
Zrenjanin, Serbia, August 24-26, 2023.

PROCEEDINGS



University of Novi Sad 

Technical Faculty  

“Mihajlo Pupin” 
Zrenjanin, Republic of Serbia 

 

 

 

 

 

 

 

 

 

 

 

 

II International Conference 

on Physical Aspects of 

Environment ICPAE2023 
 

 

 

Proceedings 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zrenjanin, 24 – 26th, August 2023. 



II 

 

Proceedings of the II International Conference on Physical Aspects of 

Environment ICPAE2023 
 

 

Conference Organizer:  

Technical Faculty ''Mihajlo Pupin'', Zrenjanin, University of Novi Sad, Serbia  

 

Publisher:  

Technical Faculty ''Mihajlo Pupin'', Zrenjanin, University of Novi Sad, Djure Djakovića bb, 

Zrenjanin, Serbia  

 

For Publisher:  

Milan Nikolić, Dean of Technical Faculty ''Mihajlo Pupin'', Zrenjanin, Serbia  

 

Editor:  

Darko Radovančević, Technical Faculty ''Mihajlo Pupin'', Zrenjanin, Serbia  

 

Co-Editor:  

Saša Jovanović, University of Novi Sad, Technical Faculty "Mihajlo Pupin", Zrenjanin, 

Serbia 

Ljubiša Nešić, Faculty of Sciences and Mathematics, Nis, Serbia  

 

Technical preparation:  

Luka Djordjević, Technical Faculty ''Mihajlo Pupin'', Zrenjanin, Serbia 

Milan Marković, Technical Faculty ''Mihajlo Pupin'', Zrenjanin, Serbia 
 

 

CIP Classification: 

 

 

 

 

 

 

 

 

 



III 

 

SCIENTIFIC PROGRAM COMMITTEE  

 

• Darko Radovančević, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia – President of the Scientific Program Committee 

• Ljubiša Nešić, University of Nis, Faculty of Sciences and Mathematics, Nis, Serbia - 

Vice President of the Scientific Program Committee 

• Saša Jovanović, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia 

• Đorđe Vučković, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia 

• Bogdana Vujić, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia 

• Višnja Mihajlović, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia 

• Ljiljana Radovanović, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia 

• Jelena Stojanov, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia 

• Jasna Tolmač, University of Novi Sad, Technical Faculty "Mihajlo Pupin", Zrenjanin, 

Serbia 

• Ljubiša Đorđević, University of Nis, Faculty of Sciences and Mathematics, Nis, 

Serbia 

• Vesna Nikolić, University of Nis, Faculty of Occupational Safety, Nis, Serbia 

• Tatjana Jovanović, University of Nis, Faculty of Medicine, Nis, Serbia 

• Milan Pantić, University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia 

• Miodrag Krmar, University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia 

• Nataša Todorović, University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia 

• Jovana Nikolov, University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia 

• Nikola Jovančević, University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia 

• Dragan Markušev, Institute of Physics, Belgrade, Serbia 

• Zoran Mijić, Institute of Physics, Belgrade, Serbia 

• Robert Repnik, University of Maribor, Faculty of Natural Sciences and Mathematics, 

Maribor, Slovenia 

• Vanja Radolić, Josip Juraj Strossmayer University of Osijek, Department of Physics, 

Osijek, Croatia 

• Diana Mance, University of Rijeka, Department of Physics, Rijeka, Croatia 

• Slavoljub Mijović, University of Montenegro, Faculty of Science and Mathematics, 

Podgorica, Montenegro 

• Lambe Barandovski, Ss. Cyril and Methodius University, Faculty of Natural Sciences 

and Mathematics, Skopje, North Macedonia 

• Snježana Dupljanin, University of Banja Luka, Faculty of Natural Sciences and 

Mathematics, Banja Luka, Bosnia and Herzegovina 

• Senad Odžak, University of Sarajevo, Faculty of Science, Sarajevo, Bosnia and 

Herzegovina 

 

 

 

 



IV 

 

ADVISORY COMMITTEE 

 
• Vjekoslav Sajfert, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia – President of the Advisory Committee 

• Goran Đorđević, University of Nis, Faculty of Sciences and Mathematics, Nis, Serbia 

– Vice President of the Advisory Committee 

• Milan Pantić, University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia 

 
ORGANIZING COMMITTEE: 

 

• Dragica Radosav, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia – President of the Organizing Committee 

• Darko Radovančević, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia – Vice President of the Organizing Committee 

• Ljubiša Nešić, University of Nis, Faculty of Sciences and Mathematics, Nis – Vice 

President of the Organizing Committee 

• Milan Marković, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia – Secretary of the Organizing Committee 

• Luka Đorđević - University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia – Secretary of the Organizing Committee 

• Katarina Ivanović, University of Novi Sad, Technical Faculty "Mihajlo Pupin", 

Zrenjanin, Serbia 

• Marija Pešić, University of Novi Sad, Technical Faculty "Mihajlo Pupin", Zrenjanin, 

Serbia 

• Jasna Tolmač, University of Novi Sad, Technical Faculty "Mihajlo Pupin", Zrenjanin, 

Serbia 

• Lana Pantić Ranđelović, University of Nis, Faculty of Sciences and Mathematics, Nis, 

Serbia 

• Teodora Crvenkov, University Clinical Centre of Serbia, Belgrade, Serbia 

• Ognjen Popović, Mining institute, Belgrade, Serbia 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V 

 

 

INTRODUCTION 
                                                                                                                                             

 

 

 

II International Conference on Physical Aspects of Environment ICPAE2023, 24-26th 

August 2023, was organized by the Technical Faculty "Mihajlo Pupin" from Zrenjanin. The 

members of the scientific program, advisory and organizational committee of the conference 

were distinguished professors and researchers from the University of Novi Sad, the University 

of Niš, the Institute of Physics in Zemun, the University of Maribor, the University of Josip 

Juraj Štrosmajer in Osijek, the University of Montenegro, the University of St. Cyril and 

Methodius" from Skopje, the University of Banja Luka and the University of Sarajevo. 

 

The conference was opened by Prof. Dr Milan Nikolić, dean of the Technical Faculty, 

"Mihajlo Pupin", in the presence of conference participants, members of the conference board 

and guests from abroad. After the ceremonial opening of the presentation of papers, the 

conference was led by: Marija Pešić, Ph.D., Slavoljub Mijović, Ph.D., Lambe Barandovski, 

Ph.D., Đorđe Vučković, Ph.D., Saša Jovanović, Ph.D. 

 

36 papers were presented at the conference: 15 papers from abroad, 21 from Serbia. Invited 

lectures were given by: 

 

• Irena Zlatanovska, Faculty of Science, University of St. Cyril and Methodius, North 

Macedonia; 

• Slavoljub Mijović, Faculty of Science, University of Montenegro, Montenegro; 

• Diana Mance, Faculty of Physics, University of Rijeka, Croatia; 

• Abdullah Akšamović, Faculty of Electrical Engineering, University of Sarajevo, 

Bosnia and Herzegovina; 

 

Other papers were submitted for shorter oral presentations.  

 

The conference brought together eminent participants who shared the results of their research, 

ideas and achievements related to the most current topics in the fields of: geophysics, 

environmental modeling, air pollution, the greenhouse effect, global warming and climate 

change, radiation and the environment, energy efficiency and sustainable development, 

environmental physics and education. 
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Assistant Professor Darko Radovančević, Ph.D. 
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Terrestrial Radioactivity in the City of Bitola and Its 

Environs 

Irena Zlatanovska1*, Trajče Stafilov2, Robert Šajn3, Bojana Dimovska Gonovska4, 

Snežana Dimovska5, Jovan Janusheski5, Lambe Barandovski1 

1Institute of Physics, Faculty of Natural Sciences and Mathematics, Ss Cyril and 

Methodius University in Skopje, POB 162, 1000 Skopje, Republic of Macedonia 
2Institute of Chemistry, Faculty of Natural Sciences and Mathematics, Ss Cyril and 

Methodius University in Skopje, POB 162, 1000 Skopje, Macedonia 
3 Geological Survey of Slovenia, Dimičeva ul. 14, 1000 Ljubljana, Slovenia 

4 Scientific Tobacco Institute, St. Kliment Ohridski University, Kičevska bb, 7500 

Prilep, Macedonia 
5Republic Institute for Health Protection, 50 Divizija 6, 1000 Skopje, Macedonia 

zlatanovskairena@gmail.com   

Abstract. For the purpose of a comprehensive investigation of soil radioactivity in the Bitola 

region, Republic of Macedonia, topsoil samples were collected from 58 locations within a 

5x5 km grid. The radioactivity level was measured using a gas-flow proportional counter, 

resulting in data that shows the gross alpha and beta activities. In order to obtain information 

regarding the type and activity concentrations of radionuclides present in the studied area, 

gamma spectrometry analysis was conducted. The obtained data revealed significant 

variability in activity concentrations. The median values of activity concentrations for 40K, 
226Ra, and 232Th were found to be higher than the global medians. The absorbed dose rate in 

the air and the annual effective dose rate calculations were used to evaluate the radiological 

health effects of the observed soil radioactivity. Colored maps were prepared to show the 

spatial distribution of radionuclides and the annual dose rate for the investigated area.  

Keywords: soil, radioactivity, activity concentration, proportional counting, gamma 

spectrometry 

INTRODUCTION 

Whether predetermined by geology or by human activity, the presence of radionuclides 

in soil and their radiological impact on the population should be investigated. In Macedonia, 

the Institute for Health Protection maintains regular monitoring of the radioactivity level in 

soils from several locations. A detailed investigation based on a large number of soil 

samples collected from a regular grid exists only for Kavadarci, Veles, and their environs, 

but such an investigation has not been conducted for the entire territory. The results derived 

from such a comprehensive investigation will establish a reference for future comparisons 

of soil radioactivity levels, while also providing insights into potential rises in industrial, 

nuclear, and other human activities [1,2]. 

mailto:zlatanovskairena@gmail.com
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EXPERIMENTAL 

Study area 

The region investigated in this study is located in the southwest part of Macedonia, and 

it covers an area of 1400 km2 (Fig. 1a). Located in the middle part of the Pelagonia Valley 

and surrounded by mountains and hills, the town of Bitola is the main urban center of the 

examined area. The existence of coal-lignite deposits throughout the studied area enabled 

the establishment and operation of the Thermoelectric power plant “REK Bitola”, located 

12 km east of Bitola. With a capacity of 700 MW, it satisfies 70% of the electricity demand 

in Macedonia. The geological map of the studied area (Fig. 1b) reveals various types of 

rocks that belong to two distinct geological units. Granites, gneisses (predominantly 

muscovite gneiss), and schists are part of the Pelagonian massif. The West-Macedonian 

zone consists of rocks formed during the Paleozoic era, including low metamorphic schists 

and granite rocks. Along Crna Reka, which is the border between the two geological units, 

there are quaternary alluvial and diluvial sediments [3,4]. 

  
a b 

 
Figure 1. Location (a) and geological map of the study area (b). 

Sampling and analyses 

For this study, a total of 58 soil samples were collected from locations within a dense 

grid of 5x5 km. Each sample is a mixture of five subsamples collected from the upper 5 cm 

in uncultivable areas or from the 0-30 cm depth range in cultivable areas. Following 

adequate soil processing, samples were prepared for the measurement of gross alpha and 

beta activity, each containing 100 mg of soil, spread in an aluminum planchette, fixed with 

acetone, and dried under an infrared lamp. Gamma spectrometry samples comprise 150 g 

of soil packed into cylindrical containers, tightly sealed, and kept for 30 days before 

measurement to achieve secular equilibrium between 226Ra and its short-lived progeny [5]. 

WPC 1050 gas-flow proportional detector manufactured by Ortec was used to determine 

the gross alpha and beta activity. The counting time was 100 min. Gamma spectrometry 
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samples were measured with a P-coaxial, high-purity germanium detector (Canberra 

Packard). The counting time for each sample was 60 000 s. The three most important natural 

radionuclides, 40K, 226Ra, and 232Th, as well as the artificial 137Cs, were identified in the soil 

samples. 40K and 137Cs activity concentrations were calculated using their single gamma-

ray lines. The weighted mean of its progeny activity concentrations with multiple gamma-

ray lines of 214Pb and 214Bi were used to determine the activity concentration of 226Ra. 

Separate gamma-ray lines of 228Ac, 212Pb, and 208Tl were used to determine the activity 

concentration of 232Th. 

For an assessment of radiological health effects, from the obtained activity 

concentrations of all identified isotopes, the gamma dose rate in the air 1 m above the 

ground and the annual effective dose rate were calculated. 

RESULTS AND DISCUSSION 

Descriptive statistics for activity concentrations of 40K, 226Ra, 232Th, and 137Cs, gamma 

dose (D), and effective dose rates (H), including arithmetic mean, median, minimum, and 

maximum, arithmetic standard deviation, and mean absolute deviation, are presented in 

Table 1. 

Gross alpha activity ranges from 120 Bq/kg to 710 Bq/kg, while gross beta activity 

varies between 580 Bq/kg and 1550 Bq/kg. The obtained values for the median of gross 

alpha and gross beta activities are 420 Bq/kg and 1030 Bq/kg, respectively. The presence 

of naturally occurring alpha and beta emitters in the uranium (226Ra) and thorium (232Th) 

series predetermined the spatial distribution of gross alpha and beta activities (Figs. 2a and 

2b). The spatial distribution of beta activity is also influenced by 40K and 137Cs. 

The minimum activity concentration of 40K is 290 Bq/kg, and the maximum activity 

concentration is 1200 Bq/kg. The obtained median value is 640 Bq/kg. Higher activity 

concentrations of 40K are related to igneous rocks, especially granite. The application of 

fertilisers containing the essential nutrient potassium to enhance plant growth may 

contribute to the observed higher concentrations of 40K in the cultivable area (Fig. 2c). 

The activity concentration of 226Ra increases with the age of the rocks [6]. Pelagonian 

massif, with rocks dating from the Proterozoic eon, has the highest activity concentration 

of 226Ra (Fig. 3a). The median value for the activity concentration of 226Ra is 43 Bq/kg and 

it ranges from 21 Bq/kg to 87 Bq/kg. Fly ash from the burned lignite enriched with 

radioactive material and concentrated at the surface of the soils may be the reason for 

increased concentrations of 226Ra in the valley, but further investigations of multilayer soil 

samples from different distances from REK Bitola can provide a better insight [7]. 

The minimum and maximum activity concentrations of 232Th are 21 Bq/kg and                  

78 Bq/kg, with a median value of 49 Bq/kg. Comparing Fig. 3a and Fig. 3b, consistency in 

the spatial distribution of 226Ra and 232Th can be found. 232Th activity concentration is 

greater in regions with acid igneous rocks and sediments along Crna Reka formed by 

erosion, where the clay content leads to enhanced adsorption of thorium [8].  

All of the natural isotope activity concentrations found in this study are higher than the 

global median values of 400 Bq/kg, 35 Bq/kg, and 30 Bq/kg for 40K, 226Ra, and 232Th, 

respectively [9]. 

 

 



Irena Zlatanovska, Trajče Stafilov, Robert Šajn, Bojana Dimovska, Snežana Dimovska, Jovan 

Janusheski, Lambe Barandovski 

5 

 
Table 1. Descriptive statistics of the obtained data. 

 Unit X Md Min Max S 

α Bq/kg 440 420 120 710 140 

β Bq/kg 1040 1030 580 1550 230 
40K Bq/kg 650 640 290 1200 160 

226Ra Bq/kg 46 43 21 87 13 
232Th Bq/kg 51 49 21 78 13 
137Cs Bq/kg 72 36 1,7 330 71 

D nGy/h 88 87 44 131 18 

H mSv/a 0,11 0,11 0,054 0,16 0,022 

X–arithmetic mean, Md-median, Min-minimum, Max-maximum, S-arithmetic standard 

deviation 

   
a b c 

Figure 2. Spatial distribution of the gross alpha activity (a), gross beta activity (b), and the 

specific activity of 40K in the soils from the investigated area (c). 

   
a b c 

Figure 3. Spatial distribution of the activity concentration of isotopes: 226Ra (a), 232Th (b), and 
137Cs in the soils from the investigated area (c). 
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The activity concentration of 137Cs varies widely (1,7 Bq/kg-330 Bq/kg), with a median 

value of 36 Bq/kg. This radionuclide, originating from the nuclear accident in Chernobyl, 

was accumulated in soils by wet deposition. Fig. 3c clearly shows that 137Cs activity 

concentration is minimal in the Pelagonian valley, while soils from the surrounding 

mountains, which usually record higher amounts of precipitation, despite years of washing 

out and redistribution, still have the highest activity concentration [10]. 

The obtained gamma dose rate varies in the range from 44 nGy/h to 131 nGy/h with a 

median of 87 nGy/h. In comparison to the results from the Kavadarci region study, the 

obtained median is slightly greater than the Kavadarci region's median (61 nGy/h), and the 

maximum value for gamma dose rate is slightly lower (gamma dose rates for Kavadarci 

varies between 42 nGy/h and 168 nGy/h). The region of granite rocks in both geological 

units is characterized by the highest values of annual effective dose which ranged between 

0,054 mSv/a to 0,16 mSv/a with the median value of 0,11 mSv/a. 

