. The simplest way to calculate the 
interaction magnetic force is to discretize a permanent 
magnet into system of circular loops loaded with 
magnetic charges. Using results for interaction 
magnetic force between two circular loops [7], the 

force that exerts between ring magnet and magnetic 
cylinder, can be obtained. Summing the contribution of 
PM and cylinder segments (or both PMs in second 
considered configuration) by using uniform discreti-
zation technique will give the force expression. This 
approach enables rapid magnetic force calculation and 
force analyses within the parameters. 

SEMI-ANALITICAL APPROACH FOR 
MAGNETIC FORCE CALCULATION  

Radially magnetized ring PM, placed above the 
cylinder made of linear magnetic material with relative 
permeability 2r , is taken under consideration (Figure 

1). 

 

 
 

Figure 1. Ring permanent magnet above magnetic 
cylinder 

 
Since the magnet is magnetized in radial direction, it is 
obvious that the fictitious magnetic charge density is 
composed of volume, rM Mm , and 

surface charge density, M n̂m . Therefore, the 

volume, inner and outer cover of ring permanent 
magnet can be consider as a system of circular loops 
uniformly loaded with magnetic charges. 
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Figure 2. Discretization model 

 

Taking in to account that the cylinder is made of linear 
magnetic material with permeability 2r , the influence 

of the magnetic material can be replaced with the 
system of toroidal magnetic sources that exist on the 
boundary surface of two different materials (on 
cylinder cover and bases). 

Discretization model and distribution of magnetic 
charges as well as toroidal sources are shown in the 
Figure 2. Magnetic scalar potential of the considered 
system becomes. 
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Considering the Figure 2, following parameters of PM 
covers can be expressed as 
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where sN   is the number of segments of each PM 

cover. 

The volume segments parameters are 

1v1
1v

v ,,2,1,
2

12
NkL

N

k
hz k 


 ,                        (4) 

2v
2v

v ,,2,1),(
2

12
Njac

N

j
ar j 


 ,                (5) 

and their respective  magnetic charges:  

v
2v1v

1mvmv ,...,2,1,2 Nm
NN

ac
LMQQ m 




 

,

   

(6) 

2v1vv NNN   is the total number of volume PM 

segments. Positions of toroidal magnetic sources on the 
cylinder cover and bases are ),( ii zr . For the upper 

base it is  
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with radius 22222e , NLzza  and for the lower 

bases toroidal sources the following relations are 
satisfied  
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1N  is the number of magnetic sources on each cylinder 

base, 2N  is the number of magnetic sources on the 

cylinder cover, 21tot 2 NNN   is the total number of 

cylinder magnetic sources. 

Magnetic field strength vector is   .grad mH  

The normal component of magnetic field vector and 
cylinder surface charges completes the following 
relation 
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where kn̂  is the unit vector of outgoing normal, 

( zn ˆˆ1  , rn ˆˆ2  , zn ˆˆ3  ) . Using the point matching 

method for the normal magnetic field component, the 
system of linear equations is formed. The solution of 
this system gives the values of unknown charges of 
toroidal sources, iQ .  
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The distribution of normalized magnetic sources, 
2

nor MhQQ ii  , along the boundary surface of 

two different magnetic materials is presented in 
Figure3, for the system parameters: ,0.31 La  

,0.11 Lb  

0.1,5.0,0.4 1121  LhLLLc ,

,3,1 2r1r  .200,100,100 pvs  NNN  

- 0.002

- 0.001

0.001

0.002

0.0

b L b
Q

 2Mh
 i

2

 
Figure 3. Distribution of magnetic sources along the 
boundary surface of two different magnetic materials 

 

After that, the magnetic scalar potential of magnetic 
cylinder can be calculated using the expression  

 tot2cm ,,,,,,
2

1
NizzrrQS iii


 ,                         (8) 

along with magnetic field and magnetic flux density 
vector anywhere in the cylinder vicinity. Final step 
would be superposition of contributions for all PM 
segments and toroidal magnetic sources. This would 
give us the expression for the force that exerts between 
PM and cylinder made of linear magnetic material 
placed in the environment of permeability 0 : 
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where the force between two circular loops is 
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NUMERICAL RESULTS 

It has already been proven that it is enough to take 
100s N  surface segments and 100v N  volume 

segments for PM to achieve high accuracy [7]. In order 
to determine the number of toroidal sources the 
convergence of the results need to be tested. The nor-
malized intensity of magnetic force, 

2
1

2
0

nor LMFF zz  , for different number of toroidal 

sources is calculated for parameters: 
4,1 2r1r  , ,0.11 La

 
,0.31 Lc ,0.31 Lb ,5.012 LL 5.01 Lh . Con-

sidering the values in the Table I it is obvious that the 
results of approach used are confirmed with Finite 
element method results (FEM) [13]. In order to reduce 
the calculation time, number of toroidal sources is 
limited to 371tot N . In that case the relative error is 

less than 0.2% .  

Table 1. Convergence of the results 

totN nor
zF  nor

zF (FEM) Relative error 
[%]  

93 -0.583406 

-0.586005 

0.44 
186 -0.584359 0.28 
371 -0.584861 0.19 
557 -0.585028 0.17 
743 -0.585115 0.15 
929 -0.585170 0.14 
 

Normalized axial force, 2
1

2
0

nor LMFF zz  , between 

ring magnet and magnetic cylinder versus normalized 
axial displacement of PM, 1Lh , for variable PM 

radius is presented in the Figure 4. It is shown for 
configuration parameters ,0.111  LaLc  

,0.31 Lb  ,5.012 LL  11r  , 42r  .  

 Figure 5 shows normalized axial magnetic force versus 
cylinder permeability, 2r , for different normalized 

distance between PM ring and cylinder, 1Lh  when it 

is ,0.11 La  ,0.31 Lb  ,0.31 Lc  ,5.012 LL  

11r  . 
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Figure 4. Normalized axial magnetic force versus ratio 

1Lh  for different normalized PM radius, 1La . 

 
Figure 5. Normalized axial magnetic force versus 
cylinder permeability, 2r . 

 
Figure 6. Axial magnetic force versus ratio 

1Lh  for 

different cylinder permeability, 2r  

 
Normalized axial force, that between permanent mag-
net and soft magnetic cylinder, versus normalized 
distance between  permanent magnet and cylinder, 

1Lh , for variable relative permeability of magnetic 

cylinder is shown in the Figure 6, for  for the system 
parameters ,0.11 La  ,0.31 Lb  ,0.31 Lc  

,0.112 LL  11r  .  

Figure 7 presents magnetic force, versus cylinder 
permeability, 2r , for different height ratio of 

permanent magnet and magnetic cylinder, 12 LL , 

when it comes to permanent magnet parameters: 
,0.11 La  ,0.31 Lb  ,0.21 Lc  5.01 Lh , 

11r  .  

 
Figure 7. Axial magnetic force versus cylinder 

permeability 2r   for different height ratio 
12 LL  

CONCLUSION 

Determination of magnetic force between ring PM 
placed above cylinder made of linear magnetic material 
is presented. It is performed using semi-analytical 
approach based on magnetization charges and HBEM. 
An algorithm presented is easily implemented in any 
standard software development environment and it 
enables rapid parametric studies of the interaction 
force. The results of the presented approach have been 
successfully confirmed by FEM results. Axial forces 
calculation using presented approach for mentioned 
parameters is performed with Intel Core i5-2320 CPU 
Quad Core at 3GHz and 8GB RAM memory, 64-bit 
operating system and it took around 0.76 seconds of 
run time for one calculation. Interaction forces are also 
determined on the same computer using FEMM 4.2 
software and the execution time was 5.6 minutes for 
about 2 million finite elements. The advantage of this 
approach is time efficiency and possibility of solving a 
configuration that contains an object made of magnetic 
material with finite dimensions, while the majority of 
published papers deals with interaction force between 
PM and infinite magnetic plain. 
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MODELIRANJE RADIJALNO MAGNETIZOVANOG PRSTENASTOG 

MAGNETA U BLIZINI MEKOG MAGNETNOG CILINDRA 
 

Ana Vučković, Nebojša Raičević, Mirjana Perić 
 
Rezime: U radu je prikazano modeliranje radijalno magnetizovanog prstenastog trajnog magneta koji je 
postavljen iznad mekog magnetnog cilindra uz pomoć metode hibridnog graničnog elementa (eng. HBEM -Hybrid 
Boundary Element Method) i metode diskretizacije bazirane na fiktivnim magnetnim naelektrisanjima. Dobijeni 
rezultati su upoređeni sa rezultatima metode konačnih elemenata (eng. FEM - Finite Element Method). 
 