CONCLUSION 

The results from this study show that the activity concentration of all the natural 

radionuclides is strongly influenced by the geology of the area and the highest concentration 

is related to igneous rocks, especially granite. The annual effective dose rate is within 

normal limits, and there is no significant radiological risk to the population.  
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Abstract. Global climate change is one of major concern of modern society. To estimate this 

change usually one estimates the global mean temperature.  Measuring and calculating the 

Earth’s average temperature are multi-steps complex processes which combine data from 

various sources and use statistical techniques. Nowadays, the dataset containing the space-

time data about Earth’s temperature is readily to use. Although scientists claim that to be able 

to achieve an accuracy of a few tenths of a degree, the main question is, does the global mean 

temperature make sense at all? It is shown that existing methodology of determining the global 

mean temperature is quite inappropriate for the estimation of climate change and in long term 

creating wrong science. A new methodology is introduced, concerning energy budget of 

heating and cooling of the Earth. The total influence of the atmosphere can be easily estimate 

by comparison with the Moon’s temperature as a bare body. The ‘potential temperature for 

cooling’ is introduced as a right parameter to estimate global warming trend and climate 

change.        

Keywords: Tte Earth’s temperature, climate change, global warming, methodology, energy 

budget 

INTRODUCTION 

By climate system we primarily mean the land, ocean, ice on the surface of the Earth 

together with the atmosphere that overlies it and the radiation from the Sun that provides 

energy. All of these interact, to produce the conditions on and around the surface of our 

planet that we call the climate [1]. Averaging physical quantities which characterize these 

conditions in space and time defines the climate. Typically these statistics are calculated 

over a period of 30 years [2]. The physical quantities taken into account are the surface 

temperature but also precipitation, cloud cover, wind field, etc.  

The major task as Klaus Hasselmann, Nobel Laureate for physics in 2021, said is the 

detection problem, often viewed as a task of identifying the most sensitive climate index, 

from a large set of potentially available indices, for which the anticipated climate change 

signal can be most readily distinguished from the natural climate noise. Global or regional 

mean surface temperature, vertical temperature differences, sea ice extent, sea level change, 

and integrated deep ocean temperatures are examples of indices [3]. Anyway, measuring 

and reconstructing the global mean temperatures remain the main task of many world’s 

prominent organizations, like NASA Goddard Institute for Space Science, National 

Oceanic and Atmospheric Administration (NOAA) and the Hadley Centre of the UK Met-

mailto:slavom@ucg.ac.me
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Office [4]. These organizations analyze the data to determine the average temperature of the 

Earth's surface over a specific period, usually on an annual basis or over longer time spans. 

 Measuring and calculating the global mean temperature involves collecting temperature 

data from various locations around the world and then averaging these values to get the 

overall temperature. Basically, the globe is divided in many space cells and for each grid 

cell the anomaly-the difference of the measured and the usual temperature on that day, is 

calculated. Finally, the average of all anomalies is calculated and compared with other 

years. It's important to note that this process can be complex and requires sophisticated 

methods to handle issues like data quality, spatial and temporal gaps, and biases. Further, 

it's worth mentioning that the calculation of the global mean temperature is an ongoing 

scientific endeavor, and various organizations might use slightly different methodologies 

and datasets, leading to some variations in the reported global mean temperature values. 

Although scientists claim that to be able to achieve an accuracy of a few tenths of a degree 

[1,5] the general public concern and scientific debate still continue.  

The focus of this paper is to analyze and answer a simple question: Does the global mean 

temperature make sense?  

THE CURRENT METHOD 

By summing and thereafter averaging the temperatures in different regions of the Earth’s 

surface, we get a quantity which has no direct physical meaning. To say in another way, the 

given quantity is a pure statistical indicator insensitive to climate change and so far is 

interpreted in a wrong way. Below are listed examples (thoughtful experiments) that support 

this claim. 

Thoughtful Experiments 

A Simple Proof about Inadequacy of the Current Methodology 

Imagine that the Earth is heated in a such way that has uniformly distributed moderate 

temperature,  𝑡𝐸𝑎𝑟𝑡ℎ = 15 ℃. Now, if the Earth experiences severe climate change so, that 

one half has the mean temperature,  𝑡1 = 0℃, and the other,   𝑡2 = 30 ℃, we still have the 

same mean temperatures ,  𝑡𝐸𝑎𝑟𝑡ℎ =
(𝑡1+𝑡2)

2
= 15 ℃. We can conclude that there are infinity 

number of temperature distributions, which actually reflects climate change, although we 

calculate the same mean temperature. Insensitivity the mean global temperature to climate 

change is obvious.  

A Spatial Temperature Distribution is Important 

To calculate the Earth’s temperature one can use different models but all models are 

based on energy balance budget between heating the Earth with solar shortwave radiation 

and the Earth’s cooling with long-wave infra-red (IR) radiation. In the simplest way for the 

Earth without atmosphere and in equilibrium of incoming and outgoing fluxes, one can 

easily calculate the mean temperature of Earth surface as: 
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𝑇𝐸𝑎𝑟𝑡ℎ = √
(1−𝛼)𝑆

4

4
≈ 255𝐾 = −18℃,                                    (1) 

  

where are 𝑆 = 1.361 kW/m2 −solar constant, 𝜎 = 5.67 ∙ 10−8 Wm−2K−4 − Stefan-

Boltzmann constant, and 𝛼 ≈ 0.3 − the Earth’s albedo. This temperature, usually named as 

effective or sometimes radiometric, is of course far away from the real Earth’s temperature 
(13.9 ℃),  emphasizing the role of the atmosphere [6]. Two problems immediately arise 

here that make these comparisons pointless. First, the albedo is different for a bare planet 

and planet with atmosphere. Second, such calculated temperature as in formula (1), 

implicitly implies uniformly heated planet that actually never happened in reality.  

      To underline the importance of spatial temperature distribution, let's consider one such 

drastic case. Imagine, for the sake of simplicity, that only one side of the planet is uniformly 

heated and the other side remains cold 𝑇2 ≈ 0 K. The temperature of the first side is easily 

calculated by the equation (1), only four in the denominator is replaced by two, 𝑇1 ≈ 303 K. 

So, the global mean temperature, with the same source of heating, is now,  𝑇𝐸𝑎𝑟𝑡ℎ =
(𝑇1+𝑇2)

2
≈ 152 K‼!  

A Temporal Temperature Distribution is Important 

       Imagine that the planet heated uniformly half of the time with two Suns, 2𝑆, and half 

of the time without heating i.e averaging in time, we have one Sun. If we further suppose 

that the body has small heating capacity and immediately cooling without the heating 

source, we get again the same results as in the previous example. Thus, one can conclude 

that any spatial and temporal temperature distribution lead to decreasing the global mean 

temperature. It does not mean the mandatory cooling of the planet. 

THE PROPOSED METHOD 

The basic idea is a finding link between energy balance and global temperature. Due to 

complexity of the atmosphere influence, let us firstly analize a ’bare’ planet like the Moon. 

It is at the same distance from the Sun as the Earth, so solar constant is the same. Its albedo 

is 0.12, thus the average temperature can be easily calculated using the zeroth order model 

[6]: 𝑇𝑀𝑜𝑜𝑛 = 270 K. Since the temperature distribution is very inhomogeneous and the 

cooling of each point on the surface is proportional to the fourth degree of temperature, it 

is necessary to have these values at every moment of time and at every point on the surface 

to calculate the outgoing energy flux. So, theoreticaly one can calculate the outgoing energy 

flux of cooling by integrating in a certain period  of time the flux from all point of the 

surface. At the balance point the total incoming energy flux in a certain period of time is 

equal to the outgoing energy. The same method is analogously applicable to the Earth. 

 

Fortunately, for the Earth we have the dataset of the surface temperatures with some 

spatial and temporal steps, readily to use. Because of presence of the atmosphere, the 

cooling is mainly by convection, but one can introduce ‘the potential cooling’ by radiation 
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i.e simulate the case of absence the atmosphere.  Thus, the formula of the energy equilibrium 

is: 

 ∑ 𝛥𝑆𝑖

𝑁

𝑖=1

(∑ 𝜎𝑇𝑗
4𝛥𝑡𝑗

𝑀

𝑗=1

) = 𝐹𝑖𝑛𝑆𝐸𝑎𝑟𝑡ℎ𝜏, (2) 

Where are 𝛥𝑆𝑖 − the area of 𝑖 cell, 𝑁 −total number of the grid cells, 𝛥𝑡𝑗 − 𝑗 time step, 

𝑀 −total number of time steps in the chosen time period, 𝜏 = ∑ 𝛥𝑡𝑗
𝑀
𝑗=1 ,  𝐹𝑖𝑛[W/

m2] −incoming energy flux to the Earth’s surface, 𝑆𝐸𝑎𝑟𝑡ℎ = ∑ 𝛥𝑆𝑖
𝑁
𝑖=1 −the area of the 

Earth’s surface.  

      Now, the total influence of the atmosphere, like greenhouse effect, can be easily 

calculated as the difference between ‘the potential cooling energy’, given by the term on 

the left side of the equation (2), and total incoming energy that the Earth would receive in 

that period of time without atmosphere. In this case the value for albedo is changed to the 

value of albedo of the Earth surface, 𝛼𝐸𝑎𝑟ℎ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ≈ 0.2 [7]. For the constant ‘potential 

cooling energy’, the global mean temperature can serve as a measure for redistribution 

temperature field around the globe. 

      So, the proper way to calculate the Earth’s temperature in a certain period of time, to 

estimate climate change (warming or cooling), is  

∑ 𝛥𝑆𝑖
𝑁
𝑖=1 (∑ 𝜎𝑇𝑗

4𝛥𝑡𝑗
𝑀
𝑗=1 ) = 𝑆𝐸𝑎𝑟𝑡ℎ  𝜎𝑇𝑃.𝐶

4 𝜏.                                    (3) 

This temperature, 𝑇𝑃.𝐶 , one can call the ‘effective temperature for potential cooling’. 

Previous parameter-the global mean temperature could serve as an indicator for spatial and 

temporal temperature redistribution.  

CONCLUSION 

Here comes the conclusion that current methodology for estimating global warming and 

climate change by calculating the global mean temperature is not adequate. The main reason 

is that there is not direct conection with the energy balance. Mathematicaly, this 

inconsistency is the consequence that the global mean temperature is linear combination of 

other temperatures and energy budget is higly non-linear and depends on the forth power of 

temperatures. The proper method is introduced and its testing would give a new insight to 

climate change with the existing datasets. The reference point could be chosen in the pre-

industrial time (1850), i.e. establishing carfully the’natural’ greenhouse effect and evolution 

of climate change and global worming could be folowed by the change of the ’effective 

temperature for potential cooling’.      
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Abstract. Karst relief is formed by the dissolution of soluble rocks such as limestone, 

dolomite, and gypsum. This type of dissolution process results in highly permeable and 

complex aquifer systems that are recognized as important sources of fresh water in many parts 

of the world. Due to the heterogeneity and anisotropy of subsurface networks, the study and 

description of karst aquifers is extremely difficult. We provide an overview of the 

groundwater age problem and methods for estimating mean residence time (MRT). MRT is 

one of the most important pieces of information about karst aquifers and is critical for 

assessing the risks of groundwater contamination. 

Keywords: karst, isotopic techniques, groundwater, mean residence time 

INTRODUCTION 

Karst is a particular area consisting of a surface relief and a complex subsurface network 

of fissures, cavities, cracks, and channels formed and expanded by the movement of water 

and its powerful chemical and physical action on soluble carbonate rocks (e.g., limestone, 

chalk, dolomite, gypsum, and salt) [1]. It is estimated that karst accounts for up to 20% of 

the earth's ice-free land and that about 25% of the world's population relies on drinking 

water from karst systems [2]. In many countries on the European continent, the entire 

population living in karst areas obtains drinking water from karst water resources, and in 

some cases (e.g., Austria, Slovenia, Bosnia and Herzegovina, Montenegro) the share of 

karst water in the total water supply exceeds the share of carbonate deposits in the total area 

of the country [3]. 

An aquifer is a rock (or sediment) formation that contains significant amounts of water. 

Typical of the karst aquifer is the so-called dual porosity, which refers to a rock matrix with 

numerous small fissures in which a network of wide channels is laid out. Consequently, the 

karst aquifer is also characterized by dual flow: slow and laminar in the rock matrix and 

fast and turbulent through wide conduits. 

The process of "self-purification" in karst aquifers is poor because the surface of the 

karst is usually covered with a thin layer of soil and there are often completely bare rocks. 

Therefore, potential contaminants can easily enter the groundwater and then quickly travel 

long distances to karst springs. The high sensitivity to anthropogenic activities and potential 

pollution requires a good knowledge of karst aquifers, and the residence time of water in 

the subterrain is a good indicator of this sensitivity. 

mailto:diana.mance@uniri.hr
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HOW OLD IS GROUNDWATER? 

We cannot give a simple answer to the question of the age of groundwater. In fact, there 

is already a problem with the term "age of groundwater" itself. When we talk about the 

"age", we intuitively think of human age, which refers to the time from birth to the moment 

we ask the question. In the case of groundwater, the sample taken at the spring represents a 

mixture of waters from different precipitation events that have spent different amounts of 

time in the subsurface. Therefore, the age of groundwater cannot have a definite unique 

value, and we should distinguish between “idealized water age”," “tracer age,” and 

“residence time” [4]. 

The idealized water age is close to what we intuitively perceive as age. It is defined as 

the time difference between the time the parcel of water (an infinitesimally small volume 

of water) passed the groundwater table and the time of sampling, assuming that no mixing, 

diffusion, or dispersion occurred during the parcel's journey through the underground [4]. 

Since mixing of water occurs in all parts of the hydrologic cycle, and even the water 

molecule itself changes during the cycle, the above assumption is highly problematic. 

At the moment there is no way to determine the age of the water itself, but for that we 

resort to tracers (either isotopes of the water or certain substances that are transported in a 

similar way as the water). But we must be aware that this is essentially how we determine 

the age of the tracer. It is also important to keep in mind that a particular tracer can only be 

used for a certain time range. For example, CFC/SF6 can be used for modern groundwater 

with an expected time span of 10–40 years, tritium for an expected time span of 1–50 years, 

and stable water isotopes for recently recharged water with an expected time span of 0.1–3 

years [4]. Since karst springs can respond very quickly to rain events, it can be assumed that 

the water at the springs is young and stable water isotopes are suitable tracers for karst water 

dating. The age of water and tracer is comparable only if both water and tracer exhibit the 

same behavior. When converting a measured value to a tracer age, numerous interpretations 

of the age can be made. This problem can only be solved by using multiple tracers. 

The residence time is the time the substance spends in the volume: 

 
𝑡 =

𝑉

𝐽
, 

(1) 

where: 

V – a control volume (m3); and 

J – the flux through the control volume (m3/y). 

 

In groundwater systems, the position of the control volume and the flow field within the 

control volume have a significant impact on residence time. 

From the above, it is clear that there is a discrepancy between the ages of the real water 

samples, which are actually a mixture of idealized ages, the concept of age as a time 

difference attributed to a water parcel, and the concept of residence time. This discrepancy 

can be overcome through the use of models. The models most commonly used in water 

dating are the so-called "lumped parameter models". 

The stable isotopes of water and the aforementioned models will be discussed in more 

detail in the next two subsections. 
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Stable isotopes of water  

Hydrogen has two stable isotopes: 1H and 2H (deuterium). 1H accounts for 99.98% and 
2H for 0.02% of the total stable hydrogen in nature. Oxygen has three stable isotopes, but 

we will deal only with 16O (99.76% of the total stable oxygen in nature) and 18O (0.2% of 

the total stable oxygen in nature). The most common stable configurations of water 

molecules in nature are: 1H1H16O, 1H2H16O and 1H1H18O. 

The stable isotopic composition of water is expressed by δ2H and δ18O values. The δ-

value is defined as: 

 
𝛿(‰) =

Rsample-Rstandard

Rstandard

, 
(2) 

where: 

Rsample – ratio of the heavier and lighter isotopes (18O/16O; 2H/1H) in the sample; and 

Rstandard – ratio of the heavier and lighter isotopes (18O/16O; 2H/1H) in the standard. 

 

Isotope ratio mass spectrometry (IRMS) and laser absorption spectroscopy are 

commonly used for the accurate measurement of small differences in the abundances of 

hydrogen and oxygen isotopes in water samples, i.e., for the determination of their δ-values. 

In addition to dating karst water, δ2H and δ18O are also used in isotope hydrology to 

study karst recharge processes and reservoir mixing [5–9], to study vadose water mixing 

and storage in non-conduit parts of karst systems [10], for estimating average elevation of 

the recharge area [11,12], but also in more unconventional ways as a basis for managing 

water commons [13], and as a possible predictor of marine microbial pollution and 

differentiation [14,15].  