Ključne reči: metoda hibridnog graničnog elementa (HBEM), magnetizacija, magnetna sila, trajni magnet. 
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ESTIMATION OF ABSORBED 
ELECTROMAGNETIC ENERGY ON SERVICE 
TECHNICIANS FROM BASE STATION 
ANTENNA SYSTEMS 
Abstract: Service technicians on mobile phone base stations systems 
are exposed to electromagnetic waves in the near field. In this area, 
the values of electrical and magnetic field can overload maximal 
exposure limit defined by standards. The subject in this paper is health 
risk of a service technician. It is important to calculate electrical field 
in the body of a service technician who moves in the vicinity of base 
station in order to estimate their health status.  

Key words: Near electromagnetic field, service technicians, health 
risk from electromagnetic field. 

 

 

INTRODUCTION 

Mobile phone systems have been developed very 
intensively in last few years and involved high-speed 
internet communication. Nowadays, new services are 
available and mobile phones are used as 
multifunctional communication devices. Time spent for 
using mobile phones is growing, mobile phones 
became smart, and as a consequence, for mobile 
providers time without services is not allowed. 
Providers are now competing who will have more 
services and functionalities. 

These facts implied to the fast migration on next 
generation mobile system (4G, LTE), which for service 
technicians increased the time they need to spend in the 
vicinity of antennas on the roof of buildings. These 
people work near the antenna systems, which emit 
electromagnetic radiation most of the time.  

Usually, antenna systems are mounted for several 
different operators in these suitable sites. Professionals 
who often perform interventions in the vicinity of the 
antenna system are concerned about possible 
consequences to their health effect and want to know 
occupational risks.  Moreover, they often work in the 
area of background beam of antenna radiation.  

NUMERICAL METHOD AND 
MODELLING 

The need to take care of workers’ health and to 
estimate health risks is one of the aims of this paper. 
Therefore, it is necessary to calculate the specific 
absorption rate in a realistic computational model of the 
human body.  

This paper is a continuation of investigation in this 
area, which started on the conference PES 2013 [1]. 
For precise results, it is most important to have a real 

situation setup with antenna position, power level on 
output base transceiver station. Antenna design is very 
variable and results of absorption in near field radiation 
environment or human subject may be different for 
different type of antenna design.  

The question about simulation software used in this 
research is important. If researcher considers metallic 
structures only, the numerical method of choice is The 
Method of Moments (Mom) [2], but final goal of the 
analysis is the calculation of the power absorption 
within the body of a service technician. Due to these 
reasons, the authors need a method that can be carried 
very efficiently - resolution of inhomogeneous 
dielectric structures as human body. Volume based 
methods are adequate for this aim, and some of those 
are Finite Element Method (FEM) and Finite-
Difference Time-Domain method (FDTD). The choice 
will depend on the availability of human body model 
for software programme simulation. For this case, 
FTDT would be the best software choice followed by 
an appropriate software package [3]. 

EXPERIMENTAL MODEL  

Now, we investigate simple metallic sector antenna 
model and power absorption by workers behind a pair 
of base station antennas. In this simulation, a real 
antenna has been used consisting of a vertical array of 
dipoles and an additional reflector in order to focus the 
beam in azimuthal direction, Figure 1b.  
Telecommunication companies have started 
introducing 4G – LTE services in mobile network and 
it becomes operative. The topic of interest is how to 
radiate antenna systems for different band of mobile 
cellular systems. In our region, mobile companies use 
band 900MHz in LTE. Because of that, effective 
radiate power grows up in this band. The antenna 
basically consists of five vertical dipoles and a metallic 
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reflector. The antenna systems with parameters like in 
the paper [1] (L, T, H, S and W) are used for this 
purpose. 

The values used for these parameters in simulation 
process were as follows: Dipole diameter - T = 1.2 cm, 
Dipole length -L = 14 cm, Reflector height - H = 129 
cm, Reflector width - W = 25.5 cm, Horizontal distance 
dipoles to reflector - D = 8 cm and Vertical distance 
between dipoles - S = 11.5 cm (Figure 1a). 

Human model  

Correct human body model is generated by several 
medical institutions. One of them originated from 
Visible Human Project, and can be found in the 
National Library of Medicine [4]. In this paper, we 
used a model for numerical simulation available from 
the US Air Force Research Laboratory. This model 
provides a very accurate description of real position of 
all tissues in human body and their electromagnetic 
characteristics, Fig.1.b.  

   
  a)  b) 

Figure 1. Base station antenna -  a) A simple model of 
the base station antenna with side view, front view and 
perspective view, b) Real situation antennas with two 

90 sector antenna and a man behind the antenna 
 
The model is available in three different spatial 
resolutions: 1 mm, 2 mm, and 3 mm, and distinguishes 
between 40 different types of tissue. In addition, model 
contains a parametric model for the dielectric 
properties of these tissues and dielectric properties for 
some tissues shown in Table 1. 

Table 1. Dielectric parameters and the mass density of 
observed biological tissue at a frequency of 900 MHz, 

[4] 

Tissue εr  σ  [S/m] ρ 
[kg/m3] 

Brain (white 
matter) 

73.62 0.3169 1038 

Lens 112.74 0.4933 1163 
Testis 82.33 1.1889 1158 

 

PROCES OF SIMULATION 

The construction of antenna with a reflector produces 
the electromagnetic field components, where those in 
front of the antenna are significantly higher than those 
behind. The components of electromagnetic field 
behind the antennas are not negligible if a person is 
near the antenna. Numerical simulation methods of 
penetrating electromagnetic fields allow the calculation 
of the field components in biological subjects. 

The antenna design used in simulation process with two 
Kathrein 736 078 antennas at the angle of 270 degrees 
is shown in Figure 1b. Parts of antenna as dipoles and 
the reflector are supposed to be lossless and modeled as 
perfect electric conductors. The dipoles are fed at the 
center point by a lumped port with impedance of 50Ω. 
The five ports are excited by signals with equal 
amplitude and phase. Available power of antenna is 
1350W per antenna. 

The components of electromagnetic field inside the 
biological subject determine the energy absorbed in 
that element space. 

RESULTS OF SIMULATION 

The simulation has the values of electromagnetic 
components in human body. The values were 
determined for four distances from antenna systems. 
An index points out on distance, and it can be 0- the 
worker almost touches the antenna's back (reflector of 
antenna) and the distance is few centimetres; 1- the 
worker is at the level of the reflector, 2 - the worker is 
at 25 cm from the edge of the reflector, 3 - the worker 
is at 50 cm from the edge of the reflector and 4 - the 
worker is at 3m from the edge of the reflector. 

The values of electrical field in biological sensitive 
organs of humans are shown in Table 2.  

Table 2 . The maximum values of the electrical field in 
organs 

tissue 
E0 

(V/m) 
E1  

(V/m) 
E2  

(V/m) 
E3  

(V/m) 
E4 

(V/m) 
brain 649 581 525 344 70.3 
eye 261 233 160 102 32.7 
testis 309 260 274 132 64.4 
 
Specific absorption rate (SAR) is a measure of the rate 
at which energy is absorbed by the human body. SAR 
in biological sensitive organs of humans for 1g and 10 
g averaged mass of tissue are shown in Table 3 and 4.   