Lumped parameter models 

The water of a karst spring contains an immense number of water molecules from many 

different precipitation events. The karst groundwater flows rapidly through channels and 

slowly through the porous matrix where most of the recharged water can be stored for a 

long time. As a result, the spring water may contain water with different residence times. 

The mean residence time (MRT) of groundwater is the mass-weighted average residence 

time of all water discharged to a spring at a given time.  

Mathematical models help us to describe an average value for a mathematically 

specified combination of different ages. In lumped parameter models, the convolution 

integral relates the output tracer to the input tracer [16]: 

 
𝐶𝑜𝑢𝑡(𝑡) = ∫ 𝐶𝑖𝑛(𝑡′) ∙ 𝑔(𝑡 − 𝑡′) ∙ 𝑒−𝜆(𝑡−𝑡′)𝑑𝑡′,

𝑡

−∞

 
(3) 

where: 

Cout (t) – the time series of tracer values in spring water (the output tracer signature); 

Cin (t’) – the time series of tracer values in precipitation (the input function); 

t' – time of tracer entry; 
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t – t' – the residence time; 

g(t−t′) – the residence time distribution (the response function); and 

e−λ(t−t′) – related to radioactive decay (λ = 0 for stable isotopes). 

 

By the response function the convolution integral assigns a weight to each individual age. 

The assigned weight represents the proportion to which an individual age contributes to the 

overall mean. Mean Residence Time (MRT) corresponds to the weighted average value of 

all idealized ages. MRT can be calculated from the convolution integral of the tracer [16]:  

 
𝜏 =

∫ (𝑡 − 𝑡′)𝐶𝑖(𝑡 − 𝑡′)𝑑𝑡′
𝑡

−∞

∫ 𝐶𝑖(𝑡 − 𝑡′)𝑑𝑡′
𝑡

−∞

, 
(4) 

where: 

τ– the mean residence time; 

Ci – the tracer concentration observed at the measuring point as the result of an 

instantaneous injection at the injection point at t = 0. 

 

However, in practice, the formula (4) is not often used because the practical modeling 

approach is to vary until an optimal fit to the measured data is obtained [4]. 

The response function defining a pre-factor for each age in the convolution integral 

dominates the modeling process. There are several lumped parameter tools available as 

public domain software [4,16,17]. This paper presents the results obtained using LUMPY 

[18]. LUMPY contains several different models: the piston flow model (PM); the 

exponential model (EM); the exponential piston flow model (EPM); the linear model (LM); 

the linear piston flow model (LPM); the dispersion model (DM); and the gamma model 

(GM). Each of the above models has a corresponding response function. In the following, 

we will describe in more detail only the models whose results we have presented in this 

paper. 

The exponential piston flow model and the exponential model 

There are two different residence time distributions in the EPM: the exponential 

distribution and the distribution modeled by the piston flow which is represented by an age 

distribution corresponding to the Dirac delta distribution [19]. The PM assumes that there 

is no mixing in the aquifer system, i.e., that the sample is represented by water of a single 

age. Response function for EPM is: 

 
𝑔(𝑡 − 𝑡′) {

1

𝜂𝜏
exp (

−(𝑡 − 𝑡′)

𝜂𝜏
+

1

𝜂
− 1)    for  (𝑡 − 𝑡′) ≥ 𝜏 ln(1 − 𝜂) ,

                          0                           for  (𝑡 − 𝑡′) ≥ 𝜏 ln(1 − 𝜂) ,

 
(5) 

where: 

η – indication for the time the water spends in the exponential and the piston flow part of 

the mode i.e. the ratio of the total volume (VEM+VPM) to the volume with exponential 

distribution of ages (VEM): η = VEM/(VEM+VPM). VPM – the volume with an age distribution 

corresponding to the Dirac delta distribution i.e. piston flow. 
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η can take values from 0 to 1, and for η=1 the EPM converts to the EM with the age 

distribution: 

 𝑔(𝑡 − 𝑡′) =
1

𝜏
exp (

−(𝑡−𝑡′)

𝜏
). (6) 

Note: The EM should only be used if the water sample contains recent rain [19]. 

Dispersion Model 

For the DM, the corresponding response function is:  

 𝑔(𝑡 − 𝑡′) = √
𝑃𝑒 ∙ 𝜏

4𝜋(𝑡 − 𝑡′)
∙

1

𝑡 − 𝑡′
 exp (− (1 −

𝑡 − 𝑡′

𝜏
)

2
𝑃𝑒 ∙ 𝜏

4(𝑡 − 𝑡′)
), (7) 

where: 

Pe – Peclet number. 

 

The Peclet number shows relative significance of the advective and dispersive fluxes in the 

system [20]. The Peclet number is defined by:  

 𝑃𝑒 =
𝑙 ∙ 𝑣

𝐷
, (8) 

where: 

l –the characteristic length of the system; 

v – the advective velocity average, and  

D – the coefficient of molecular diffusion. 

AN EXAMPLE OF GROUNDWATER MEAN RESIDENCE TIME 

ESTIMATION  

We chose a karst well at the Martinšćica pumping station near Rijeka, Croatia, as an 

example of an MRT estimate. There are 5 wells at the Martinšćica pumping site, of which 

well 2 (MW2) is the most frequently connected to the water supply network of Rijeka and 

the surrounding settlements. All wells were sampled to characterize the karst aquifer, which 

includes the most important springs of the Kvarner Bay [21]. 

Isotopic values were determined in the IRMS laboratory at the University of Rijeka. The 

precision of measurements was better than 0.1‰ for δ18O‰ and better than 1‰ for δ2H. 

The regression equation between δ2H and δ18O for the wells is (Figure 1): 

 
δ2H = 8.12 ∙ δ18O + 15.41   (R2 = 0.974). 

(9) 

Because of the strong correlation and better precision, only δ18O was used for MRT 

assessment. The equation (9) is comparable to the LMWL equation for the study area [7]: 
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δ2H = 8.2 ∙ δ18O + 14 . 

(10) 

This indicates that the wells are recharged by local, recently recharged precipitation, and 

confirms stable water isotopes as the method of choice for MRT estimation. 

The input function (Figure 2) was determined using isotopic values of monthly rainwater 

samples collected at 3 rain totalizators distributed at different locations within the assumed 

area of aquifer recharge [8]. Wells were sampled weekly and rainwater was collected at the 

end of the month. The average (median) of weekly groundwater values for each month were 

used to obtain the corresponding output function (Figure 2). For the flow model 

calculations, we used the exponential model (EM), the combined exponential-piston model 

(EPM), and the dispersion model (DM). 

 

Figure 1. Correlation diagram of δ2H and δ18O values for Martinšćica wells. LMWL – local 

meteoric water line based on equation (10) 

 

Figure 2. δ18O content for input (rain), measured output (groundwater collected at Martinšćica well 

2 – MW2) and fitted output calculated by the exponential model (EM), the combined exponential-

piston model (EPM) and the dispersion model (DM)  

The best agreement between observed and modeled data was obtained with DM 

(R2=0.66) and the corresponding MRT is 4.2 moths (Table 1). The estimated fraction of 
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water younger than 1/2 MRT is 19.1%. The estimated fraction of water younger than 1 

MRT is 61.6% and the fraction of water younger than 2 MRT is 92.7%. We can assume that 

99.9% of the water in MW2 is younger than 2.25 years. 

Table 1. Results of flow model calculations for mean residence times (MRTs) 

 

Flow model 
MRT 

(months) 

% of water younger than  
99.9% younger 

than (years) 0.5 

MRT 

1 

MRT  

2 

MRT 

Exponential model 

R2=0.22 
3.6 39.3 63.2 86.5 2.7 

Dispersion model 

Pe=5; R2=0.66 
4.2 19.1 61.6 92.7 2.25 

Exponential piston 

model 

η= 0.6; R2=0.43 

3 39.4 63.2 86.5 2.3 

Since 99.9% of the water is younger than 3 years according to all three models used 

(Table 1), we can say that the water in the well was recently recharged i.e., is young water. 

According to [20], a Peclet number in the range of 0.4 to 6 indicates that there is a 

transition zone in which the effects of diffusion and longitudinal mechanical dispersion are 

comparable. Therefore, for recharge zone of MW2, we can say that there is a deep, well-

integrated network of broad channels connected by less karstified pathways. The existence 

of dual flow conditions for the MW2 has already been confirmed by Gaussian mixture 

modeling [8]. 

CONCLUSION 

Karst aquifers are important water resources worldwide. Stable water isotopes are used 

to supplement conventional hydrologic methods in the study of karst aquifers. One such 

application is the estimation of MRT. Among other, MRT is used to predict potential 

contamination trends. Knowledge of the travel times of contaminants through an aquifer is 

necessary for early warning of groundwater quality degradation and effective groundwater 

protection. 

Using the lumped parameter model, we estimated that the MRT of the water in the MW2 

is about 4 months and that 99.9% of the water in the well was recently recharged. This 

shows that the water in this well is very sensitive to pollution and its quality must be 

constantly monitored. 
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Abstract. Photovoltaic technology offers a promising solution for transitioning from 

environmentally harmful energy sources to sustainable green energy. The main challenge 

lies in the unpredictability of renewable energy sources based on photovoltaic. To ensure a 

stable energy supply, power companies need efficient planning methods for energy 

exchange between producers and consumers. This planning relies on an accurate models of 

both consumers and producers. While consumer models are well-established, modeling the 

production of photovoltaic plants poses an ongoing research challenge due to their inherent 

uncontrollability. Existing models use various parameters, but to effectively plan 

production, reliable predictions of solar insolation intensity, temperature, and wind speed 

are essential. While weather forecasts can provide temperature and wind speed data, 

estimating the diffuse and reflective components of solar radiation, which depend on the 

photovoltaic plant microclimate, requires additional measurements at the specific 

microlocation. This study proposes a method for directly measuring the diffuse component 

of solar radiation on panels, similar to those used in photovoltaic plants. Through a series of 

measurements at a test microlocation, we obtained valuable insights and discuss their 

potential application in accurate photovoltaic production models. 

Keywords: green energy, photovoltaic plants, diffuse component of solar radiation, 

modeling 

INTRODUCTION 

Photovoltaic technology is becoming the most serious candidate for the energy 

transition from environmentally unacceptable sources of electrical energy to new sources 

of green energy [1,2]. The fundamental issue with renewable energy sources based on 

photovoltaic technology is their uncontrollability. Electric power companies engaged in 

energy exchange between production units and consumers are seeking new ways to plan 

this exchange in order to ensure economically acceptable continuity in supply. For 

effective planning, consumer models and producer models are of a crucial importance. 

Consumer models are well known and validated based on the consumption measurements 

over extended periods of operation [3,4]. Photovoltaic installations (PV) belong to the 

category of new energy sources and are generally uncontrollable (production cannot be 

increased or decreased according to demand). Hence, the issue of modeling the production 
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of photovoltaic installations is a pressing research problem. Existing models of 

photovoltaic installations [5], use input parameters such as the geographic location, panel 

tilt angle, installed capacity of the system, and panel efficiency. Based on these 

parameters, the models provide expected daily, monthly, and yearly production. These 

outputs are useful in the process of designing installations for feasibility studies, but not 

for production planning. Production planning requires predictions of a solar insolation 

intensity, temperature, and wind speed. Temperature and wind speed can be obtained from 

weather forecasts to the extent of these forecasts accurate. Solar insolation is estimated 

from the weather forecast, considering the geographic location of the installation and the 

tilt angle of the panels. This estimation provides information about the expected global 

insolation, consisting of three components: direct, diffuse, and reflected [6]. Direct solar 

radiation can be predicted based on geographical coordinates and weather forecasts with 

the same degree of reliability as weather predictions. The diffuse and reflected 

components are significantly dependent on microclimate specific to the installation 

location. Existing weather forecast software and photovoltaic modeling software do not 

possess microclimate parameters due to their high variability. Therefore, it is necessary to 

develop efficient methods for measuring the diffuse and reflected components of solar 

radiation, from which microclimate parameters suitable for modeling PV production 

prediction can be estimated. This paper proposes a method for estimating the diffuse 

component directly on the same type of panel as those used in the photovoltaic plants. A 

series of measurements of the diffuse component were conducted at a test microlocation 

under various weather conditions. The results of these measurements are presented, and 

their use in models is discussed. 

 

Model of Solar Radiation Components 

We will observe the panel tilt at a fixed angle α, the angle of incidence of direct solar 

radiation GDIR onto the horizontal plane during the measurement period at an angle β, and 

we will divide the diffuse component into the horizontal GDIFH and the normal GDIFN 

components (Figure 1). Now, the total insolation G that falls on the panel can be 

expressed as: 

 

𝐺(𝛼) = 𝐺DIR cos(90° − 𝛼 − 𝛽) + 𝐺DIFNcosα + 𝐺DIFHsinα + 𝐺REF sin(𝛼 − 𝛽)𝑤,         (1) 

 

where   𝑤 = {
1, 𝛼 ≥ 𝛽
0, 𝛼 < 𝛽

. 

 

 

 

 

 

 

 

 

 

Figure 1. Components of solar insolation according to the model. 
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In the method, we will use measurements of the generated electrical power by the 

panel at the points of maximum at the angles of 0°, 30°, 60°, and 90°. By substituting 

these angles into equation (1), we obtain the following system of equations: 

 

𝐺(0°) = 𝐺DIRcos(90° − β) + 𝐺DIFN, 

𝐺(30°) = 𝐺DIR cos(60° − 𝛽) + 𝐺DIFNcos 30° + 𝐺DIFHsin 30°, 
𝐺(60°) = 𝐺DIR cos(30° − 𝛽) + 𝐺DIFNcos 60° + 𝐺DIFHsin 60°,        (2) 

𝐺(90°) = 𝐺DIR cos 𝛽 + 𝐺DIFH + 𝐺REFsin(90° − 𝛽).    

 

By solving the system (2) GDIFN, GDIFH, GDIR and GREF can be determined. 

Dependency of Panel Electrical Power on the Insolation and Temperature 

The electrical power generated at the maximum point on the panel is a function of 

solar insolation and ambient temperature and can be determined for G>125 W/m2 

according to [7-9]: 

𝑃(𝐺, 𝑇) = 𝑃M (1 + 𝑘p
𝑇c−𝑇r

100
)

𝐺

1000
,                                            (3) 

 

where PM is the nominal panel power, kp is the temperature coefficient of power, TC is the 

cell temperature, and Tr is the reference cell temperature at which the nominal power is 

determined (25 °C). TC is calculated according to [9,10]: 

 

𝑇C = 𝑇a +
NOCT−20°C

800
𝐺,                                                 (4) 

where 𝑇a is the ambient temperature, NOCT is the cell temperature at standard test 

conditions (STC). 

 

The solution to the previous two equations for G is a quadratic equation with coefficients: 

 

𝑎 =
𝑘p(NOCT−20)

80000
,𝑏 = 1 +

𝑘p

100
(𝑇a − 𝑇r),𝑐 = −

1000𝑃

𝑃M
.                           (5) 

 

We take the solution with the smaller value, as the second solution gives a significantly 

larger value of G than the maximum insolation. 

 

For G<125 W/m2, the cell temperature differs slightly from the ambient temperature 

(3.6°C for G=125 W/m2 and NOCT=43 °C). Therefore, for experiments where 

G<125W/m2, we will neglect the influence of temperature and consider P only as a 

function of G: 

 

𝑃(𝐺) = 𝑃𝑀
𝐺

1000
.                                                                   (6) 

EXPERIMENTAL RESULTS 

The University of Sarajevo Campus was chosen as the testing location with 

coordinates: 43.856811°, 18.397636°. The measurements were conducted on the ground 
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with an asphalt surface, and the immediate surroundings were covered with tall grass. In 

the close vicinity of the testing location (20-100 m), there are trees as well as low and tall 

buildings. The location is not sufficiently structured to be classified into any typical 

category. For testing, a polycrystalline panel of type CHSM661OP-250 was used, with the 

following catalog characteristics [11]: warranted power output STC (PMmin)=250 W, 

Module efficiency=15.2%, temperature coefficient kp (Pmpp)= −0.469%/K, temperature 

coefficient ki (Isc)=+0.052%/K, temperature coefficient ku (Voc)=−0.344%/K, NOCT=43 

°C. Multiple experiments were conducted: measurement before sunrise, measurement 

after sunset, measurement in the shade, and measurement on a cloudy day. 

Experiment 1: Sunset 

The experiment was conducted after sunset on a clear day from 18:43 to 20:10, on July 

12th, 2023. The panel was oriented towards the west (facing the direction of sunset). The 

ambient temperature was 30°C and remained constant throughout the duration of the 

experiment. Two sets of measurements were taken for panel tilt angles of 0, 30, 60, and 90 

degrees. The measurement setup for Experiment 1 is shown in Figure 2 (left). 

 

 

 

Figure 2. Measurement setup for Experiment 1 (left) and Experiment 2 (right). 