Table3. The values of SAR averaged on 1 gram in 
organs 

tissu
e 

SAR1g

0 
(W/kg) 

SAR1g

1 
(W/kg) 

SAR1g

2  
(W/kg) 

SAR1g

3  
(W/kg) 

SAR1g

4 
(W/kg) 

brain 21.5 17.90 9.47 7.31 0.354 
eye 43.9 39.30 27.80 16.70 0.905 
testis 25.1 9.34 12.00 4.63 0.201 
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Table 4. The values of SAR averaged on 10 gram in 
organs 

tissue 
SAR10g0 
(W/kg) 

SAR10g1 
(W/kg)

SAR10g2 
(W/kg) 

SAR10g3 
(W/kg)

SAR10g4 
(W/kg) 

brain 14.1 12.70 9.41 5.30 0.262 
eye 22.3 21.10 15.10 11.40 0.532 
testis 19 7.91 9.00 2.10 0.271 
 
Published data consistently indicate that 10g SAR is 
better correlated with increasing temperature than 1g 
SAR over a wide range of frequencies and for near and 
far field exposure [4]. The results of process simulation 
are given in Fig.2 - Fig.10. 
 

 
 

Figure 2 - Distribution of electric field in brain in 
position 0 

 

 
 

 
Figure 3. Distribution of electric field in eyes in 

position 0 

 
 

Figure 4. Distribution of electric field in body in 
position 0 

 

 
 

 
Figure 5. Distribution of SAR10g, cross section of eyes 

in position 0 
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Figure 6. Distribution of electric field in eyes in 

position 1 

 
 

 
Figure 7. Distribution of SAR10g,in testis in position 1. 

 
 

Figure 8. Distribution of electric field, cross section of 
eyes in position 2 

 
 

 
Figure 9. Distribution of SAR10g, cross section of eyes 

in position 2 
 

 
 

 
Figure 10. Distribution of electric field in body in 

position 3 
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DISCUSSION AND CONCLUSION 

The aim of the paper is to warn people that working 
near a base station which is switched on can produce 
negative health effects. Usually, not much attention is 
paid to the exposure of service professionals to antenna 
systems, considering the fact that they are normally 
switched off. However, everyday practice has shown 
that they sometimes work close to the antenna systems 
of other providers. Therefore, such a simulation pointed 
to the real value of the field intensity and energy that 
these professionals can absorb if they are exposed. 

According  to INCNIRP [6] obtained simulation results 
for brain and testis for whole body averaged SAR and 
for localized SAR (head and trunk) are higher than 
limits. National legislation in Serbia for professional 
exposition has same limiting values [7]. The restriction 
according to ICNIRP is shown in Table 5.  

 
Table 5. Occupational exposure for time varying 

electric and magnetic fields for frequencies according 
to ICNIRP for mobile phone band GSM 900MHz 

 

Type of 
restriction 

E-field 
strength 
(V/m) 

Whole 
body 
average 
SAR 
(W/kg) 

Localized 
SAR - head 
and trunk 
(W/kg) 

Basic restriction - 0.4 10 
Reference 
levels 

90 - - 

 

It may be concluded that the values obtained by 
simulation indicate increased values of electromagnetic 
fields and SAR in all examined organs (brain, eye and 
testis). 

By analyzing the results and limits of exposure for this 
occupational group, the following conclusions can be 
made:  

 Reference levels are exceeded and workers must not 
work on base station when system is switched on. 

 Basic restrictions are exceeded at distance 50cm 
and lower for head. 

 Values for electrical field in other organs point out 
possible harmful effects on these organs and 
endanger homeostasis of the whole body.    

Detailed discussion of possible health effects from 
literature on sperm and lens of eye can be found in 
reference 1. Analyzing the literature data and 
comparing them to simulation results, degenerative 
changes may be expected in case of professional 
exposition. Thus, continuous monitoring of service 
technicians’ health is required by specialists of 
occupational medicine. In addition, one should insist on 
strict compliance with the measures of protection 
implying exclusion of nearby equipment service. 
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AN APPROXIMATE ANALYTICAL 
EXPRESION FOR RESISTANCE OF THE 
VERTICAL GROUNDING ELECTRODE 
PLACED IN MULTILAYERED MEDIA 
Abstract: An expression for the resistance of the grounding electrode 
placed in the inhomogeneous ground approximated by a finite number 
of homogeneous layers of constant specific conductivity has been 
evaluated and proposed in the paper. The expression is obtained by 
optimization procedure, based on processing of data sets obtained as 
a result of the analysis which includes using of the Green’s function 
for the point source in multilayered soil and the Method of Moments. 
The approach has been applied to the characterization of a vertical 
electrode placed in the three-layered soil. 

Key words: Green’s functions methods, Grounding, Optimization 
methods. 

 

 
INTRODUCTION 

The problem of modeling and analyzing 
nonhomogeneous ground is of great importance in 
grounding system theory, since ground structure 
influences the grounding systems’ characteristics. The 
large number of publications dealing with procedures 
for analyzing grounding systems in non-homogeneous 
ground approximated by homogeneous domains has 
been published [1]-[3]. 

 

 
Figure 1. Ground electrode in multilayered ground 

 

In this paper, a semi-analytical procedure for 
characterization of a vertical grounding electrode 
placed in the nonhomogeneous ground approximated 
by a finite number of homogeneous layers has been 
presented. The procedure includes using of the Green’s 
functions for a point source in multilayered media 
obtained by solving the Poisson’s i.e. the Laplace’s 
equation for the electric scalar potential [4] and the 
Method of Moments [5]. Above-mentioned procedure 
has been applied for generating input data sets for 
optimization procedure based on differential evaluation 
(DE) [6]-[7]. The result of optimization process is 

analytical expression for resistance of vertical electrode 
placed in multilayered ground. 

The complete previously described approach is applied 
to a vertical ground electrode placed in the three-
layered ground, Fig. 1. The dimension of the electrode 
and electrical parameters of soil structure have been 
chosen based on the parameters overtaken from 
previously published researches and official 
publications. [8]-[9]. 

 

 
 

Figure 2. Point current source in multilayered media 

PROCEDURE FOR ANALYZING 
MULTILAYERED GROUND 

In this chapter, firstly the Green’s function for point 
source will be presented. Afterwards, the Method of 
Moments will be introduced. 

Green’s function 

The point source of current I placed in the non-
homogenous domain approximated by total of 1N  
homogenous horizontal layers of specific conductivity 

Nnn ...,1,0,  is observed, Fig. 2. The potential of the 

system from Fig. 2 satisfies the Laplace’s, i.e. the 
Poisson’s equation 
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In (1), r  and z denote cylindrical coordinates, while 
  is a one-dimensional Dirac delta function 

General solution of differential equation (1) can be 
assumed in the form [4], 
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In (2), Nmnnm ,...,1,0,,  is the potential at the points 

in n-th layer, when the source is in the layer m, nA nB , 

Nn ...,,1,0  are unknown coefficients, while 0J
 

denotes the Bessel function of the first kind of zero 
order. 

Unknown coefficients NnBA nn ...,,1,0,,   from (2) 

can be determined from the boundary conditions  

    1,0,   Nnzzzz nn ,  (3a) 

    1,0,1 





 


 Nnzz

z
zz

z nnnn

 , and (3b) 

0lim 



z
.   (3c) 

for the potential (3a), normal component of the 
conducting current (3b), and the finite value of the 
potential (3c). 

 
Figure 3. Point current source in three-layered ground 

(layer 2) 

 
Figure 4. Point current source in three-layered ground 

(layer 3) 

 

Three-layered soil structure 

To determine parameters of a vertical ground electrode 
from Fig. 1, it is necessary to obtain the Green’s 
function of a point source placed in non-homogeneous 
ground approximated with three horizontal 
homogeneous layers 3,2,1n  ( 3N ), while layer 

labeled by 0n  corresponds to air, ( 00  ), as it is 

shown in Figs. 3-4. The Green’s function can be 
obtained based on the general solution (3) and 
boundary conditions (3). 