 

For the conditions of Experiment 1, the direct and reflective components are zero (as 

the sun has set), leaving us with only the diffuse normal and diffuse horizontal 

components. The equation describing the system is: 

 

𝐺(𝛼) = 𝐺DIFNcos𝛼 + 𝐺DIFHsin𝛼.   (7) 

 

To estimate the two unknown values, we need two measurements. Since four 

measurements were taken, we will determine solutions for all six combinations. 

 

Processing of measurement results for the Experiment 1.1 are given in the Table 1. 

From the analyzed 6 combinations based on the measurements taken at 4 different angles 

(0, 30, 60, and 90 degrees), the average values obtained are GDIFN=33.91W/m2 and 

GDIFH=38.25 W/m2.  
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Table 1. Processing of measurement results for the Experiment 1.1 

 
Ta[°C] Angle Pm [W] Measurements GDIFN 

[W/m2] 

GDIFH  

[W/m2] 

ΔN[%] ΔH[%] 

30 0 9.89 0-30 39.56 21.16 16.65 -28.98 

30 30 11.96 0-60 39.56 33.37 16.65 -12.75 

30 60 12.17 0-90 39.56 44.16 16.65 15.45 

30 90 11.04 30-60 34.18 36.47 0.79 -4.63 

   30-90 39.74 44.16 -12.29 15.45 

   60-90 20.87 44.16 -38.45 15.45 

 

The percentage errors relative to the obtained mean values are provided in the columns 7 

and 8 of Table 1. If we consider the values at 0 and 90 degrees as reliable since they 

correspond to the definition upon which the model was formed, then the measurements at 

30-60 degrees yield better results than 0-30, 0-60, 30-90, and 60-90. The percentage error 

of the 30-60 measurements compared to the 0-90 measurements is −13.59% and 

−17.41%. The conditions under which the measurements were conducted need to be 

taken into account, primarily concerning the duration of the measurement process, which 

took 37 minutes during which the angle of incidence of sunlight into the atmosphere 

changed, and the diffuse component of radiation varied. Despite the mentioned factors, we 

believe that measurements at 0-90 and 30-60 can provide a good estimation of both 

components of diffuse solar radiation. The electrical power values obtained from the panel 

range from 3.95% to 4.86% of the nominal power of the used panel. 

 

Processing of measurement results for the Experiment 1.2 are given in the Table 2. 

 
Table 2. Processing of measurement results for the Experiment 1.2 

 
Ta[°C] Angle Pm [W] Measurements GDIFN [W/m2] GDIFH [W/m2] ΔN[%] ΔH[%] 

30 0 3.30 0-30 13.20 8.57 5.44 -19.41 

30 30 3.93 0-60 13.20 10.53 5.44 -1.05 

30 60 3.93 0-90 13.20 11.08 5.44 4.11 

30 90 2.77 30-60 11.51 11.51 -8.07 8.12 

   30-90 11.75 11.08 -6.10 4.11 

   60-90 12.24 11.08 -2.15 4.11 

 

From the analyzed 6 combinations, the average values obtained are GDIFN=12.52 W/m2 

and GDIFH=10.64 W/m2. The percentage errors relative to the obtained mean values are 

provided in columns 7 and 8 of Table 2. If we consider the values at angles 0 and 90 

degrees as reliable since they correspond to the definition upon which the model was 

formed, then measurements at 0-30 degrees yield a slightly poorer estimation. We believe 

that the mentioned measurements can provide a good estimation of both components of 

diffuse solar radiation. The electrical power values obtained from the panel range from 

1.1% to 1.57% of the nominal power of the used panel. 
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Experiment 2: Sunrise 

Experiment 2 was conducted before sunrise under variable cloudy conditions from 

6:03 to 6:50 on July 13th, 2023. The panel was oriented towards the east (facing the 

direction of sunrise). The ambient temperature was 22 °C and remained constant 

throughout the duration of the experiment. Two sets of measurements were taken for 

panel tilt angles of 0, 30, 60, and 90 degrees. The measurement setup for Experiment 2 is 

shown in Figure 1 (right). 

For the conditions of Experiment 2, similar to Experiment 1, the direct and reflective 

components are zero (since the sun has not yet risen), leaving us with only the diffuse 

normal and diffuse horizontal components. Thus, we will use the same equation as in 

Experiment 1 (equation 7). 

 

Processing of measurement results for the Experiment 2.1 are given in the Table 3. 

 
Table 3. Processing of measurement results for the Experiment 2.1 

 
Ta[°C] Angle Pm[W] Measurements GDIFN 

[W/m2] 

GDIFH  

[W/m2] 

ΔN[%] ΔH[%] 

22 0 4.45 0-30 17.8 5.49 6.60 -43.42 

22 30 4.54 0-60 17.8 10.02 6.60 4.01 

22 60 4.41 0-90 17.8 10.08 6.60 3.89 

22 90 2.52 30-60 13.81 12.39 -17.27 27.73 

   30-90 15.15 10.08 -9.27 3.89 

   60-90 17.82 10.08 6.72 3.89 

 

 

From the analyzed 6 combinations, the average values obtained are GDIFN=16.69 W/m2 

and GDIFH=9.7 W/m2. The percentage errors relative to the obtained mean values are 

provided in columns 7 and 8 of Table 3. If we consider the values at angles 0 and 90 

degrees as reliable since they correspond to the definition upon which the model was 

formed, then measurements at 0-60 and 60-90 degrees yield better results than 0-30, 30-

60, and 30-90. The percentage error of the 0-60 (60-90) measurements compared to the 0-

90 measurements is 0% (0.09%) and −0.11% (0%). We believe that measurements at 0-

90, 0-60, and 60-90 degrees can provide a good estimation of both components of diffuse 

solar radiation. The electrical power values obtained from the panel range from 1.0% to 

1.8% of the nominal power of the used panel. 

 

Processing of measurement results for the Experiment 2.2 are given in the Table 4. From 

the analyzed 6 combinations based on the measurements taken at 4 different angles (0, 30, 

60, and 90 degrees), the average values obtained are GDIFN=32.7W/m2 and 

GDIFH=19.01W/m2. The percentage errors relative to the obtained mean values are 

provided in columns 7 and 8 of Table 4. If we consider the values at angles 0 and 90 

degrees as reliable since they correspond to the definition upon which the model was 

formed, then measurements at 30-60 and 60-90 degrees yield worse results than 0-30, 0-

60, and 30-90. 
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Table 4. Processing of measurement results for the Experiment 2.2 

 
Ta[°C] Angle Pm[W] Measurements GDIFN[W/m2] GDIFH  

[W/m2] 

ΔN[%] ΔH[%] 

22 0 8.14 0-30 32.56 17.84 -0.43 -6.17 

22 30 9.28 0-60 32.56 20.09 -0.43 5.64 

22 60 8.42 0-90 32.56 18.32 -0.43 -3.67 

22 90 4.58 30-60 30.61 21.21 -6.38 11.55 

   30-90 32.28 18.32 -1.27 -3.67 

   60-90 35.62 18.32 8.95 -3.67 

 

The percentage error of the better measurements compared to the 0-90 measurements 

ranges from -0.85% to 9.6%. The duration of the process was 29 minutes, during which 

conditions changed less compared to Experiment 2.1, resulting in smaller deviations from 

the mean values. We believe that the mentioned measurements can provide a good 

estimation of both components of diffuse solar radiation. The electrical power values 

obtained from the panel range from 1.8% to 3.7% of the nominal power of the used panel. 

 

Experiment 3: Full shade 

Experiment 3 was conducted during the day under clear weather conditions from 14:03 

to 14:50 on July 18th, 2023. The panel was oriented towards the northeast (opposite to the 

direction of the sun) and was placed in complete shade of surrounding objects. The 

ambient temperature was 27 °C and remained constant throughout the duration of the 

experiment. Measurements were taken for panel tilt angles of 0, 30, 60, and 90 degrees. 

For the conditions of Experiment 3, similar to the Experiment 1, the direct and 

reflective components are zero (since the panel is in complete shade), leaving us with only  

diffuse normal and diffuse horizontal components. Thus, we will use the same equation as 

in the Experiment 1 (Equation 7). 

 

Processing of measurement results for the Experiment 3 are given in the Table 5. 

 
Table 5. Processing of measurement results for the Experiment 3 

 
Ta[°C] Angle Pm 

[W] 

Measurements GDIFN 

[W/m2] 

GDIFH 

[W/m2] 

ΔN[%] ΔH[%] 

27 0 20.97 0-30 83.88 6.07 5.21 -55.96 

27 30 18.92 0-60 83.88 9.91 5.21 -28.17 

27 60 12.63 0-90 83.88 18.32 5.21 32.81 

27 90 6.57 30-60 80.56 11.82 1.05 -14.28 

   30-90 76.81 18.32 -3.64 32.81 

   60-90 69.31 18.32 -13.06 32.81 

 

From the analyzed 6 combinations, the average values obtained are GDIFN=79.72 W/m2 

and GDIFH=13.79 W/m2. The percentage errors relative to the obtained mean values are 

provided in columns 7 and 8 of Table 5. The horizontal component shows significant 

variations in values due to the different influence of surrounding objects for different 
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panel tilt angles. The normal component can be considered well-estimated. The electrical 

power values obtained from the panel range from 2.6% (at a 90° angle) to 8.3% (at a 0° 

angle) of the nominal power of the used panel. 

Experiment 4: Cloud shadow 

Experiment 4 was conducted under variable cloudy weather conditions from 13:00 to 

14:10 on July 25th, 2023. The panel was oriented towards the south (facing the direction 

of the sun). The ambient temperature varied between 32 °C and 35 °C during the 

experiment. Measurements were taken for panel tilt angles of 0, 30, 60, and 90 degrees. 

The measurement setup for the Experiment 4 is shown in Figure 3. 

 

 

Figure 3. Measurement setup for the Experiment 4, the right and left images depict the sky 

conditions during measurements at different moments. 

 

For the conditions of Experiment 4, we have all four components of solar radiation, and 

we will use equations (2). The angle of incidence of the direct component, β=65.48°. 

 

Processing of measurement results for the Experiment 4 are given in the Table 6. 

 
Table 6. Processing of measurement results for the Experiment 4 

 

Time Ta[°C] Angle Um[V] Im[A] Pm[W] 
 

Estimated components 

of solar radiation 

[W/m2] 

13:00 35 0 28 1.78 49.84 GDIR 67.15 

13.:17 34 30 28.23 1.76 60.41 GDIFN 85.65 

13:37 33 60 27.73 1.89 52.41 GDIFH 10.39 

13:52 32 90 27 1.23 33.21 GREF 3.38 

 

Considering the conditions under which the portion of a direct solar radiation passed 

through the clouds, we estimated all four components. The estimated values indicate a 

significant contribution from the diffuse component as well as the presence of the direct 

component. For these values of the direct and reflective components, a reflection 
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coefficient of 0.15 is obtained. The electrical power values obtained from the panel range 

from 13.28% to 24.16% of the nominal power of the used panel. 

CONCLUSION 

A series of measurements of the output electrical power of the solar panel were 

conducted under various conditions. Measurements were taken at four different panel tilt 

angles (0, 30, 60, and 90 degrees), enabling the estimation of all four components of solar 

insolation. The percentage of generated output power relative to the nominal power 

ranged from 1% to 25%. The variations in the measurement results and relatively high 

errors for some measurements are attributed to the changing conditions during the 

procedures. To reduce these errors, simultaneous measurements on four panels of the 

same type can be used, each placed at a different angle. For drawing more generalized 

conclusions, additional measurements under different conditions should be conducted, 

such as rainy weather, clear sunny days, sunny days with snow, foggy weather, etc. 

In the market, there are instruments used for measuring the direct and diffuse 

components of solar insolation. Here, a method is employed to estimate the components 

of solar insolation by measuring the generated electrical power on the panel. The idea is to 

use the same type of panel as used for the PV system and to incorporate the spectral 

characteristics of the panel into the method. 
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Abstract. A pyranometer is a measure device used for measuring solar irradiance on a planar 

surface. It is designed to measure the solar radiation flux density (W/m2) from the sky above 

within a wavelength range typically from 300 nm to 3000 nm, which corresponds the 

wavelength of the solar radiation spectrum that reaches earth's surface. In our case, we used 

Vernier pyranometer. In the measurement of the irradiance, the response of the sensor of 

radiation varies with the cosine of the angle of incidence. The experiment is appropriate for 

the secondary schools, since includes theoretical background, experimental setup, analysis of 

experimental results, computer simulations, and application. The radiation flux density varies 

during the day (and year) at any populated location on the Earth and is additionally dependent 

of the weather. All this plays important role in setup of the solar panels in order to use the 

energy of the sun in an effective way. 

Keywords: pyranometer, solar irradiance, physics teaching, environmental awareness  

INTRODUCTION 

The needs and demand of humanity for energy are constantly growing. In recent years, 

concepts such as green energy and renewable energy sources have been integrated into the 

ecological equation. When converting energy from one form to another, electrical energy is 

the widely usable form that powers all electrical devices. Discussing heat makes sense 

because heat represents energy that is also necessary – for heating and also for driving 

turbines, which transform this energy into electrical energy through generators. Eurostat 

statistics indicate that households use 63.5% of the total energy for heating. A significant 

portion of this heat comes from electrical devices (heating elements). The EU countries 

primarily obtain electrical energy from gas and petroleum derivatives (Eurostat, 2023). 

In addressing the issues of electricity and heat supply, alternatives such as solar, wind, 

water, and nuclear energy are used. Solar panel production technology has advanced, 

leading to modern panels with higher efficiency. The research question is: what can the 

output of a solar panel be? Can we rely on claims from traders that the output of a solar 

module is, for example, 1000 W/m2 under normal illumination? 

In this contribution, our focus is mainly on measuring the light flux density using the 

Vernier sensor - pyranometer and the Vernier interface. This research approach broadens 

our perspective on atmospheric phenomena, atmospheric pollution, and energy behavior 

during transitions.   

mailto:robert.repnik@um.si
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Experimental work becomes more engaging and mobilizes students to explore. In 

exploring (existing) elementary and secondary school curricula, teachers have the autonomy 

to incorporate modern scientific approaches and meteorology, which is undoubtedly the 

study of atmospheric phenomena. Before delving into the research, I introduce the concept 

of solar constant (energy source), the atmosphere (as a "filter"), and Earth as an absorber 

(albedo), global irradiance (direct, reflected, diffuse). The experiment's design is problem-

based and stems from real-life contexts (social, economic). 

During the experimental phase, we adhere to pedagogical methodology and explore 

various ways and paths in investigating the issue - both with students (in the field of physics) 

and with the teacher (in the pedagogical domain). Through quantitative methods, we seek 

to understand and predict atmospheric phenomena. The question could be expanded to the 

impact of CO2 on atmospheric processes. 

THEORY OF ENERGY TRANSFER THROUGH THE ATMOSPHERE 

The Sun, in all its magnificence, represents the most crucial source of energy for Earth. 

Earth is also "heated" from within (geothermal flux), but this contribution is thousands of 

times smaller than the energy Earth receives from the Sun. 

The Sun emits electromagnetic radiation and various particles (protons, electrons). The 

majority of emitted electromagnetic radiation consists of waves in electric and magnetic 

fields that propagate through space, carrying energy. Electromagnetic radiation is 

categorized into different parts of the spectrum - different types of radiation. UV radiation, 

visible light, and IR radiation have the most impact on the atmosphere. 

Radiation intensity is expressed through energy flux density, denoted as j. The Sun can 

be described as a black body. The Stefan-Boltzmann law describes the energy flux density 

of radiation emitted by the surface of a black body. Bodies that are not black emit slightly 

less, a factor accounted for by the substance's emissivity (ε). The radiation equation is as 

follows: 

 

 𝑗 =  𝜀 ⋅  𝜎 ⋅ 𝑇4 (1) 

 

where σ = 5,67 ∗ 10−8 W

m2K4 . The emissivity (ε) of the Sun's surface is 1. For the 

atmosphere, the emissivity is around 0.7.  

At higher temperatures of an object, the spectrum of emitted radiation shifts towards 

shorter wavelengths. The Sun emits about 10% of its energy in the UV part of the spectrum, 

around 40% in visible light, and the remainder in the IR part of the spectrum. Planck's law 

describes the radiation of an object at a specific wavelength. This radiation is a function of 

wavelength.. (B., 2021) 

Solar radiation propagates into the surrounding space, and the energy flux density 

decreases with the square of the distance from the Sun. At the distance of Earth, it has a 

value of around 1366 W/m2. This value is called the solar constant (denoted as j0). The 

constant's value isn't constant itself but represents an average, as we know Earth orbits the 

Sun in an almost circular path – the eccentricity is small, and Earth's distance from the Sun 

varies by ±2%. Consequently, the energy flux density (solar constant) realistically fluctuates 

by around ±4%.   
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The assumption about the solar cycle is also important; within an 11-year solar cycle, 

the energy flux (density) changes by about 0.1%. In reality, the Sun illuminates half of Earth 

at any given moment. Earth is inclined to the plane around the Sun by a declination angle 

of 23.5°. Due to this inclination and distance, we experience seasons and a slightly different 

pattern of solar energy flux. 

The Sun emits radiation similar to a black body. The surface temperature of the Sun is 

around 5800 K. The diameter of the Sun is 1392000 km. The solar photosphere has a 

thickness of 300 – 400 km. The distance (r0) between the Sun and Earth is 150 million km. 

With the data and the help of Stefan's law, we arrive at the value of the solar constant. 

Energy flux density depends on the amount of energy that an object (the Sun) emits per 

second through a certain area. 

 

 
𝑗 =

𝑃

𝑆
=

𝑊

𝑡 ∗ 𝑆
. 

(2) 

 

 

Stefan's law of radiation for a black body is: 

 

 𝑗 = 𝜀 ⋅ 𝜎 ⋅ 𝑇4. (3) 

 

From equation (3), we calculate the energy flux density of the Sun. In doing so, we 

utilize the value of the Stefan-Boltzmann constant (σ = 5,67 ⋅ 10−8 W

m2K4), with the 

emissivity of the Sun being 1 (emitting as a black body). 

In this case, we do not consider scattering and absorption because the space between the 

photosphere and the top of the atmosphere is "empty," and there is no substance to weaken 

the energy radiation. Provides the value of the solar constant as 1397 W/m². 

In this task, we assume that the solar constant doesn't change, and we take its value as 

1366 W/m². (J.Strnad, 1998) 

Radiation through the atmosphere – passage of radiation through the 

atmosphere 

The quantity and spectral composition of solar radiation on Earth change because 

various interactions occur during its passage. This means that a portion of the radiation is 

absorbed (substance absorption), and some of it is reflected back in the direction of radiation 

(reflectivity or albedo). Albedo depends on the wavelength of incident radiation.  

During its passage through the atmosphere, which is composed of diverse layers at 

various altitudes, the radiation value depends on the current composition of the atmosphere. 

Different gases have distinct line absorption spectra. (Skok, 2020).  

The Sun emits most of its energy at shorter wavelengths compared to Earth. Sunlight 

scatters on air molecules, particularly solar radiation. Blue and violet light have the 

shortest wavelengths in the visible spectrum. 

In the scattering of sunlight, the violet component is weaker than the blue, and even the 

cells in the eyes (cones) are less sensitive to violet light, resulting in a blue sky. Light with 

longer wavelengths generally passes through the atmosphere with little obstruction. (Skok, 

2020). 
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Solar radiation reaching the top of the atmosphere has the most energy in the visible 

spectrum (0.4 to 0.75 µm) around 46%, approximately the same in the IR range (between 

0.75 and 24 µm), and around 7% in the UV part of the spectrum (between 0.2 and 0.4 µm). 

(Jože Rakovec, 2017). Gases present in the atmosphere absorb specific spectra of light with 

different wavelengths. In the upper parts of the atmosphere, all UV radiation is absorbed, 

and there are significant absorbers in the IR range such as CO2, water vapor, and ozone. 

Substances absorb electromagnetic radiation most strongly at frequencies that match 

their own resonant frequencies. (J.Strnad, 1998). The absorption of radiation flux density at 

a specific wavelength depends on the density of the absorbing gas and the path length that 

light travels through the substance. The decrease in radiation flux density is described by 

Beer's law, defining the reduction in energy flux in a layer of thickness ds. 

 

 𝑑𝑗´ =  −𝑗´ ⋅ 𝑘 ⋅ 𝜌 ⋅ 𝑑𝑠. (5) 

 

Equation (5) gives the change in light flux density (j'), which depends on density (ρ) and 

the absorption coefficient of the substance (k). The equation is valid when radiation falls on 

the substance from only one direction and doesn't consider scattering and emission within 

the substance. Equation (6) is a differential equation, and if we divide both sides by j' and 

integrate: 

 

 
∫

𝑑𝑗´

𝑗´

𝑗

𝑗0

=  − ∫ 𝑘 ⋅ 𝜌 ⋅ 𝑑𝑠´.
𝑠

0

 
(6) 

 

The integral on the right side represents the optical thickness (τ). Integrating the equation 

yields the solution to the differential equation: 

 

 
ln (

𝑗

𝑗0

) =  −𝜏, 
(7) 

 

which results in the Lambert-Beer law: 

 

 𝑗 = 𝑗0 ⋅ 𝑒−𝜏. (8) 

 

Since the Earth rotates around its axis, the solar zenith angle (𝛽) is important for the 

passage of radiation, elongating the light path through the atmosphere by an angle of 

1/𝑐𝑜𝑠𝛽, where 𝛽 represents the angle of deviation of the incident light from the zenith. 

In this case, considering the angle 𝛽 and replacing ds with 𝑑𝑧, equation (8) takes the 

form: 

 

 
𝑗 = 𝑗0 ⋅ 𝑒

−
𝜏𝑧𝑒𝑛

𝑐𝑜𝑠𝛽. 
(9) 

 

Modeling the problem and fieldwork – experiment design 

Assuming the presence of CO2, O2, H2O (water vapor), and ozone (O3) in the 

atmosphere. Carbon dioxide is uniformly distributed throughout the atmospheric thickness, 
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while this cannot be said for ozone. Water vapor is more prevalent in lower layers. Gas 

distribution is changing, non-uniform, and complicated.  

Calculating the radiation reaching the ground is extremely complex – we need to know 

the gas distribution in a narrow region.  

Modeling the issue emphasizes that the atmosphere is homogeneous everywhere, the 

Earth moves around the Sun in a circular orbit, and the year has 365 days.  

Modeling is easily performed using the Python programming language, correlating 

physics, computing, mathematics, and experimentation. The experiment becomes more 

complex and interesting. The changing solar altitude (declination) is explained as follows: 

The Earth's axis is inclined by 𝛿0 = 23,44° with respect to the normal of the plane of 

Earth's orbit around the Sun, causing the solar declination (δ) to change over the year. 

Notably, it reaches its maximum value on June 21st during the summer solstice 𝛿 = 𝛿0 =
23,44° (the Sun then crosses the local celestial meridian at its highest point in the sky), and 

its lowest value on December 21st during the winter solstice, 𝛿 = −𝛿0 = −23,44° (the Sun 

then crosses the local celestial meridian at its lowest point in the sky). 

The changing declination over the year can be approximately estimated for any day of 

the year (N) with the equation: 

 

 
𝛿 = 𝛿0𝑠𝑖𝑛 (

360°

365 𝑑𝑎𝑦
(𝑁 − 81 𝑑𝑎𝑦)) 

(10) 

 

Considering that the year has 365 days and that January 1st is N = 1. This equation fairly 

accurately determines the maximum (𝛿 = 𝛿0, 21.  𝑗𝑢𝑛𝑖𝑗 𝑁 = 172) and minimum (𝛿 =
−𝛿0, 21.  𝑑𝑒𝑐𝑒𝑚𝑏𝑒𝑟 𝑁 = 355) declination. However, due to the eccentricity of Earth's 

orbit around the Sun, deviations occur during the spring and autumn equinoxes. Additional 

corrections could enhance the equation, but it's sufficiently accurate for estimating 

declination. (Grubelnik, 2013) 

The equation for calculating the Sun's height above the horizon also includes the solar 

hour angle Ω due to the Earth's rotation around its axis. If we consider that the Earth rotates 

around its axis in 24 hours, we can write the solar hour angle. 

 

 
Ω =

360°

24ℎ
(𝑇 − 12ℎ) 

(11) 

 

where T = local time (for our region, this is Central European Winter Time). It's worth 

mentioning that this equation only roughly provides the solar hour angle since the Sun 

doesn't cross the local celestial meridian at 12 h throughout the year. For a more accurate 

calculation, equation 13 should also consider the changing speed of Earth on its orbit around 

the Sun and the influence of Earth's axial tilt toward the plane of the ecliptic, which we 

know as the equation of time  (𝑇𝜀).  

If we also consider the influence of time zones, we can write: 

 

 
𝑇 = 𝑇𝐿 + (Δ𝑇𝐺 −

24 ℎ

360°
𝜆) + 𝑇𝜀 

(12) 
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where 𝜆 is the longitude of the observation location, and 𝛥𝑇𝐺  is the difference between local 

time and time at the prime (Greenwich) meridian, which is 1 hour in winter and 2 hours in 

summer. (Grubelnik, 2013).  

The Sun's position in the sky can thus be determined using the equations: 

 

 𝑠𝑖𝑛𝛾 = 𝑠𝑖𝑛𝛿𝑠𝑖𝑛𝜑 + 𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜑𝑐𝑜𝑠Ω (13) 

 

 𝑠𝑖𝑛𝜗 = cos 𝛿 𝑠𝑖𝑛Ω /cos𝛾 (14) 

 

where 𝛾 is the solar altitude angle above the horizon, and 𝜗 is the solar azimuth angle 

relative to the south. (Grubelnik, 2013) 

Modeling in Python is based on equations 13 and 14, along with the source code in 

Python (Fig.1).  

Figure 1. Variation of j at the top of the atmosphere on the 121st day of the year and on January 

1st. Variation of j throughout the year (from January 1st to December 31st). 

 

This represents Earth's energy output at the top of the atmosphere. The fluctuation in 

illumination and the changing energy flux throughout the year are depicted in diagram 2. 

During the equinoxes, the day and night are of equal length. The spring equinox occurs 

around March 20th, and the autumn equinox around September 20th. In the upper graph, 

the value of the solar constant is highest at these times. This occurs around the 81st day of 

the year and around the 260th day of the year.  

Conversely, during the winter solstice, when the day is shortest on December 21st (the 

355th day of the year), and during the summer solstice (when the day is longest) around 

June 21st (around the 170th day), the value of the solar constant is lowest.  

The cause is Earth's axial tilt of 23.27°. The northern hemisphere is tilted away from the 

Sun during winter. Then Earth is closer to the Sun, and conversely, during summer, Earth 

is tilted towards the Sun and is on the other side of the Sun – resulting in summer in the 

northern hemisphere. 

In modeling, we base our approach on Earth's motion along an ideal circle. 

The model considers: 

o Variation of the declination angle throughout the year (variable 𝛽) 

o Variation of j throughout the year 

o Variation of j throughout the day 
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EXPERIMENTAL DETERMINATION OF J USING THE INTERFACE AND 

PIRANOMETER FROM VERNIER 

Every teacher is an autonomous practitioner who, according to their beliefs and abilities, 

teaches. The methods they use in the educational process and the extent to which they use 

them is a matter of their judgment.  

The purpose of the experiment is to prove laws, explain relationships between quantities, 

and inspire students to engage in research activities. Through a simple experiment 

measuring the solar energy flux, we encounter multiple layers of problem-solving in entirely 

different fields of science. Natural sciences knowledge, as a fundamental discipline (ranging 

from astronomy, mathematics, physics, chemistry, biology, and more), interweaves here, 

and the role of the teacher, the practitioner, is crucial.  

Before conducting the experiment, it's essential to clarify concepts: solar declination, 

Earth's rotation around its axis (rotation), Earth's motion around the Sun (revolution), time 

definition, absorption, diffusion, energy, light flux, etc. 

Experimental tools (Fig.2). 

• Pyranometer (Vernier) – a sensor for measuring surface radiation 

• Vernier LabQuest interface 

• Pyranometer stand 

Measurements were conducted using a specialized sensor for measuring solar radiation 

and the Vernier interface. The sensor measures the quantity and transmits it to the interface, 

which stores the data. The data is processed using the LoggerPro software (Fig.3). 

 

  

 

Figure 2. Vernier Interface and Pyranometer 

 

 
 

Figure 3. Comparison of Energy Input to the Surface (Sunny, Rainy Day) 
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The comparison of two measurements illustrates a sunny and rainy day and their energy 

output. It's also necessary to define energy loss in the atmosphere. The graphs clearly show 

that there are energy-related processes occurring within the atmospheric layers. The 

experiment is supported by visual material. 

Measuring the composition of the atmosphere (which gases are currently present) is 

extremely challenging, as it requires a meteorological balloon to measure the atmospheric 

composition, winds, and air pressure at a specific altitude. These measurements are 

conducted locally and are limited by time. 

Before the balloon reaches higher altitudes, parameters in the lower layers can quickly 

change. This demonstrates that weather phenomena influence the flow of energy through 

the atmosphere. When observing the weather, we often rely on qualitative observations - if 

there are many clouds, it indicates higher humidity, and consequently, the influx of energy 

through the atmosphere due to water vapor is hindered. 

CONCLUSION 

Physics and natural science education must cater to the upcoming generations. 

Currently, the Generation Z is departing from our elementary school system. The 

characteristics of this generation are well-known (Sterkuš, 2021). The teacher plays a vital 

role in fostering interaction with the students during experimental work. They explain the 

importance and purpose of the experiment, citing examples from everyday life, describing 

them, and encouraging students to recognize their own experiences. This approach 

stimulates student activity and curiosity. By attaching other content to the experiment, the 

teacher creates a mosaic of knowledge synthesis that students must process and internalize. 

The teacher guides and directs students toward the goals. 

The use of sensors transforms the significance of experimental work for students. 

Through formative monitoring, we can observe their progress. Their achievements are more 

easily evaluated, leading to assessment. By involving students in the process, they become 

co-creators of learning, able to assess their achievements in comparison to others. The 

teacher adjusts the dynamics of teaching based on feedback and insights gained from 

students during the teaching process (Sterkuš, 2021). 
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Abstract. Physics is experimental science; consequently, also the physics teaching in schools 

should include experimental work. It develops skills and attitudes, not only physics 

knowledge. It is great challenge for the teacher, how to assess student’s results at experimental 

work. In this contribution we present an example, how this could be done. We prepared 

experiment, where we measured reflected light with light intensity sensor and calculated 

albedo. In addition, we measured energy absorption with temperature sensor in different 

samples. The absorbed energy of the sun light on earth depends among other factors also of 

albedo of different surfaces on the planet and can implicate the temperature changes in 

different areas and globally. This experiment is adequate for physics courses on different 

levels of education and helps the students understand the influence of light irradiance, light 

reflection due to albedo and other factors in the process of climate changes. 

Keywords: albedo, energy absorption, exploratory experiments, physics teaching 

INTRODUCTION 

Experimental work with interfaces and sensors opens new chapters in teaching and 

learning natural laws. Wireless sensors are available on the market today, enabling even 

higher-quality experimentation. Software applications are on phones and tablets. The 

experiment becomes interesting, modern, and attracts students to independent work. The 

experiment should be exploratory. Students are creative in experimental work, using and 

learning scientific methods, discovering, being curious, focused, precise, and doubt about 

the success of the experiment must always be present. 

• Evaluation or assessment of experimental work involves the following phases: 

• Readiness for the experiment, 

• Measurement execution: handling equipment and measuring instruments, 

• Data work: precision and systematic handling of measurements, 

• Interpretation of results. 

Example experiment: Measuring reflectance and experimentally determining albedo. 

In the example, the evaluation method is also described. 
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PHYSICS THEORY  

Solar energy is electromagnetic radiation emitted by the Sun into space. This energy 

travels through a vacuum and reaches the Earth in the form of sunlight. When solar rays 

reach the Earth, they encounter various interactions and processes that influence the passage 

of energy through the atmosphere. Some key concepts related to energy transfer include 

albedo, Earth's temperature, absorption, and physical laws. 

Albedo is a measure of surface reflectance. It represents the ratio of reflected solar light 

to incident solar light on a specific surface. High-albedo surfaces reflect more solar light 

back into space, while low-albedo surfaces absorb more solar light. For example, a snowy 

landscape has high albedo, while a dark asphalt road has low albedo. 

When solar rays reach the Earth, some of the energy is absorbed in surface layers such 

as soil, oceans, and plants. This absorbed energy is converted into heat, causing a rise in 

Earth's temperature. The heat is then emitted back into the atmosphere in the form of 

infrared radiation. 

The atmosphere plays a crucial role in energy transfer through Earth's atmosphere. Some 

solar energy is scattered from particles in the atmosphere, a phenomenon known as 

scattering. The atmosphere also contains various gas molecules such as carbon dioxide, 

methane, and water vapor, which absorb some of the infrared radiation emitted by the Earth. 

This process is called absorption. Absorption of infrared radiation contributes to 

atmospheric warming. 

Physical laws influencing energy transfer through the atmosphere include laws of 

reflection, refraction of light, and laws of radiation. The law of reflection states that solar 

rays are reflected from surfaces at specific angles, depending on the surface properties. The 

law of refraction describes how light bends when passing through different media, such as 

air or water. 

Laws of radiation include Planck's law of radiation, which describes the spectral 

distribution of electromagnetic radiation energy based on the source's temperature, and 

Stefan-Boltzmann's law, which describes the amount of energy emitted by an object based 

on its temperature. The proportion of energy reflected and absorbed by a surface (material) 

depends on albedo. 

In accordance with the principles of thermodynamics, energy is conserved during 

passage through the atmosphere. Solar energy reaching the Earth can be reflected, scattered, 

absorbed, and re-emitted as heat. Interactions between the Sun, atmosphere, and Earth are 

complex, involving multiple processes and factors influencing energy transfer through the 

system. 

In the wave spectrum of electromagnetic waves (which is what light is), light from 290 

nm to 4000 nm is ecologically very important. The area of the visible part of the light 

spectrum (400 nm – 800 nm) is especially important.  