The potential in the n-th layer from the point source 
placed in layer with specific conductivity 2  (m=2), 

Fig. 3, is 

   



0
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and 
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Similarly, the potential in the n-th layer from the point 
source placed in the layer with specific conductivity 3  

(m=3), Fig. 4 is  
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and 
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(5c) 

In (4c) and (5c) are    21211 t  and 

   32322 t , while other parameters are 

previously defined and/or can be observed from Figs. 
3-4. The Green’s function can now be defined as  

3,2,1,0,/),(),(  nIzrzrG nmgnm and  

3,2m .                                                      (6) 

 

Determination of the system’s potential and 
resistance 

The vertical electrode from Fig. 2 is observed. It is 
assumed that leakage current density per unit length is 
uniform on the electrode’s part in layer 2 ( 2leakI ) and 

on the part placed in layer 3 ( 3leakI ). This approach is 

justified for quasi-stationary regime. Consequently, 

   2233leak1222leak , hHIIHhII       (7) 

where 2I  and 3I are total currents leaking from the part 

of the wire placed in layer n=2 ( 2I ), i.e. n=3 (current 

3I ). Now, the potential n
 
in layer ,3,2,1,0n  can be 

expressed as 
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Applying the MoM and matching the potential value 
U  at the surface point in the middle of the surface 

of the wire segment placed in the layer 2 defined by the 

field vector 2R


 and in the middle point of the surface 

part placed in layer 3 defined by the field vector 3R
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it is possible to form linear equation system 
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Solutions of equation systems (11) are currents 2I  and 

3I . The resistance of the grounding system is now 

 32g IIUR  ,                         (11) 

OPTIMIZATION METHOD 

Grounding system resistance estimation by using 
analytical expression 

Proposed analytical expression for grounding resistance 
is given as: 
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(12) 

where 1-3 and H2-H3 are layer specific conductivities 
and layer highs of three-layer soil model respectively, 
p0-p11 are constant parameters (coefficients). 

The proposed expression is not based on grounding 
system geometry but represents mathematical 
description of grounding resistance with respect to 
layer conductivities and highs. 
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Parameter determination in the analytical 
expression 

The optimization problem has been defined to find 
parameter values in the analytical expression. The 
parameter estimation problem is defined as 
optimization problem considering the grounding 
resistance values obtained by using the proposed 
analytical expression and those calculated by using the 
more accurate numerical method. 

Mathematical description of the optimization problem 
with objective function (OF) is set as: 

 ;0

:subject to,
100
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 (13) 

where Rc and Re are grounding system resistance 
calculated by using numerical methods and estimated 
by using the proposed analytical expression according 
to (12), respectively, and Nd is number of given ground 
resistance data. 

The analytical expression parameters p0-p11are decision 
variables of the optimization problem (13). 

 

 

Figure 5. DE basic procedure. 

 

The optimization problem (13) is 12-dimensional and 
nonlinear with constraints. Such type of optimization 
problem is hard to solve. Because of that, global 
optimization technique capable to find solution near to 
global optimum was employed in this case. Differential 
Evolution (DE) was used here to solve optimization 
problem (13) and estimate the parameter values in (12). 
DE [6] belongs to evolutionary optimization class of 
the global optimization techniques. It is very well 
described in literature, so it will be very briefly 
presented here. The basic DE structure is given in Fig. 
1DE. 

The k-th individual in DE is represented by vector 
consisting optimization problem decision variables: 

][ ,11,10,9,8,7,6,5,4,3,2,1,0, kkkkkkkkkkkkkDE ppppppppppppIN  (

14) 

The set of individuals makes population in DE: 

 TNDEDEDE k
ININPOP ,1,             (15) 

DE has two main genetic operator mutation and 
crossover (recombination) used for making offspring 
individuals. The mutation generates a mutant individual 
by adding mutation step to each individual in current 
population. 

The mutant individual (step 2 in Fig. 1DE) is given as 
[7]: 
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where INDE,k
g,1, INDE,k

g,2 and INDE,k
g,3 are individuals 

chosen from DE population in g-th generation, F is 
mutation factor (DE parameter) defined size of the 
mutation step [6] has value ≤ 1. Individual INDE,k

g,1 
called base vector and INDE,k

g,2 and INDE,k
g,3 are so 

called difference vectors [6]. All these individuals can 
be chosen in different ways from the current DE 
population. 

The DE crossover operator mixes genes of the mutant 
and current individual to produce offspring individuals. 
The offspring individual has specific name in DE called 
trial individual. 

Trial individual (step 3 in Fig. 5) is constructed by 
choosing parameter value form either an individual in 
current population or corresponding mutant individual 
[6]: 
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DE parameter Cr in (17) is called crossover rate in it is 
in range (0-1) [6]. 

Objective function values are calculated for each trial 
individuals but not for mutant individuals in DE. 

After the objective function values for trial individuals 
are known the selection procedure (steps 4-6 in Fig. 5) 
in DE is performed. The selection of the individuals in 
the next DE generation is based on comparison of trial 
and corresponding current individuals according to [6]: 
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According to (18) the elitism mechanism is built in DE 
automatically because if mutation (16) and crossover 
(17) do not improve current individual it will survive in 
to the next generation. 

NUMERICAL RESULTS 

For given set of three-layer soil parameters and 
grounding resistance data set parameter estimation of 
the analytical expression (12) was done for 

m11 H and m3l  (Fig. 1). Optimization problem 

(13) is solved by using existing DE tools in Python 
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programming language environment. The DE tool 
(scipy.optimize.differential_evolution) built in SciPy 
Python [7] package is employed to solve the 
optimization problem and estimate analytical 
expression parameters. The next DE settings and 
parameters are used in simulation: “best1bin” DE type 
(strategy), 1000 generation (iteration) number, 25 
population size, 0.01 objective function tolerance, [0.5, 
1] mutation factor (F) range and 0.7 crossover rate (Cr). 

The analytical expression parameter values are 
estimated by using above procedure for By that, the 
minimum average error is 7.553838 %.The resistance 
value gR obtained by Green’s function method and 

using expression (12) for total 75 data sets is shown in 
Figure 6. 

 

 
 

Figure 6. The resistance value gR obtained by Green’s 

function method and using expression (12) for total 75 
data sets 

CONCLUSION 

An optimization procedure for analyzing vertical 
grounding electrode placed in multilayered soil has 
been presented in the paper. The procedure is based on 
the data sets obtained using the approach which 
includes Green’s function and the Method of Moments 
application. Optimization procedure provides analytical 
algebraic expression for calculating vertical electrode 
resistance placed in three-layered soil. The approach is 
formed in general way and one could expect that it is 
possible to apply it to other structures of soil (with 
more homogeneous layers) and for more complex 
grounding systems. Its accuracy is as better as the 
values limits of the parameters are better determined 
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APROKSIMATIVNA ANALITIČKA FORMULA ZA OTPORNOST 
VERTIKALNE UZEMLJENE ELEKTRODE POSTAVLJENE U 

VIŠESLOJNOM MEDIJUMU 
 

Dejan Jovanović, Nenad Cvetković, Miodrag Stojanović, Marinko Barukčić,  
Željko Hederić, Vladimir Stanković 

 
Rezime: U radu je izvršena procena i predložen izraz za otpornost uzemljivačke elektrode postavljene u 
nehomogeno tlo, koje je modelovano kao konačan broj homogenih slojeva konstantne specifične provodnosti.  
 
Izraz je dobijen optimizacionim postuplkom koji je baziran na obradi seta podataka dobijenih kao rezultat analize 
koja uključuje korišćenje Grinove funkcije za tačkasti izvor u višeslojnom kao Metod momenata. Pristup je 
primenjen na  vertikalnu uzemljivačku elektrodu postavljenu u troslojnom tlu. 
 

Ključne reči: Grinove funkcije, uzemljenje, metode optimizacije. 
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OVERALL EFFICIENCY IN ELECTRIC ROAD 
VEHICLES 
Abstract: This paper discusses the efficiency of an electric car and a 
conventional car. At the time when many car manufacturers are 
developing electric car prototypes, it is of great importance to 
investigate their efficiency. The paper presents an efficiency analysis 
of main components in an electric car. Energy consumption is 
obtained by performing drive cycle energy consumption simulation, 
which does not consider losses in the vehicle and by using declared 
consumption data where losses are considered. These two data sets 
have been used to calculate overall efficiency. 

Key words: Battery, conventional car, efficiency, electric car. 

 

 
INTRODUCTION 

At the time of a growing demand for electric vehicles 
[1], their overall efficiency should be considered. From 
the customer’s point of view, it is desirable to get as 
much distance traveled for the least amount of energy. 
Therefore, a more efficient car results in direct energy 
cost savings to the user. Currently, a substantial part of 
the market is occupied by conventional cars of low 
efficiency, but there is a growing tendency of 
regulatory agencies to decrease CO2 emission what 
brings electric cars into focus. This paper discusses the 
overall efficiency of electric cars since it is usually 
desirable to have components with highest possible 
efficiency for the long term. 