Experimental Approach 

Texture and color of the Earth's surface affect albedo, determining how much solar 

radiation is reflected, which in turn affects how much radiative energy or heat is absorbed 

at a given location. A high-albedo surface reflects a lot of solar radiation, while a low-

albedo surface reflects very little.   
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As the Earth's surface is composed of various colors and textures, it heats unevenly. 

Snow, ice, and clouds reflect a lot of solar radiation back into space, while green forests, 

plants, and exposed soil absorb solar radiation. You can experience the albedo effect 

yourself on a sunny day by wearing light or dark clothing. Would you feel cooler if you 

wore a light or dark shirt on a hot, sunny day? 

In this experiment, we will explore the relationship between the albedo of different 

surfaces and the change in temperature due to energy absorption. Using a light sensor, we 

will measure the amount of light reflected from paper of various colors and calculate the 

percentage of reflectance. We will also measure the change in air temperature beneath the 

surface due to energy absorption using a temperature sensor. 

Objectives 

Using a light sensor, measure the amount of light reflected from different color pieces 

of paper. 

Calculate the albedo of different surfaces. 

Using a temperature sensor, measure the amount of absorbed energy for each sample. 

Tools for Experimental Work: 

• Vernier - light intensity meter 

• Vernier - temperature sensor (surface) 

• LabQuest interface 

• LabPro program and computer 

• Blank A4 paper 

Stand and 100 W lamp, plastic container with white interior (e.g., ice cream container). 

Different samples: colored sheets, grass, sand, soil, clean water, dirty water, etc. 

Course of work: 

1. Assemble the apparatus as shown in Figure 1. 

2. The sensor for measuring reflected light should be no more than 10 cm above the 

samples. 

3. Connect the sensors to the application. 

4. Set the measurement time to 3 minutes. 

5. Turn on the light and begin the measurement. 

6. After completing the measurement, save the data and turn off the light. 

7. Place leaves of different colors on the thermometer and measure the amount of 

light that is reflected. 

8. Also measure the temperature. 

9. Place sand, soil, ... on the thermometer, making sure the thickness is the same 

(Fig.2). 

 

   

 

Figure 1. Experiment – albedo, senzors (Vernier, 2023) 
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Enter the data into the table (Tab. 1.): 

 
Table 1. Different substances 

Sample Initial 

T(°C) 

Final 

T(°C) 

ΔT(°C) Total 

radiation 

(lux) 

Reflected 

light 

(lux) 

Percentage of absorbed 

light 

Sand       

Soil       

Grass       

Pure 

water 

      

 

 

Figure 2. Measurement of illumination and different values of reflection  (Vernier, 2023) 

Discussion 

Why does dirty water heat up more than clean water? How about the sea? Influence of 

algae and organisms in water on temperature, ocean currents. Urban heating, Earth's 

warming? – possibilities for broader discussion with students and differentiation, formative 

monitoring. 

Evaluation of Experimental Work 

Experimental work begins long before entering the classroom, laboratory, or selected 

natural location. Preliminary preparation for the work partly takes place during physics 

classes, while the majority is done by students at home through careful study of prepared 

instructions. At the start of the experimental work, we evaluate the student's readiness for 

the experiment by reviewing notebooks and asking questions to verify: 

• Whether the student has written a summary of the experiment and created a work 

plan in the notebook 

• Whether the student knows the theoretical foundations of the subject matter related 

to the experiment, 

• Whether the student understands the instructions for conducting the experiment 

and measurements. 

When evaluating the skills of experimental work, the most demanding phase is the 

execution of measurements. In the data analysis phase, students need a calculator and 

geometric tools. Without these tools, high-quality data analysis is not possible.  
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When scoring, we take into account: 

• Systematic and clear collection of data and measurement results 

• Drawing graphs and graphical procedures, 

• Accuracy of measurements and calculation of errors, 

• Form and organization of the laboratory report, 

• Accuracy of results and answers to simpler questions. 

In the final phase of interpreting the results, students are expected to: 

• Identify the relationship between the quantities measured in the experiment, 

• Relate observed quantities to appropriate physical laws, 

• Provide appropriate comments on the results of the experiment, 

The teacher writes the student's name in the right column of the table. The criteria are 

written in the left column. The critera are: Theoretical foundations, Understanding of 

instructions, Experiment execution, Assembly of the experiment, Choice of sensors and 

measurement range, Reading measurements, Use and handling of elements (safety), 

Working with data, Clarity and systematic collection of data, Graphical procedures, graph 

drawing, Observance of measurement accuracy, Form and organization of experiment 

notes, Accuracy of results and answers, Interpretation of results, Evaluation of results and 

measurement procedures, Discussion, argumentation, connection with theory, Grade.  

 

Evaluation scale and criteria are presented in Table 2. 

 
Table 2. Evaluation scale and criteria – measurement execution 

Evaluation 

category 

Evaluation 

0 points 3 points 5 points 

Plan for work 

 

He or she didn't prepare 

for the exercise.  

He or she prepared 

properly for the 

exercise.  

He or she prepared 

perfectly for the 

exercise. 

Theoretical 

foundations 

Does not know the 

theoretical foundations of 

the learning topic with 

which the exercise is 

connected. 

He or she knows the 

theoretical basics, but 

he does not 

understand some of 

the work.  

Knows and understands 

well all the theory with 

which the exercise is 

connected. 

Comprehensio

n of 

instructions 

Does not understand work 

instructions. He only 

completes the exercise if 

the instructions are fully 

explained to him. 

He needs additional 

instructions for 

individual parts of the 

exercise.  

Understands all 

instructions well. 

Assembling 

tripod 

accessories 

He cannot assemble 

accessories without help. 

He does not know the 

terms for individual parts 

of the accessory.  

He only needs help 

with some tasks, he 

does most of the work 

himself.  

He does not need help 

when assembling the 

gadgets 

Selection of 

meter and 

measurement 

range 

He does not know how to 

choose the appropriate 

meter and the appropriate 

range. 

Selects the 

appropriate meter, but 

has difficulty 

selecting the 

appropriate range. 

Selects the appropriate 

meter and the 

appropriate measuring 

range. 
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Reading 

measurements 

On a meter with several 

scales, he cannot choose 

the right one, he cannot 

read decimal places from 

the scale. 

It selects the 

appropriate scale, but 

the reading of decimal 

places is defective. 

He chooses the 

appropriate rock and 

takes the correct reading 

from it. 

Using sources 

of voltage, 

heat... 

When using sources, he 

does not follow the safety 

and technical instructions 

for working with the 

source. He does not know 

how to handle the origin 

independently, 

comprehensive and 

permanent supervision is 

necessary.  

When using the 

sources, it takes into 

account most of the 

safety and technical 

instructions. Can 

handle selection but 

needs advice or 

supervision. 

It fully complies with 

the safety and technical 

instructions for working 

with sources. He 

handles them 

completely 

independently and does 

not need supervision. 

Systematicity 

and 

transparency 

of sample 

collection  

He is unable to write 

down samples in an 

orderly manner. He can't 

find his way from the 

notes, he needs additional 

information from 

classmates or the teacher. 

He lacks data for further 

work. 

The measurements are 

arranged, but there is 

no visible system. 

Less important data 

about the experiment 

is incompletely 

collected, prefixes or 

units are missing from 

the data. 

The measurements are 

systematically arranged, 

e.g. in descending or 

ascending order, 

prefixes and units are 

written. 

Graphic 

procedures, 

working with 

graphs 

When drawing graphs, he 

does not follow the rules 

about proportions and 

axis marking, the scale of 

the graphs is untidy, he 

does not mark 

measurements with 

visible marks, he cannot 

comment on or read 

graphs. 

The graph is drawn in 

accordance with the 

rules, takes into 

account the 

proportions when 

drawing graphs, 

indicates scales on the 

axis and correctly 

writes the values of 

individual 

measurements. Has 

trouble reading 

intermediate values 

from graphs. 

He has no problem 

drawing and analyzing 

graphs. Follows all 

instructions for 

transparent drawing of 

graphs and for their 

analysis. 

Taking into 

account the 

accuracy of 

measurements 

Measurements cannot be 

recorded with an accuracy 

rating. It is wrong in 

determining the 

characteristic places and 

in calculating the absolute 

and relative error. He 

does not know the rules 

for calculating with 

imprecise quantities 

Records the 

measurements with an 

accuracy rating. 

Needs advice on 

writing characteristic 

places, knows how to 

estimate absolute and 

relative error, but has 

trouble with imprecise 

quantities. 

He writes down the 

measurements with an 

accuracy assessment, 

follows everywhere the 

rules for determining 

characteristic places, 

writing with exponents 

and determines the 

absolute and relative 

error of the 

measurement. Follows 

the rules for calculating 
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with imprecise 

quantities. 

Format and 

organization 

of the report 

The exercise is processed 

superficially, it is opaque 

and illegible. Graphs are 

of inappropriate 

dimensions. 

The exercise has the 

required systematics 

and content. It has 

been corrected and 

deleted in some 

places. The tables are 

not equipped with 

units, the graphs do 

not have a marked 

axis... 

The exercise is 

flawlessly processed. 

Tables and graphs are 

complementary and are 

correctly labeled and 

completed. 

Correctness of 

results and 

answers  

Most of the results are not 

correct, the answers to the 

questions are incorrect or 

incomplete. 

Most of the results 

and answers are 

correct. 

The answers and results 

are correct. 

Evaluation of 

results and 

measurement 

procedures 

The exercise does not 

contain comments on the 

results and measurement 

procedures, or the 

comments are incomplete 

or without content. 

The commentary is 

poor in content and 

only covers the main 

points of the exercise 

superficially. 

The commentary is rich 

in content, discusses the 

goals and procedures of 

the exercise, and 

compares individual 

results with 

predictions.rezultate z 

napovedmi. 

Connection 

with theory 

From the exercise and 

comments, there is no 

sense of knowledge and 

connection with theory. 

In the commentary, he 

only superficially 

compares results and 

procedures with 

theory. He is content 

with commenting on 

individual graphs and 

equations. 

The commentary 

provides a 

comprehensive 

analytical overview of 

the theoretical 

background and 

predictions. He looks 

for the causes of 

unusual results, 

comparing them with 

predictions. 

CONCLUSION 

Physics and natural sciences education must cater to the upcoming generations. 

Currently, Generation Z is departing from our elementary school system. The characteristics 

of this generation are known (Sterkuš, 2021). The teacher guides interaction with students 

during experimental work. The significance and purpose of the experiment are explained. 

Everyday life examples are listed, described, and students are encouraged to recognize their 

own experiences. This stimulates students' learning activity and curiosity. The teacher 
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guides interaction with students during experimental work. The significance and purpose of 

the experiment are explained. Everyday life examples are listed, described, and students are 

encouraged to recognize their own experiences. This stimulates students' learning activity 

and curiosity. Additional content is tied to the experiment, which the student must process 

and acquire to piece together a mosaic of knowledge (synthesis). The teacher should guide 

and lead students towards achieving goals. 

By using sensors, the meaning of experimental work is transformed for students, and 

with the help of formative monitoring, we can see how they progress. Their achievements 

can be assessed more easily and consequently graded. Students are included in the process, 

allowing them to co-create the learning process and evaluate their achievements compared 

to others. The teacher adjusts the dynamics of teaching based on feedback and insights 

gained from the teaching process with students. 
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Abstract. Thunderstorm asthma (TA) events refer to the outbreak of severe asthma attacks 

caused by favorable environmental conditions producing a high concentration of pollen 

ruptured fragments. Intact pollen grains entrained by updrafts into a thunderstorm might be 

ruptured releasing many sub-pollen particles (SPPs). These SPPs remain suspended in the air 

for several hours after the storm and can be transported to the ground level triggering TA 

outbreaks. Predicting of TA occurrences has priority for the regions with frequent 

thunderstorms and should involve the pollen forecasting systems with included SPPs 

production and dispersion. In this paper recent progress in developing a new numerical model 

DREAM-POLL introducing novel parameterization scheme for production of sub-pollen 

particles is presented. The model is tested for two pollen seasons when four largest decadal 

TAs occurred in Melbourne. The proposed modelling approach has potential to provide 

effective early warnings forecasting system for TAs applicable to different pollen types. 

Keywords: particle rupturing, sub-pollen particles, extreme pollen episodes, asthma epidemic, 

early warning system 

INTRODUCTION 

Thunderstorm asthma (TA) episodes are an epidemic of acute asthma attacks caused by 

environmental conditions that might result in a high concentration of pollen fragmented 

particles staying in the air for several hours after a storm has passed [1].  It is hypothesized 

that intact pollen grains entrained by updrafts into a thunderstorm are ruptured, thus 

releasing sub-pollen particles (SPPs) with up to a thousand allergenic particles released 

from a single intact grain. High humidity, lightning, and extreme upwind streams are 

thought to produce pollen rupturing within convective clouds [2]. Thunderstorm downdrafts 

and outflows can transport these SPPs' respirable allergens to ground level, raising the 

danger of TA outbreaks. The medical evidence shows strong link between of the arrival of 

thunderstorm outflow and large increase in concentrations of ruptured pollen grains [3]. In 

regions with frequent thunderstorms, there can be increases of the attacks that put a strain 

in local hospitals and if not managed properly these attacks can be fatal. Obviously, there 

is a strong need for developing a forecasting system capable to issue early warnings for 
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such TA events, but accurate predicting of TA occurrences has been extremely challenging 

task over the last decade. To address the missing SPPs in most existing pollen forecasting 

systems, we developed DREAM-POLL, a numerical model that forecasts not only the 

airborne intact pollen process but also the production and dispersion of allergenic SPPs 

released from ruptured pollen grains [4]. In this paper we explain the progress made in 

pollen modeling related to parameterization scheme for production of SPPs and present the 

results of model tests on pollens seasons during TAs occurred in Melbourne, Australia. 

METHODOLOGY 

DREAM-POLL is an Euler-type model in which prognostic pollen concentration 

equation is embedded on-line into a high-resolution non-hydrostatic weather prediction 

model. It represents a modified version of the DREAM regional dust aerosol atmospheric 

model [5], to mathematically describe the major phases of the atmospheric pollen cycle, 

including the emission of pollen, vertical and horizontal transport, and pollen turbulent 

mixing and deposition. The model domain in this study covers the southwestern region of 

Australia, and there are 28 model vertical levels spanning from the surface to 50 hPa with 

the horizontal grid resolution of approximately 5 km. The model was run over the pollen 

season periods of 15 October - 15 December 2010 and 2016. The initial and boundary 

conditions for the atmospheric model component were specified using weather prediction 

parameters of the European Centre for Medium-range Weather Forecast (ECMWF) global 

model. The major pollen-related input to the model is geographical distribution of grass 

pollen sources specified using the Australian Land Use and Management (ALUM) 50 m 

gridded data [6]. The pollen fraction in the model grid box is calculated as a mean value of 

ALUM fractions belonging to this grid box and the intensity of the emission is made 

depended on near surface turbulent conditions. According to the Taylor-Jonsson hypothesis 

[2], intact pollen grains are lifted by convective updrafts and ruptured due to high humidity, 

wind force and electric charge effects in a thunderstorm cloud. After rupturing, a fraction 

of SPPs is released to the air after which the intact, the ruptured shells and SPPs continue 

their independent dispersion (Figure 1). 

 

Figure 1. Conceptual scheme of convective circulation (left) and schematic description of the pollen 

rupturing process in convective clouds, as parameterized in DREAM-POLL (right). 

The initial version of the rupturing process parameterization in the model was associated 

with the lower threshold of relative humidity (RH) of 60% when rupturing began [7], where 

SPP concentrations vary from ~1.000 to 10.000 grains m-3 for RH>60%. After strong link 

between convective instability and TA occurrence has been recently demonstrated [8], we 
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introduced a new parameterization for sub-pollen particles (SPP) production dependent on 

the convection instability parameter CAPE - convective available potential energy [4]. 

CAPE [Jkg-1] is the parameter describing the overall convective features of thunderstorms 

and it is defined as the vertically-integrated air buoyancy 

 𝐶𝐴𝑃𝐸 = ∫ 𝑔
𝐸𝐿

𝐿𝐶𝐿

𝑇 − 𝑇′

𝑇
𝑑𝑧 (1) 

Here, 𝑔 is the gravity acceleration; 𝑇 and 𝑇′ are temperature of the air parcel and 

temperature of the surrounding air, respectively; LCL is the lifting condensation level (the 

bottom of the convection cloud) at which an unsaturated air parcel reaches its relative 

humidity 100%; EL is the level at which the air parcel becomes as cool as the environment. 

The percentage of the intact pollen mass converted by convection to SPPs is defined by a 

function of CAPE with tunable parameters [4]. 

RESULTS 

Although the event on 7 November 2016 was accompanied with a grass pollen intrusion 

over Melbourne there were no observed thunderstorm conditions. In contrast, 7 November 

2010, declared as TA, was accompanying with a thunderstorm. Obviously, presence of 

intact pollen is necessary but not sufficient condition to trigger TA. Despite a relatively low 

observed number of intact pollens, convective conditions increased SPPs and triggered TA. 