According to the EPA test procedure, conventional 
vehicle consumption is declared in miles per gallon 
(MPG), whereas electric vehicle consumption is declared 
in miles per gallon equivalent (MPGe). The consumption 
is measured in laboratory conditions and it includes a 
mix of different tests. In [2] the whole measurement 
process is described in detail. The declared consumption 
considers electric energy taken from the electric outlet 
and energy of petrol stored in the reservoir. 

Main disadvantages of electric vehicles are insufficient 
range and unavailability of charger network. In [3], [4] 
authors suggest methods for range extension which 
would make an electric car competitive with a 
conventional car.   

The efficiency of a car can be calculated by taking into 
consideration cumulative effect of each component 
efficiency [5] but also it can be calculated by 
considering a consumption obtained from the 
simulation of the ideal vehicle model and a declared 
consumption.  

 

 

 

EFFICIENCY ANALYSIS 

Electric car efficiency analysis 

Electric car analysis starts from the place where a 
customer pays for the electrical energy. According to 
Figure 1, it is an electric outlet. Electrical energy flows 
from the public grid to the charger, then to the battery 
pack and from the battery pack to the drive and to the 
auxiliary system. 
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Figure 1. Energy flow in an electric car. 

 

Total losses Ploss can be calculated as follows: 
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The total efficiency ηtot. of the system is: 

losswheels

wheels
tot PP

P


.                                               (2) 

The auxiliary system consumption is in this case 
considered as loss. 

Charger 

SAE 2011 standard defines three levels of AC and DC 
charging stations. Each level presents a power level for 
charging [6]. AC charging stations supply power to On 
– board chargers, which consists of a rectifier and DC-
DC converter, while DC charging stations use Off – 
board chargers, meaning that they directly supply the 
battery with DC power.  

According to [7], the efficiency of the new generation 
charger in Chevrolet Bolt electric car reaches 93% at 
lower voltage and 95% at higher voltage. Advanced 
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chargers can reach more than 94% efficiency [8]. This 
data is approved in [9]. 

Battery pack 

A battery pack in an electric car provides energy for the 
vehicle movement. The efficiency of the battery pack 
can be calculated as the ratio of the energy available for 
discharging and the energy used to charge the battery 
pack. Losses in the battery pack are caused by ohmic 
losses due to the internal resistance of the battery. 
Consequently, higher charging or discharging current 
leads to higher losses and lower efficiency.  

Virtanen et al. in [10] claim an efficiency of more than 
90% for 30 LiFePO4 cells connected in series, whereas 
at lower current the efficiency is approximately 94%. 
Zhang et al. in [11] also approved those results. 
Likewise, in [11] it is shown that lower current leads to 
higher efficiency. Vitols in [12] showed that an 
efficiency of the passively balanced battery pack is 
roughly 94%, however the author used charge and 
discharge current of 0.25C which leads to lower losses.  

Inverter 

The inverter is used to efficiently control the electric 
motor. When DC voltage is applied to the input there is 
a sinusoidal voltage of arbitrary frequency on the 
output. Heat dissipation in an inverter is caused by 
switching and conducting losses. Switching losses are 
increased by increasing the switching frequency and 
conducting losses are increased by increasing the 
current.  

According to Oak Ridge National Laboratory analysis, 
peak inverter efficiency is about 97% but the efficiency 
at lower speed is 80% - 90% [13]. By using advanced 
switches (SiC) efficiency can be increased to 98% [14].  

Electric motor 

The maximum speed of an electric motor in electric 
vehicles is usually greater than 10000 rpm to achieve 
high power to weight ratio. That is why a single speed 
gearbox is used. Motor peak efficiency can reach 97% 
in peak efficiency operating point. However, a car is 
moving through a large set of operating points and 
make a calculation of overall efficiency hard to 
perform. An efficiency map is a possible solution but 
proprietary manufacturer data is hard or almost 
impossible to find. 

Losses in the electric motor are divided into three 
groups: 

 Copper losses 
 Iron losses 
 Mechanical losses 

Copper losses incur due to current flow through the 
conductor, iron losses arise from eddy current losses 
and hysteresis losses while mechanical losses are 
caused by friction and ventilation. The motor efficiency 
can be enhanced by using materials with lower specific 
losses. 

By analyzing data from car manufacturers, it is 
determined that peak efficiencies of electric motors are 
between 95% and 97%1. 

Gearbox 

Electric cars usually have gearboxes with only one gear. 
A special feature of the electric motor is the ability to use 
full rated torque even for speed near 0 rpm. It is an 
advantage compared to internal combustion engines 
which need few transmission levels. By using only one 
transmission level, the complexity is decreased while the 
overall efficiency is increased. 

Electric car manufacturer Rimac Automobili claims that 
the efficiency of single speed gearbox is greater than 
97% while two-speed gearbox efficiency is greater than 
95%. Moreover, manufacturer BorgWarner Inc. also 
states that the efficiency of single speed gearbox is 
97%. 

DC - DC converter 

A DC-DC converter in an electric car is used to supply 
auxiliary systems (lights, infotainment system, 
electronic systems etc.). It uses energy from the main 
battery pack. Moreover, an auxiliary deep cycle lead 
battery is used to power loads when the car is turned 
off.  

In [15] peak efficiency of the converter is roughly 96%. 
A DC-DC converter in [16] reaches slightly higher 
efficiency. Zhong Nie et al. in [17] suggest a converter 
with the efficiency of 82% - 92% for the power in the 
range 10% - 100% of the rated power.  

By using peak efficiency data from the analysis the 
total calculated efficiency of an electric car is 78%. 

Conventional car efficiency analysis 

Conventional car analysis starts from the petrol station. 
The energy chain includes a reservoir, internal 
combustion engine, gearbox, alternator and auxiliary 
system as it is depicted in  

Figure 2. 

According to [18] the efficiency of internal combustion 
engine is between 28% and 32%. Likewise, the same 
source claims that the overall efficiency of the 
conventional car is between 14% and 30%. On the 
other hand, an author in [19] claims that the efficiency 
of conventional motors is less than 20%. 
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Figure 2. Energy flow in a conventional car. 
 
From the mentioned numbers for conventional vehicles 
and those obtained from electric car analysis for one 

                                                 
1 Data is retrieved from the following manufacturers: Rimac 
Automobili, General Motors Company and Nissan Motor 
Corporation  
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operating point, it is clear that electric car is more 
efficient. 

VEHICLE CONSUMPTION SIMULATION 
US Environmental Protection Agency (EPA) defines 
speed profile for urban (Figure 3) and highway driving 
( 

Figure 4).  

 

 
Figure 3. EPA urban driving cycle (FTP) 

 

 
 

Figure 4. EPA highway driving cycle (HWFET) 

 
Performed tests characteristics are given in  

Table. 

 

Table 1. Performed test characteristics 
 

Test Urban Highway 

Maximum speed, m/s 25.35 26.82 

Average speed, m/s 9.48 18.02 

Distance, km 17.77 16.51 

Duration, s 1874 765 

 

EPA test procedure for testing highway and city driving 
uses a 5 cycle method which includes various cycles 
(FTP75, FTP20, US06, SC03 and HWFET). Each cycle 
represents a specific operating scenario for the vehicle: 

 FTP20 represents a city cycle at ambient 
temperature of -6.7 °C 
 FTP75 represents a city cycle at ambient 
temperature of 23.9 °C 
 HWFET represents highway cycle 

 US06 represents a drive cycle with high speed and 
acceleration 
 SC03 represents a city cycle with air condition load. 

The fuel economy rating is given by combining those 5 
cycles. The actual ratio of individual samples for 
calculating the fuel economy is different for each 
vehicle.  

The fuel economy rating is measured using emission 
and consumption test of a wide variety of cycles. It is 
also necessary to note that simulation of a 5-cycle test 
is very complicated and impractical because a 
temperature model of ICE and EV drivetrain should be 
used for FTP20 and FTP75 tests, as well as cold start 
consumption estimation and vehicle A/C consumption 
should be known. That is why MPG based estimation 
of 5 cycle test from 2 cycle test is used. The expression 
used for 2 cycle to 5 cycle fuel economy conversion in 
urban driving cycle is [2]:  

FTP

cityC

FE

FE
18053.1

003259.0

1
5


                               (3) 

and for highway driving cycle is [2]:  

HWFET

highwayC

FE

FE
3466.1

0.001376

1
5


                  (4) 

where FE represents fuel economy measured in miles 
per gallon (MPG). 

The main idea for calculating vehicle efficiency is to 
simulate fuel consumption for an ideal powertrain with 
vehicle drag parameters and compare the results with 
actual EPA fuel economy data.  

This article presents energy consumption simulation of 
a conventional car manufactured by Mercedes – Benz 
as well as an electric car manufactured by Tesla 
Motors. Car parameters used in the simulation are 
shown in Table. It is important to note that a mass of 
the driver is added to the mass of a vehicle.  

The simulation is used to determine energy 
consumption of vehicles. Losses of vehicle components 
are neglected in the simulation. 

 

Table2. Car parameters used in the simulation. 

 
Mercedes 
CLA250 

Tesla Model 
S 

Mass, kg 1485 + 75 2000 + 75 
crr

2 9.6·10-3 7.15·10-3 
cd

3 0.3 0.24 
Frontal area, 
m2 

2.167 2.399 

Drag area, m2 0.650 0.576 

 

                                                 
2 rolling resistance coefficient 
3 drag coefficient 
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Distance traveled is calculated according to the 
following expression: 

  dtvs                                                                    (5) 

and speed is obtained from the given speed curve 
which is defined by EPA.  

Totally consumed energy for the given speed curve is 
calculated in the following manner: 

  dtPE tot. ,                                                             (6) 

where Ptot. represents a total power of the vehicle 
during constant speed operation or acceleration.  

The total power is consumed on: 

 Rolling resistance losses 
 Air resistance losses 
 Vehicle acceleration 

Rolling resistance coefficients are obtained from the 
declared energy class for tires used in Tesla Model S 
and Mercedes CLA250. Rolling resistance coefficients 
for different energy classes are given in [20]. 

After the calculation of total consumed energy in kWh, 
it is necessary to calculate the energy in gallons 
according to the following expression derived from 
EPA: 

7.33
kWh

gallon
E

E  .                                                       (7) 

Afterwards, that data is used to calculate the efficiency 
of the electric car: 

%100
.


sim

declared
FE

FE .                                            (8) 

RESULTS 

According to presented data in Table, it can be noted 
that the electric car consumes less energy than the 
conventional car. If efficiencies of these two cars are 
compared the electric car is approximately 2.5 times 
more efficient. From that point of view, the electric car 
is a better choice for the consumer.  

By comparing simulation results for two cars one can 
note that the conventional car does not provide a 
possibility to return energy back in the system like an 
electric car. There is an area in Figure 7 and Figure 8 
where consumed energy decreases due to regenerative 
braking. For the conventional car, the flat area only 
exists which means that energy is neither consumed nor 
returned in the car.  

 

Table 3. Results obtained from the simulation. 

 
Mercedes CLA250 Tesla Model S 

Urban 
Highwa
y 

Urban 
Highwa
y 

Energy4 2.17 1.80 1.15 1.49 
5C CC5 98.72 119.41 144.45 139.47 

                                                 
4 in kWh 

5C DC6 26.0 37.0 97.0 100.0 
Efficienc
y 

26.3% 31.0% 67.2% 71.7% 

 

Conventional cars are able to run auxiliary systems and 
A/C with regenerative energy. 

 
Figure 5. Energy consumption of Mercedes CLA250 in 

urban driving cycle. 

 
Figure 6. Energy consumption of Mercedes CLA250 in 

highway driving cycle. 

 
Figure 7. Energy consumption of Tesla Model S in 

urban cycle. 

 
 
 

                                                                            
5 5 Cycle Calculated Consumption in miles per gallon 
6 5 Cycle Declared Consumption in miles per gallon 
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Figure 8. Energy consumption of Tesla Model S in 

highway driving cycle. 

CONCLUSION 

This paper presents a comparison between a 
conventional car and an electric car efficiency. By 
separating an electric car in components and by 
analyzing each component individually, it has been 
determined that each component in the chain has an 
efficiency greater than 80% but overall efficiency of 
the vehicle is roughly 70%. Results obtained for the 
conventional vehicle suggest that it is approximately 
2.5 times less efficient that an electric car. Data 
provided in the analysis are based on peak efficiency 
but a vehicle moves through many operating points, 
thus a component efficiency is constantly changing. 
The future work should focus on direct measurement of 
components efficiency as well as a development of 
methods that will correctly assess their overall 
efficiency. 
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UKUPNA EFIKASNOST ELEKTRIČNIH VOZILA 
 

 Nikša Ćavar, Damir Vuljaj, Mario Vražić 

Rezime: Tema ovog rada je efikasnost električnog i konvencionalnog automobila. U današnje vreme kada većina  
proizvođača automobila razvija prototipove električnih automobila, od velikog je značaja ispitati njihovu 
efikasnost. U radu je analizirana efikasnost glavnih komponenata električnog automobila. Potrošnja energije se 
izračunava uz pomoć simulacije potrošnje energije u ciklusu vožnje gde u obzir nisu uzeti gubici u vozilu, kao i uz 
pomoć tačno definisanih podataka o potrošnji sa gubicima. Ova dva skupa podataka su iskorišćena za 
izračunavanje ukupne efikasnosti. 

Ključne reči: akumulator, konvencionalni automobil, efikasnost, električni automobil.  
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ANALYSIS OF BOWMAN SQUARES USING  
HYBRID BOUNDARY ELEMENT METHOD 
Abstract: The characteristic parameters of the Bowman squares are 
determined using the hybrid boundary element method. Influences of 
different parameters on characteristic impedance values are analysed. 
Also, the case of multilayered dielectric is considered. The results for 
the characteristic impedance have been compared with the results 
obtained by other methods. 

Key words: Bowman squares, characteristic impedance, diamondwise 
struc-ture, finite element method, hybrid boundary element method. 

 

 
INTRODUCTION 

Almost 85 years ago, Bowman calculated in [1] the 
capacitance of the shielded transmission line, with 
cross-section shown in Figure 1, using the conformal 
mapping. This “diamondwise” geometry Riblet called 
“Bowman squares” in [2] and modified the Bowman’s 
procedure in order to avoid the use of complex algebra 
and some capacitance calculation limitations. The 
results of mentioned authors, [1] and [2], are compared 
in [3], where such structure was analysed by Musa and 
Sadiku using COMSOL, a software based on the finite 
element method.  

 

 
Figure 1. Square within a square                     

(Diamondwise structure) 
 

In order to verify those results and to show the 
possibility of using a new approach for modelling the 
considered structure, the hybrid boundary element 
method (HBEM) is used. Up to now, it has been 
successfully applied for quasi-static TEM analysis of 
microwave transmission lines, [4,5]. Also, the 
geometry from Figure 1 is modelled using FEMM 
software, [6], based on the finite element method. 

The characteristic parameters of this shielded 
transmission line for different values of permittivity 
and dimensions will be presented in tables and 
graphically. 

An expansion of Bowman squares structure by adding 
multilayered dielectric is also considered. An influence 

of the inner conductor eccentricity is analysed in this 
paper. 

HBEM APPLICATION 

Applying the HBEM procedure, given in [4], an 
equivalent model for structure from Figure 1 is formed, 
Figure 2.  

 
Figure 2. Equivalent HBEM model for structure from 

Figure 1. 
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where iq 1d  ( uk1,...,1 Ni  ) and jq 2d  ( uk2,...,1 Nj  ) 

are unknown line free charges shown in Figure 2. Index 
“d” denotes line charges placed in dielectric (“d”). 
With ),( 1d1d ii yx  and ),( 2d2d jj yx  are given the 

positions of the equivalent electrodes, and 0  is un-

known additive constant, that depends on the chosen 
referent point for the electric scalar potential.  