There were two peaks of intact pollen concentrations observed in Melbourne during the 20-

21 November 2016 period. During 20 November there were no significant ruptured pollen 

numbers recorded, which indicates that particle fragmentation did not occur under the 

prevailing stable synoptic conditions. However, on the 21 November both observations and 

model results show increased numbers of intact and ruptured pollen particles linked with 

the passage of the wind gust front. Significant increase in the observed ruptured-to-intact 

grain ratio after the front passage [9], was reproduced by the model as well (Table 1). 

Table 1. 1 h and 4 h averages of observed and predicted ruptured/intact grain ratios before and after 

the squall-line front passage on 21 November 2016 at the Burwood observation site.  

 Observed 

1 h average 

ruptured/intact 

grain ratio 

Predicted 

1 h average 

ruptured/intact 

grain ratio 

Observed 

4 h average 

ruptured/intact 

grain ratio 

Predicted 

4 h average 

ruptured/intact 

grain ratio 

Before front passage 0,55 0,73 0,56 0,32 

After front passage 1,06 0,98 1,02 1,4 

In order to further improve the model accuracy a new parameterization for SPPs 

production dependent on the CAPE was introduced and tested [4]. In Figure 2 vertical cross 

sections of pollen concentrations along the normal to the gust front obtained using different 

parameterization is presented. Overall, reliability of the intact pollen concentration 

prediction for the selected periods is reasonable but more importantly is that the model 

correctly reproduces the temporal dynamics of the observed intact pollen concentrations 

(for selected periods correlation coefficient reaches about R=0,8). In addition, since there 

are no routine daily observations of the respirable SPPs in Melbourne and elsewhere, the 
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available Melbourne hospital admission records for two pollen seasons 2010 and 2016 were 

used for model prediction evaluation. The results obtained for 2010 pollens season is 

presented in Figure 3. 

 

Figure 2. Predicted intact pollen concentration at 16:00 AEDT on 21 November 2016. Vertical 

cross sections along the normal to the front, with pollen concentration of 60% relative humidity 

(left) and CAPE used for SPPs parameterization (right). 

 

 

Figure 3. Temporal variation of predicted hourly intact and SPPs pollen concentrations for 

Melbourne during 2010 grass pollen season. 

Numerous modelled intact pollen intrusions were not related to TA events, as evidenced 

by the data. For each of the four main Melbourne TAs, SPP increases are consistently 

anticipated at the same time. There is just one SPP maximum on December 14, 2010, which 

may be seen as a false alarm but not confirmed since we were unable to locate any medical 

documentation for this specific incident. The obtained results demonstrate that the new 

modelling approach has a very high potential for TAs events predictions. 
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CONCLUSION 

Chronical asthma can be triggered under prolonged exposure of patient to pollen 

concentratios. However TA is related to acute asthma attacks occurring soon after a storm 

has passed. Many high pollen intrusions happening during the pollen season did not trigger 

TAs since no thuderstorms occured. Under favorable thunderstorm conditions even 

relatively low number of intact pollens can produce SPPs sufficiently high to provoke 

hospital admissions in short time. With its high success rate and adaptability to different 

geographical areas and pollen types the presented modeling approach, tested on major TA 

events happend in Melbourne, has potential to provide effective forecasting system for TAs 

early warnings. Developement a new measurement technique for routine respirable SPPs 

observations and addition systematic validation of the model results are needed.  
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Abstract. The paper describes that today's social development guides an increasing focus on 

environmental protection as well as the causes that leave consequences on the environment. 

When talking about harm to the environment, the textile and clothing industry is usually not 

mentioned. That term is not as popular as, for example, the state impact of plastic, plastic 

bags, etc. However, the reality is different, as waste from the textile industry adversely affects 

the environment. Therefore, the paper analyzes the life cycle of textile products starting from 

design, development, production, distribution, use, maintenance, and up to its recycling or 

disposal. According to presented facts, the textile sector is the third largest source of water 

pollution and land use in 2020. On average, nine cubic meters of water, 400 square meters of 

land and 391 kilograms of raw materials are needed for the production of clothing and 

footwear per EU resident. It is estimated that dyeing and finishing processes in textile 

production are responsible for 20% of global water pollution. It is a fact that 2,700 liters of 

drinking water are needed to produce one cotton T-shirt. That is the amount that one person 

drinks in two and a half years. Synthetic clothing that is washed in household machines is 

responsible for 35% of primary microplastics released into the environment. One wash of 

polyester clothing can release 700,000 microplastic fibers that can end up in the food chain. 

The paper states that almost 26 kg of textiles are consumed annually and about 11 kg of 

textiles are thrown away per EU resident. Strategies to address these issues are also 

highlighted, including developing new business models for clothing rentals, designing 

products to facilitate reuse and recycling (a circular approach), persuading consumers to buy 

less and better quality clothing, and generally directing consumer behavior towards more 

sustainable options. 

Keywords: textile, industry, ecology, product life cycle, recycling 
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INTRODUCTION 

The textile industry anually generates 40 million tons of textile waste on the global level. 

Most of this waste is sent to landfills or is incinerated. On the other hand, the technological 

process of textile production consumes huge amounts of water, land and raw materials. 

Therefore, serious efforts are being made to move from the linear economy to closed-loop 

recycling. In this direction, special emphasis is placed on high-quality recycling, which 

would ensure that primary raw materials are reduced with recycled raw materials to a greater 

extent. This would, on the one hand, reduce waste as well as the production of primary raw 

materials, which has a large negative impact on the environment. Closed-loop systems tend 

to recycle materials constantly, after each technological process of production, i.e. 

discarding old clothes, so that textile materials theoretically remain in constant circulation. 

Textile production, if all activities in the value chain are considered, consumes more 

resources than many other sectors. Thus, in the countries of the European Union, the textile 

sector is the fourth largest consumer of primary raw materials and water (after food, housing 

and transport). All this considered, the reliance of the textile industry on synthetic fibers, 

which are based on fossil fuels in their raw material composition, also contributes to the 

unfavorable impact on the environment. This includes polyester, which is one of the most 

common textile fibers in the fashion industry today. Therefore, the negative impact of the 

textile industry on the environment is recognized at the global level, which has recently 

contributed to obtaining more quality proposals for solving these problems. This contributes 

to the significant development of closed-loop recycling processes that have the potential to 

limit textile waste and partially reverse the impact of fast fashion. Material recycling in the 

textile industry is not seriously represented. Today, less than 10% of recycled materials 

make up the global textile market. In that 10%, open-loop recycling products using PET 

(polyethylene terephthalate) bottle waste prevail. However, this is not a solution to make 

textile material from recycled bottles, because by recycling plastic bottles, new plastic 

bottles can be made in that area. Therefore, the textile industry must develop quality closed-

loop recycling systems for its materials. For that reason, the Action Plan for the circular 

economy was adopted in the EU countries. This plan aims to ensure the application of 

circular economy principles to textile production, products, consumption and waste 

management. The EU Waste Directive Framework was also adopted, requiring countries to 

separate all textile waste by 2025. Several European countries have already implemented 

extended producer responsibility schemes, making brands and retailers responsible for post-

consumer waste and requiring financial contributions from producers to collect, recycle and 

reuse products [1,2]. 

NEGATIVE IMPACT OF THE TEXTILE INDUSTRY ON THE 

ENVIRONMENT 

The textile sector was the third largest source of water and land degradation in 2020. 

Textile products are diverse, and for this reason it is difficult to accurately determine their 

impact on the environment. Some estimates put it at 2% to 10% globally. It is estimated that 

this impact in the EU, caused by the consumption of textiles, ranges from 4 to 6%. Some 

reports for 2015 indicate that the global textile and clothing industry was responsible for 

the consumption of 79 billion cubic meters of water and produced 92 million tons of waste. 
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The same estimates say that by 2030, under a business-as-usual scenario, these numbers 

will increase by at least 50%. 

In 2020, on average, the production of clothing and footwear per EU citizen required 

[2]: 

❖ 9 cubic meters of water, 

❖ 400 square meters of land and 

❖ 391 kilograms of raw materials. 

From these data, it can be seen that the textile industry is a large consumer of water. It 

is estimated that the global textile industry used 79 billion cubic meters of water in 2015, 

while the total consumption of the entire EU economy in 2017 was 266 billion cubic meters. 

For example, the production of 1 cotton T-shirt requires 2.700 liters of drinking water. That 

is the amount that 1 person drinks in 2,5 years [2]. 

It is estimated that textile finishing processes, mostly dyeing and finishing in production, 

are responsible for 20% of global water pollution. 

 Figure 1. Waste water as the result of the dyeing and finishing processes of textile [4]  

 

In the textile industry, large amounts of water are used for various processes and stages. 

Therefore, we should expect different amounts and types of waste water, which is an 

important and significant burdening factor of negative impact on the environment. In the 

process of pre-treatment, i.e. preparation of raw fabrics and knitwear, various impurities are 

removed from textiles, starchy agents, various soaps and other auxiliary agents, which later 

end up in waste water. In the textile industry, the presence of large concentrations of salt 

and various surfactants is noted. You can also find various inks, solid varnishes based on 

water or latex that do not contain organic solvents, heavy metals, various detergents, 

softeners, etc. means that pollute the human environment to a greater extent. In the washing 

process, a washing solution is used that contains: soaps, surfactants, phosphates, various 

complex compounds, etc. During the preparation process for washing, the most common 

and largest part of waste water consists of fibers, oils, fats, waxes, mineral oils, starch-based 

scum, polyvinyl alcohol (PVA), polyacrylate, etc. The waste water that was created after 

the processing of textile material is characterized by the presence of dyes and optical 

bleaching agents, then washing agents, thickeners, phenols, aromatic compounds, etc. So, 

for example, in the processing of wool, the most significant water pollution occurs in the 

first stages of the process, i.e. while washing, boiling and rolling the wool. The biggest 

problem of these wastewaters are related to the disruption of the photosynthesis of aquatic 
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plants. This causes a significant increase of bacteria to the level of insufficient biological 

degradation, which has the effect of disrupting the ecological balance. In that area, the most 

problems are caused by waste water that carries with it large amounts of dye, used for 

dyeing textile materials [2]. 

 

Figure 2. Production plant for textile refining [2] 

 

Clothes made of synthetic materials, which are washed in washing machines, are 

responsible for 35% of primary microplastics released into the environment. A single wash 

of PES clothing in washing machines can release 700.000 microfibers that can end up in 

the human food chain. Most microplastics from textiles are released during the first few 

washes, and fast fashion, due to its mass production, low prices and high volume sales, is 

responsible for many first washes [2]. 

NEGATIVE IMPACT OF PRODUCTION OF RAW TEXTILE 

MATERIALS 

The cultivation of natural fibers as well as the technological procedures for obtaining 

chemical fibers have a significant negative impact on the environment. Cotton, whose use 

at the global level is around 43% of the total mass of all fibers, is considered particularly 

problematic. This is because growing cotton requires huge amounts of land, water, 

fertilizers and pesticides. It is a fact that natural fibers have a significant impact on the 

environment, with silk having a particularly harmful effect in terms of depleting natural 

resources. Cotton is a major contributor to water scarcity. Less commonly used natural 

fibers, such as hemp and flax, require less water, fertilizers and pesticides. 
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Polyester, according to its raw material composition, is a product of fossil fuels. It is 

therefore not biodegradable. Today, it is represented by about 16% in the total mass of all 

fibers used in the production of clothing. Its main advantages are that it consumes less water, 

it can be washed at lower temperatures, it dries quickly, and it hardly needs to be ironed. Its 

biggest advantage is that it can be easily recycled into new fibers of good quality. What is 

disadvantageous is that the clothes are not made from recycled textile materials, but from 

materials recycled from plastic bottles. [2] 

Fibers from regenerated cellulose are represented in amounts of about 9% compared to 

the total amount of all fibers. Viscose, also known as rayon, is used most often. These fibers 

are made from wood. Therefore, they are also biodegradable, but the big problem is a 

sustainable source of cellulose, because it has doubled its consumption from 1990 to 2017. 

Otherwise, the production of all fibers is increasing, as can be seen from Picture 3. 

 

 

Figure 3. The global production of fibers in the period between 1980-2030 [2] 

SUGGESTIONS FOR SOLVING THE PROBLEM 

The textile industry is increasing its production to a large extent, and thus creating large 

amounts of waste and a negative impact on the environment. To solve these problems, new 

ways are recommended to reduce the impact on the environment in the processing and 

production phase, including reducing the consumption of chemicals, replacing them with 

enzymes, using color controllers and dyeing machines that require less water, and water 

recycling. Integral knitting is also recommended, where the entire garment is produced in 

one piece without the need for cutting and sewing. Some companies are experimenting with 
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new dyeing processes, such as using CO2 as a dyeing medium instead of water. Others are 

experimenting with different material savings in tailoring, new cuts, computer-controlled 

pattern making tools to reduce fabric consumption, and so on [3-9]. 

We are also working on finding new raw materials. Emphasis is placed on organic cotton 

because it uses less water and causes less pollution. The share of organic cotton increased 

from 6% in the period from 2012 to 2013 to 19% in the period from 2016 to 2017. 

Some proposals also go in the direction of bio based polyester (also known as 

biosynthetics). It is partly made from renewable resources such as starch and lipids from 

corn, sugar cane, beet or vegetable oils. 

Further development is focused on lyocell fiber made from eucalyptus pulp, which 

grows quickly and requires no irrigation or pesticides. Bemberg fiber (cupro) is developed, 

which is made from waste cotton fibers. 

One of the innovative processes was developed by the Technical Research Center of 

Finland and the Infinite Fiber Company. The environmental advantages compared to 

viscose production are: 98% less water is used and harmful chemicals such as carbon 

disulphide can be avoided [10]. 

 

 

Figure 4. Technical Research Center of Finland and Infinite Fiber Company [10] 

 

The Textile and Clothing Research Institute from Hong Kong is working on solutions 

for textile recycling from fiber mixtures of different raw material compositions into new 

fibers and yarns through the hydrothermal process and biological methods [11]. 



Impact of Textile Industry on the Environment 

59 

 

Figure 5. The Textile and Clothing Research Institute from Hong Kong [11] 

 

Different strategies of dealing with the problem of textile waste usually include the 

following: 

❖ development of new technologies for making clothes with less waste in 

production, 

❖ designing products in a way to facilitate reuse and recycling (circular way), 

❖ persuading consumers to buy less clothing, but of better quality (slow fashion), 

❖ constant direction of consumer behavior towards more sustainable options 

❖ development of new business models for clothing rental. 

Strategies to tackle textile waste in the EU include: 

❖ In 2022, a new strategy was launched to fight against fast fashion, 

❖ supporting innovations for the production of textiles that will be more sustainable, 

with easy maintenance and easier recycling possibilities, 

❖ new requirements of ecodesign for textiles, 

❖ clearer product information – digital product passport  

❖ encouraging companies to take responsibility for environmental protection. 

Existing EU measures on textile waste are: 

❖ Waste Directive - member states must obtain textiles separately by 2025. 

❖ New measures to address the problem of the presence of hazardous chemicals 

and help consumers choose sustainable fabrics. 

❖ Manufacturers who respect ecological criteria are allowed to mark their products 

with the EU Ecolabel, which guarantees the limited use of harmful substances 

and the reduction of water and air pollution, 

❖ The Obzor 2020 program finances RESYNTEX, a project using chemical 

recycling, which could serve as a circular economy business model for the textile 

industry. 

All these measures are necessary because less than 50% of clothes are reused for 

recycled, and only 1% is recycled (returned) into new clothes. In the period from 2000 to 

2015, the production of clothing doubled, while the average use of clothing decreased. 

Europeans annually consume almost 26 kg and throw away about 11 kg of textiles. 
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Figure 6. Products made from recycled materials [2] 

CONCLUSION 

The textile industry generates 40 million tons of textile waste a year on a global level. 

Most of this waste is sent to landfills or is incinerated. On the other hand, the technological 

process of textile production consumes huge amounts of water, land and raw materials. 

Therefore, the textile sector is the third largest source of water degradation and land use in 

2020. Today, less than 50% of used clothing is recycled or reused, and only 1% is recycled 

(returned) into new clothes. 

New ideas are recommended to reduce the impact on the environment in the 

processing and production phase, including reducing the consumption of chemicals, 

replacing them with enzymes, using color controllers and dyeing machines that require less 

water, and water recycling. Closed processes of textile recycling into new textile products 

are still in development and have not reached the commercial stage, but they are intensively 

studied and work is being done on their application. 
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Abstract. The paper discusses textile waste, which is most often classified as biodegradable 

nowadays. However, the paper points out that this classification is not appropriate. A large 

part of textile waste is biologically poorly degradable, such as: synthetic fibers, wool, surface-

treated textile materials, fibers supplemented with composites, etc. The fact is that today the 

disposal of textile waste in landfills is increasingly limited. On the other hand, the burning of 

textile waste produces harmful gases for the environment. Therefore, the paper recommends 

the use of different methods of textile waste recycling. The paper analyzes the recycling of 

textile waste by two methods, mechanical and chemical. The current state of mechanical 

recycling, which represents the basic process for recycling textile materials, is described. It 

implies the mechanical deconstruction of textile materials in order to obtain multipurpose 

fibers and materials. The paper also shows some procedures of chemical recycling, which are 

not widespread, because the procedures are mostly in the stage of development of industrial 

application. The good quality of chemically recycled materials is also emphasized. At the end, 

possibilities for the use of recycled textile products in construction, automotive industry, 

agriculture, etc. are listed. 