The total number of unknowns totN , is denoted by:  

1uk2uk1tot  NNN                                                (2) 
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Using the point matching method for the potentials of 
the inner conductor and shield, the system of linear 
equations is formed. It is necessary to add one more 
equation in order to calculate additive constant. That 
equation has been obtained using the electrical 
neutrality condition: 

0
uk2uk1

1
2d

1
1d  



N

j
j

N

i
i qq .                                               (3) 

After solving a formed system, it is possible to 
determine the capacitance per unit length and 
characteristic impedance of the geometry from Figure 
1. 

NUMERICAL RESULTS 

In [3] the Bowman squares with following dimensions 
and parameters are analysed:  

,1r  mm4a  and .mm1d  

The results convergence for such structure is presented 
in Figure 3. In the same figure, the computation time is 
denoted with dotted line. 

 

 
Figure 3. Results convergence and computation time 

 

It is evident that by increasing the number of unknowns 
the characteristic impedance tends to reach the constant 
value. The computation time is short and includes the 
time necessary to: 

 determine the equivalent electrodes positions,  
 form the system of linear equations,  
 solve that system and  
 calculate the characteristic parameters.  

All following calculations will be done for 1800tot N . 

In Table 1, the results from other researchers have been 
compared with the HBEM and FEMM results. It is 
evident that obtained results are compliant. 

 

 

 

 

Table 1. Comparison of resukts for characteristic 
impedance of Bowman squares 

References ][c Z  

Bowman [1] 56.745 
Riblet [2] 56.745 
Musa & Sadiku [3] 58.079 
FEMM [6]  56.711 
Zheng et al. [7] 56.742 
HBEM 56.725 

 

The equipotential lines for structure from Figure 1 are 
shown in Figure 4.  

 

 
 

Figure 4. Equipotential lines 

 

The influence of the conductor dimension i.e. the 
parameter ad / , as well as the relative permittivity on 
the characteristic impedance distribution is given in 
Figure 5. The obtained results are compared with the 
FEMM results. Excellent results agreement is obtained.  

 
Figure 5. Characteristic impedance distribution versus 

relative permittivity and parameter ad /  
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BOWMAN SQUARES WITH 
MULTILAYERED DIELECTRIC 

HBEM presents a combination of the equivalent 
electrodes method (EEM) and boundary element 
method. The geometry from Figure 1 does not contain 
multilayered dielectric, so the above described and 
applied procedure is actually the EEM. In order to 
show the possibility as well as the main advantage of 
the HBEM in regard to the EEM, the Bowman square 
structure is modified. One additional dielectric layer is 
inserted and the inner conductor is placed eccentrically, 
Figure 6. 

By introducing the total surface charges at the 
boundary surface between two dielectric layers and 
using the additional equations obtained from the 
relation between the normal component of the electric 
field and the total surface charges [4], the geometry 
from Figure 6 is solved.  

 

 
 

Figure 6. Modified Bowman squares 

 

The equipotential lines for following dimension of 
modified Bowman squares: 

6.0/ ab , 1.0/ ad , 1.0/1 ad  and 1.0/2 ad , 

are given in Figure 7 for different values of parameters 

1r  and 2r . 

 

 
(a) 

 
(b) 

Figure 7. Equipotential lines for   
(a) 31r  , 162r  , (b) 161r  , 32r  . 

 

In Table 2, the characteristic impedance values versus 
relative permittivities 1r  and 2r  are given. The 

influences of relative permittivities 1r  and 2r  on 

effective relative permittivity are shown in Figure 8. 
The parameters of considered shielded structure are: 

6.0/ ab , 1.0/ ad , 1.0/1 ad  and 1.0/2 ad . 

The results in Table 2 have been compared with 
FEMM results and they are compliant.  

 

Table 2. Comparison of results for characteristic 
impedance of Bowman squares 

1r  2r  HBEM FEMM 
][c Z  ][c Z  

 
 
1 

1 69.523 69.564 
3 47.536 47.572 
6 35.455 35.483 
11 26.884 26.906 
16 22.520 22.539 

 
 
3 

1 51.032 51.053 
3 40.139 40.163 
6 32.036 32.058 
11 25.294 25.313 
16 21.560 21.577 

 
 
6 
 

1 39.255 39.267 
3 33.584 33.600 
6 28.383 28.399 
11 23.370 23.386 
16 20.329 20.344 

 
 
11 

1 30.285 30.294 
3 27.434 27.444 
6 24.364 24.376 
11 20.962 20.974 
16 18.680 18.693 

 
 
16 
 

1 25.553 25.560 
3 23.767 23.775 
6 21.682 21.692 
11 19.176 19.186 
16 17.381 17.391 
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Figure 8. Effective relative permittivity versus relative 

permittivities 1r  and 2r  

An influence of conductor eccentricity on characteristic 
impedance distribution is shown in Figure 9. By 
increasing the parameters ad /1  and ad /2 , the 

characteristic impedance firstly increases than 
decreases. The parameters of analyzed structure given 
in Figure 6 are:  

6.0/ ab , 1.0/ ad ,  11r   and 7.42r  . 

The characteristic impedance distribution versus inner 
conductor dimension and parameter 2r  is shown in 

Figure 10. By increasing the dimension of the inner 
conductor, as well as the parameter 2r , the 

characteristic impedance decreases. In this case, the 
modified Bowman squares dimensions are: 

0.1/ ab , adadad /5.0// 21   and 11r  . 

 
Figure 9. Influence of conductor eccentricity on 

characteristic impedance distribution 

 

 
Figure 10. Characteristic impedance distribution 

versus parameters ad /  and 2r  

 

Distribution of the polarized charges per unit length 
along boundary surface of two dielectric layers is 
shown in Figure 11 for different values of parameters 

1r  and 2r . The dimensions of modified Bowman 

squares are: 6.0/ ab , 1.0/ ad , 1.0/1 ad  and 

1.0/2 ad . 

 

(a) 
(b) 

Figure 11. Normalized polarized charges distribution for (a) 31r  , 162r  , (b) 161r  , 32r  . 
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CONCLUSION 

This paper presents a quasi-TEM analysis of Bowman 
squares and modified Bowman squares using the 
HBEM. The validity of the HBEM has been 
successfully checked by comparing the characteristic 
parameters results with FEMM software and existing 
results obtained by other researchers. All calculations 
were performed on a computer with dual core INTEL 
processor 2.8 GHz and 4 GB of RAM. 
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ANALIZA BOVMANOVIH KVADRATA  

METODOM HIBRIDNOG GRANIČNOG ELEMENTA 
 

Mirjana Perić, Saša Ilić, Ana Vučković 
 
Rezime: Karakteristični parametri Bovmanih kvadrata određeni su korišćenjem metoda hibridnog graničnog 
elementa. Analizirani su uticaji različitih parametara na vrednosti karakteristične impedanse. Takođe, u radu se 
razmatra slučaj višeslojnog dielektrika. Rezultati karakteristične impedance se upoređuju sa rezultatima dobijenim 
drugim metodama. 
 

Ključne reči: Bovmanovi kvadrati, karakteristična impedansa, dijamantna struktura, metoda konačnog elementa, 
metoda hibridnog graničnog elementa. 
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„50 GODINA FAKULTETA ZAŠTITE NA 
RADU U NIŠU“  
 
 

Pedeset godina postojanja i stalnog razvoja Fakulteta 
kao obrazovne i naučnoistraživačke institucije - jubilej 
je dostojan poštovanja i ujedno prilika da se prisetimo 
istorije Fakulteta, tih vremena krajem šeste i početkom 
sedme decenije prošlog veka kada su entuzijasti, ljudi 
sa vizijom, velikim idejama i progresivnim pogledima 
postavili temelje na kojima i danas čvrsto stoji naš 
Fakultet. Pre pet decenija, 14. 10. 1968. godine, 
održano je prvo predavanje prvoj generaciji upisanih 
studenata, čime je počeo sa radom novoosnovani Odsek 
zaštite na radu Tehničkog fakulteta u Nišu, preteča 
današnjeg Fakulteta zaštite na radu u Nišu. Na 
stranicama ove monografije nalaze se imena prvih 
profesora i prvih studenata Odseka zaštite na radu. 

Zahavaljujući entuzijazmu i naporima svih zaposlenih 
na Fakultetu, od 1968. do danas, Fakultet je rastao i 
razvijao se kao sastavni deo velike akademske 
zajednice, prateći sve promene društva i njegove 
potrebe, posebno u oblasti zaštite čoveka u njegovoj 
radnoj i životnoj sredini. U početku je postojao Odsek 
zaštite na radu, osamdesetih godina formira se Odsek 
zaštite od požara a devedesetih godina Odsek zaštite 
životne sredine. Uvođenjem principa Bolonjske 
deklaracije u nastavni proces na Fakultetu modifikuju 
se postojeći studijski programi i razvijaju novi u 
oblastima upravljanja vanrednim situacijama, 
upravljanja komunalnim sistemom i upravljanja 
zaštitom životne sredine.  

Fakultet je uprkos mnogim izazovima koji su pratili 
njegov razvoj, perioda snažnog uspona ali i stagnacija, 

izrastao u vrhunsku obrazovnu i naučnoistraživačku 
ustanovu jedinstvenog evropskog obrazovnog prostora, 
sa jasno izraženim liderskim ambicijama u obrazovanju 
i nauci u naučnim oblastima Inženjerstvo zaštite 
životne sredine i zaštite na radu i Menadžment i biznis. 
Danas Fakultet ima 41 nastavnika, 14 saradnika i 35 
nenastavnih radnika, kao i preko 1200 studenata. 
Visoke kompetencije nastavnog osoblja, potvrđene u 
naučnoj i stručnoj javnosti, realizacija 10 akreditovanih 
studijskih programa na svim stepenima akademskih 
studija, realizacija velikog broja međunarodnih i 
nacionalnih naučnoistraživačkih projekata garanacija su 
studentima da će ovladati znanjem i veštinama 
neophodnim za obavljanje odgovornog, složenog i 
humanog posla sa zadatkom stvaranja optimalnih 
radnih i životnih uslova, koji će obezbediti opstanak i 
budućnost čovečanstva u savremenim uslovima 
življenja, kada je čovečanstvo izloženo mnogoborjnim 
negativnim uticajima. 

Oslanjajući se na poluvekovnu tradiciju u koju su 
ugrađeni rad, energija i znanje generacija zaposlenih, 
Fakultet je, i u vremenu koje dolazi, spreman da kao 
moderna, fleksibilna visokoškolska institucija 
primenjuje nove standarde u obrazovanju i 
naučnoistraživačkom radu, da se prilagođava razvoju 
društva menjajući i dograđujući studijske programe sa 
ciljem da se ide u korak sa vremenom, savremenim 
zahtevima i naučnotehnološkim dostignućima. U 
narednim evropskim integracijama koje 
podrazumevaju, između ostalog, strogo poštovanje 
regulativa u oblasti zaštite na radu i zaštite životne 
sredine Fakultet i njegovi studenti dobijaće sve više na 
značaju.  

Monografija povodom ovog jubileja svojevrsna je 
zahvalnica idejnim tvorcima i realizatorima ideje o 
osnivanju Fakulteta, kao i svim nastavnicima, 
saradnicima i ostalim zaposlenima koji su radili na 
njegovom razvoju tokom 50 godina postojanja. 
Posebno treba zahvaliti diplomiranim studentima svih 
stepena studija na Fakultetu koji su na svojim radnim 
mestima značajno doprineli unapređenju sistema zaštite 
radne i životne sredine, šireći na taj način ugled našeg 
Fakulteta. 

Ovom monografijom pokušali smo da sačuvamo od 
zaborava i trajno zapišemo sve događaje iz prošlosti 
Fakulteta. Nadamo se da će rezultati prikazani u ovoj 
monografiji biti podsticaj i inspiracija za još veća 
dostignuća nastavnika, saradnika i ostalih zaposlenih na 
Fakultetu. 

Zahvaljujem svima koji su svojim delovanjem doprineli 
razvoju i ugledu Fakulteta, kao i svim kolegama koji su 
učestovali u izradi ove monografije. 

Dekan 

Fakulteta zaštite na radu u Nišu 

Dr Momir Praščević, red. prof. 



          
 

 
 
 

 



 

 
 

 

 

 
 

 



    
 

 

 
 
 
 
 
 
 

 
 
 
 



ALEKSANDAR INŽENJERING D.O.O. 
Novi Sad, Srbija 

Prodaja i servis mernih instrumenata 
http://www.merniinstrumenti.com 

 
TERMOVIZIJSKE KAMERE 
Instrumenti za termovizijsku dijagnostiku 

 
Termovizijska dijagnostika se koristi u tehničke i medicinske 
svrhe, a posebno je našla primenu u zaštiti i bezbednosnim 
sistemima. Termovizijske kamere omogućavaju da ljudsko 
oko sagleda ono što ne može da vidi. Svako telo emituje 
određenu količinu energije koja može da se registruje 
kamerom za termoviziju.  
Na osnovu rezultata snimanja ili posmatranja kroz objektiv 
kamere, registruje se infracrveno ili toplotno zračenje i 
najnižeg stepena, a omogućava se izuzetno precizno merenje 
temperature bez ikakvog kontakta sa objektom čije se fizičke 
karakteristike mere. Na osnovu rezultata dobijenih 
testiranjem moguće je napraviti preciznu evaluaciju 
mehaničkih, termičkih, električnih i bioloških procesa. 
Informacije o struji, voltaži, otporu i energiji su dragoceni za 
adekvatno postavljanje električnih instalacija i njihovo 
puštanje u rad.   
Kineska kompanija Wuhan Guide Infrared, koju na našem 
tržištu zastupa "Aleksandar Inženjering", godinama 
unapređuje tehnologiju registrovanja termalne, odnosno 
infracrvene energije. Termovizijske kamere "Wuhan Guide 
Infrared" su tehnološki superiorni proizvodi, visokih 
performansi i za životnu sredinu neškodljivi. 
 

Za industriju 
TP8 serija 

 

EasIR Serija i EasIR-9 

EasIR Serija je nova infracrvena kamera 
proizvođača Guide, koja pomera granice 
infracrvenog snimanja svojim odličnim 
karakteristikama i niskom cenom. 
Dizajnirana je za rad pod teškim radnim 
uslovima i za korisnike, koji ne moraju 
biti visoko obučeni, EasiR Serija je 
otporna na udarce i robus tna i pod 
najtežim radnim uslovima. 
 

Za medicinu 
Termovizijske kamere vrlo lako i precizno detektuju 
detektuju temperatune razlike pojedinih delova površine tela 
čoveka i životinja i mogu se koristiti u mnogim medicinskih 

granama kao u epidemiologiji, virusologiji, reumatologiji, 
hirurgiji, dijagnostici kancera, metaboličkih bolesti, 
vaskularnih promena, stomatologiji, kao i za otkrivanje 
različitih bolesti i pre nego što su doživeli punu kliničku sliku 
pa je značajna njena uloga u ranom otkrivanju i prevenciji. 

 

 

 
 

Za zaštitu od požara, zaštitu radne i životne sredine 
Protivpožarna ručna termička kamera IR1190 je opremljena 
sa detektorom ultravisoke rezolucije, što joj omogućuje 
prikazivanje slike besprekorne jasnoće, a time se pomaže 
vatrogascima da vide kroz oblake dima i da identifikuju 
moguće žrtve pre nego što do dođe do povrede, ili smrti 

 

Napredna tehnologija infracrvenog merenja temperature vam 
pomaže da odredite tačan izvor vatre, a time da donesete 
tačnu i blagovremenu odluku, koja neće biti ugrožena od 
strane nepreciznosti merenja detektora. Na raspolaganju je i 
bežični prenos video informacija, kojim se može ostvariti 
slanje žive slike iz prve ruke u komandni centar, gde se onda 
mogu doneti brze i precizne odluke. 
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Radovi se predaju u pisanom i elektronskom obliku. 
Obim rukopisa je ograničen na osam dvokolonskih stranica 
formata A4.  
Templejt za pisanje radova se nalazi na sajtu časopisa:  
 

www.safety.ni.ac.rs  
 

Radove pripremljene prema uputstvu za štampanje slati na 
adresu:  
Časopis Safety Engeenering 
Čarnojevića 10 a, 18000 Niš 
ili elektronskim putem na e-mail adresu:  
 

casopis@znrfak.ni.ac.rs 
 

Za sva dodatna pitanja obratiti se na telefon:  
 

018/529-850 
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