Keywords: textile waste, recycling, insulation, recycled products 

INTRODUCTION 

The textile and clothing industry is one of the world's largest and fastest-growing 

industrial sectors, thanks to the increase in population, the increase in consumption, the 

diverse application of textiles and greater productivity in mass production processes. With 

annual revenue of 1.3 trillion USD in 2016 [1]. In many industrialised countries however, 

clothing is now subject to fashion and style, which greatly reduces the time the clothing is 

used before disposal. While this rapid turnover is one of the key drivers for growth in the 

textile industry, this behaviour results in an overconsumption of clothing and an excessive 

use of resources and energy and is also significantly responsible for the generation of textile 

waste [2].  
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Annual production has nearly doubled since 2000, surpassing 100 billion units in 2015 

with apparel consumption expected to rise 63% by 2030. This increase is partly due to the 

burgeoning fast fashion industry, which relies on shorter production cycles and style 

turnaround, often at lower prices, enabling a larger selection and choice for consumers [3].  

Textiles mainly consist of fibres. The term fibre is a morphological term for materials 

characterised by their fineness, flexibility and high length to cross-sectional area [4]. While 

fibres can consist of a wide range of materials, they are usually classified as either man-

made fibres or natural fibre, as seen in Figure 1. Natural fibres are both the hairs and wools 

of animals, and fibres from planted crops, such as cotton and hemp. The term man-made 

fibres refers to the process of manufacture and not the chemical composition of the material. 

For example, while cotton and viscose both are fibres consisting of cellulose, cotton is a 

crop fibre and therefore classified as a natural fibre, and viscose is a man-made fibre 

produced by the viscose process [5]. 

 

 

Figure 1. Categorisation of fibre types [4]. 

 

 As a resource and energy intensive industry, the apparel sector’s presence is far-

reaching with associated environmental, economic, and social impacts across the value 

chain. Total fiber production in the global textile industry had increased by nearly 20% to 

103 million tons between 2011 and 2017 [6].  

 

                             

Figure 2. Global fibre production from 1980 to 2015 [7]. 
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Global fiber production in 2016 was estimated to be 94,5 million tons, dominated by 

synthetic fibers (68,3%) –predominantly polyester (64%) estimated at 64,8 million tons, 

followed by cotton (22%), man-made cellulosic (6%), and animal-based fibers (1,5%- 80% 

wool, 20% down) Picture 3 [8].  

 

                              

Figure 3. Global fiber production in 2016 [9]. 

 

         

Figure 4. Global fiber production share in 2019 [10]. 

 

The textile and apparel industry is expected to increase its CO2 emissions by more than 

60% (roughly 2.5 billion tons per year) by 2030 while also experiencing a 50% increase in 

freshwater consumption from 79 million cubic meters in 2017 [1].  

Clothing and textiles contributed 6% to the world exports of manufactured goods in 

2017; China and the European Union (EU) are the two leading regions for clothing and 

textile exports [11].  

THE IMPORTANCE OF TEXTILE RECYCLING AND REUSE 

The global trend of "fast fashion" leads to the mass production of cheap clothing in order 

to meet the needs of the market. From 2000 to 2015, the production of clothing almost 

doubled on a global level. The vast majority of clothing that reaches the market consists of 

cheap clothing products whose value ranges from 5 to 10 dollars on average and whose 

quality corresponds to the price at which it is sold.  
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Most often, these are products made from synthetic fibers and with a small percentage 

of natural fibers. The trend in Western countries is to throw away the wardrobe after only 

two or three uses. America is the largest exporter of textile waste, which consists of slightly 

used clothing. The clothes they export are bought by poor countries in order to resell them 

to second-hand shops for a few tens of cents.  

The large amount of clothing that remains is of poor quality and is not even wanted by 

charities that supply poor and vulnerable populations with clothing. It is estimated that over 

13 million items of clothing are thrown away in just one week in Great Britain, which is the 

second largest exporter of used textiles after the US. Most of the textile waste from Western 

countries ends up in the Atacama Desert of Chile. Every year, 39,000 tons of textile waste 

are throw away in this desert. On average, the amount of textile waste dumped in this desert 

is equivalent to one full truckload of waste every second and takes at least 200 years to 

decompose [12]. 

According to current European EU regulations, all textile waste is classified as 

biodegradable, but such classification is only partially justified. In most cases, only 

cellulose fibers (cotton, jute, ramie, flax, hemp...) are easily biodegradable, but in order for 

them to be completely biodegradable, they must not be excessively processed with various 

surface polymers [13]. 

Almost all polymer fibers are poorly biodegradable (polyamide, polyester, 

polyurethane, polypropylene, PVC, elastane, ...). Considering a large percentage of clothing 

products that are "fast fashion" products are made of synthetic fibers and cellulose fibers 

are represented in a much smaller percentage, it would be more objective to classify all 

textile waste as poorly biodegradable. Considering that polyester, which is the cheapest 

fiber and also the most represented in "fast fashion", is obtained on the basis of oil, like 

plastic, by mixing ethylene glycol with dimethyl terephthalate and after their reaction at 

high temperatures and air formed a polymer who needs at least 200 years to decompose. 

That is why it is necessary to recycle textile waste in order to prevent the disastrous impact 

of textile waste on the ecosystem.  

Generally, textile reuse and recycling could reduce environmental impact because it 

could potentially reduce virgin textile fiber production and avoid processes further 

downstream in the textile product life cycle. Moreover, textile reuse and recycling are more 

sustainable when compared to incineration and landfilling. However, reuse is considered 

more beneficial than recycling, mainly when sufficiently prolonging the reusing phase [14]. 

Recycling provides alternatives to both the diversion of waste from landfill, and raw 

material production utilizing agricultural land. The mechanical recycling of cotton from is 

well established and is applied to both pre- and post-consumer waste, an generally entails 

the respinning of recycled combined with virgin material, without additional chemicals [3]. 

When the recycling routes are not well designed, the pollution effects, for example, 

global warming, become stronger [15]. 

Reuse and recycling of textile waste offers environmental sustainability. Upcycling and 

closed-loop recycling are the potential recycling routes that maximize conservation of 

resources such as raw materials, water, and energy, with minimal environmental impact [16]. 

While the separated collection of textiles requires energy for transport sorting and 

packing, every kilogram of virgin cotton replaced by a second hand product saves 65 kWh 

of energy and for polyester every virgin material replaced by second-hand clothing saves 

even more energy with 90 kWh (Woolridge et al., 2006). Therefore, a big supply of second-

hand clothing can have a positive impact on the environment [17]. 
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Figure 5. A classification of textile reuse and recycling routes [18]. 

METHODS OF TEXTILE WASTE RECYCLING 

There are a many of ways to recycle textile waste. One of the newer ways is patented 

technology by company "Infinited Fiber Technology's" that involves mechanical and 

chemical processes to obtain high-quality recycled fibers.  

Infinited Fiber Technology Company Oy’s patented technology can turn textile, 

cardboard  and agricultural waste into new natural fiber without any decrease in the quality 

of the fiber. Regardless of the raw material’s origin (virgin or already recycled), the process 

may be performed not just once, or a limited number of times, but infinitely, while obtaining 

the same results in terms of output quality [19]. 

This technology includes 6 steps: 1. SHREDDING: Clothes are shredded and non-textile 

materials like buttons and zippers removed; 2. FIBER SEPARATION: Cellulose based 

fibres are separated from other fibres like polyester and elastane. Colours and finishing 

chemicals are removed; 3. CONTACT WITH UREA: Urea is compressed into cellulose 

and heated. The cellulose carbamate is formed. Cellulose carbamate is a stabile powder that 

can be easily stored; 4. DISSOLVING: Cellulose carbamate is dissolved into honey like 

liquid in alkali solution. Dissolved dope is then filtered; 5. WET SPINNING: In wet 

spinning the filtered dope is pumped into acid bath through very small holes. Cellulose is 

crystallizing and orientated and a new fibre is born. Fibres form a tow called filament. 

Filament is then cut to needed length and fibres are washed, dried and baled; 6. PRODUCTS 

MANUFACTURED: Yarns, textiles and non-woven fabrics produced in different facilities 

[19]. 
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Figure 6. Patented technology of recycling by company "Infinited Fiber Technology's" [19]. 

CHEMICAL RECYCLING 

Carbios Biorecycling is an enzyme-based recycling process based on the use of 

enzymes, which can be considered "highly specific biological tools". This innovative 

approach enables the specific de-polymerization of a single polymer (e.g., PET) contained 

in the various plastics to be recycled. This de-polymerization process results in monomers 

that are purified in order to be re-polymerized, thus enabling a perpetual recycling process. 

If plastic residues occur that are not degraded during the first stage, they are de-polymerized 

in a second stage by means of the same process, but by applying a different enzyme that 

will de-polymerize other polymers in the same way as in the first stage [19].   

These polymers feature monomers chains that are easily identifiable by the enzymes, 

and are therefore easier to de-polymerize. In addition to textile waste, this technology is 

suitable for plastic bottles and containers (water, milk, sodas, cosmetics, etc.), packaging 

and films.  

At the beginning of 2020 the company announced its new step forward in the 

development  of its enzymatic depolymerization process in order to make it suitable for PET 

polyester  fibers from textile waste [19]. 
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Figure 7. Chemical recycling technology [19]. 

MECHANICAL RECYCLING TECHNOLOGY 

Mechanical recycling is the basic and most common process for recycling textile 

materials and consists of mechanical deconstruction to obtain reusable fibers in an efficient 

way. In the case where natural fibers are recycled, the obtained recycled fibers are ready for 

the production of new yarn or new textile products, but show reduced quality characteristics 

due to the fact that the fibers are shortened and damaged during the shredding process and 

may require mixing with additional fibers in order to obtain a higher quality yarn. and finally 

the finished product [13]. 

 

 

Figure 8. Mechanical recycling technology [13]. 
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CONCLUSION 

The mass production of textiles leads to an ever-increasing amount of textile waste. 

There are fewer and fewer areas left on our planet that have not been contaminated by man 

with his waste. When we no longer need a clothing product and if it is not possible to sell it 

in second-hand shops and enable it to be reused, then that clothing item is most often placed 

in a landfill where it is left to long-term biodegradation that will last for the next 200 years. 

Another option is to recycle the garment and make new textile products from it, and the 

third option is to burn it with other textile waste, which leads to additional pollution of our 

planet. Of all the three possibilities, only recycling is environmentally acceptable if we want 

to enable the new generations to come to have an ecosystem that is not destroyed and 

contaminated by waste that is a direct consequence of excessive production and little 

interest of responsible government of big countries to deal with this very important problem. 

It is necessary for us to understand that until the consciousness of every inhabitant of our 

planet changes and we do not understand the importance of preserving our ecosystem and 

our environment, be it in our immediate vicinity or thousands of kilometers away, neither 

will the global policy change regarding the importance of preserving a healthy ecosystem 

of our planet. 
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Abstract. The paper highlights that the design and production of clothing are increasingly 

influenced by modern trends, wherein ecology plays a significant role in human creation and 

life in general. Eco-friendly clothing refers to items that cause minimal or no harm to the 

environment. The paper explains that any textile product produced in an environmentally 

friendly way and processed within ecological limits is known as an environmentally friendly 

textile. Textile materials are primarily considered ecological based on factors such as product 

renewability, the ecological footprint of resources (i.e., the amount of land required for full 

product growth), and the environmental acceptability of the product (including the use of 

chemicals during production). The fashion industry has recognized the importance of 

ecological principles, and designers worldwide are consciously making efforts to preserve 

natural resources. This movement is commonly known as sustainable fashion or eco-fashion. 

The redesign of textiles and clothing is a component of eco-fashion. The paper particularly 

emphasizes redesign as an activity that shapes our reality. Through ecological awareness, 

redesign embodies an approach that could be described as a love for nature. The paper argues 

that redesign, as a creative form of transforming seemingly unusable items, results in unique 

creations characterized by originality, standing out from everyday uniformity. Redesign, 

through waste reduction, directly contributes to environmental preservation. Consequently, 

this approach also helps reduce pollution in the natural environment caused by the processing 

of raw materials and the production of final products in the textile industry. 

Keywords: ecology, eco-fashion, redesign, ecological textiles 

INTRODUCTION 

Shopping for clothes used to be considered an event. Consumers saved up to buy new 

clothes at certain times of the year and were informed about fashion styles through fashion 

shows several months in advance before they reached the stores. All this started to change 

at the end of the nineties, when shopping became a form of entertainment, and the 

consumption of clothes increased. The media began to invite customers to enter fast fashion 
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because it is fashionable clothing, mass-produced at low prices, that allows consumers to 

feel as if they are wearing the same models that "walk the runway" or that are worn by 

movie stars. Today, the goal is to quickly produce economically viable garments as a 

response to changing customer demands. It must be taken into account that consumers 

decide to buy clothes that are often poorly made because they do not intend to wear them 

for years or even more than once. 

The current state of the market can be described as fast fashion. What is fast fashion? 

Fast fashion is a term used to describe clothing designs that move quickly from runway to 

the stores, using the advantages of the trends. Fast fashion allows consumers to purchase a 

fashionable new product that is currently trending or will be trending at an affordable price. 

All this has led to a sharp increase in clothing sales. Research by the Center for 

Environmental Improvement in Belgrade shows that 82,000 tons of clothing are sold in 

Serbia in one year. This means that each resident buys almost 12 kilograms of clothes. There 

are similar trends in EU countries, where about 5% of money is spent on buying clothes and 

shoes. From that, about 80% is spent on clothes and 20% on shoes. It is estimated that EU 

citizens bought 6.4 million tons of new clothes in 2015 (12.66 kg per person). Data show 

that in the period between 1996 and 2012, the amount of clothing purchased per person in 

the EU increased by 40%. At the same time, more than 30% of clothes in the wardrobes of 

Europeans have not been used for at least a year. When discarded, more than half of clothing 

items are not recycled, but instead end up in mixed household waste and then sent to 

incinerators or landfills. 

The rise of fast fashion contributed the most to this increase in consumption. Fast 

fashion, the epitome of multinational retail chains, relies on mass production, low prices 

and high volume sales. The business model is based on plucking styles from high-end 

fashion shows and delivering them in a short amount of time at low prices, usually using 

lower quality materials. Fast fashion is constantly offering new styles to shop. The average 

number of annual collections launched by European clothing companies is constantly 

increasing. This has led to consumers increasingly seeing cheap clothing as perishable 

goods that are "almost disposable" and are thrown away after only being worn a few times 

[1-7]. 

ECO TEXTILE 

Ecological textile products are made from organic fibers that are produced according to 

organic standards, in all stages of production. Ecological textiles (Eco-Tex) consist of the 

main lines related to human health and environmental effects such as chemicals, waste 

water, workplace conditions, fuel gases, noise level, from raw material to final product. 

When Ecological Textile is considered only as a marketing tool, it cannot ensure 

competitive advantages in the market. 

Eco textiles emerged as one of the solutions for reducing textile waste that has a negative 

impact on the environment. Raw materials are a key element on the way to greater 

biodegradability of textile waste. Therefore, we are working on finding new biodegradable 

raw materials. Some proposals also go in the direction of biobased polyester (also known 

as biosynthetics). It is partly made from renewable resources such as starch and lipids from 
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corn, sugar cane, beet or vegetable oils. Further development is lyocell fiber made from 

eucalyptus pulp, which grows quickly and requires no irrigation or pesticides. Bemberg 

fiber (cupro), which is made from waste cotton fibers, is also being developed. 

The emphasis is still on organic cotton because it uses less water and pollutes less. The 

share of organic cotton increased from 6% in the period from 2012 to 2013 to 19% in the 

period from 2016 to 2017. 

 

 

Figure 1. Organic cotton [5] 

 

Organic cotton is cotton produced from a plant that has not been genetically modified, 

and that has been grown without the use of chemicals such as synthetic fertilizers and 

pesticides. A prerequisite for the production of organic cotton is organic land that has 

undergone a three-year cleanup of artificial substances. Organic cottonseed is also used as 

animal feed, and organic cottonseed oil is an integral part of many human food products. 

Apart from the fact that this kind of production reduces the harmful impact on the 

environment, it encourages biological cycles. This cultivation method increases the price of 

cotton. Therefore, producers are very cautious in expanding the scope of organic cotton 

production due to the unstable market and more expensive production [5,6]. 

 

 

Figure 2. Ecological textile products [6] 
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The world production of organic cotton is constantly increasing in the past years. The 

production of organic cotton is spread all over the world: the biggest producers are Turkey, 

India and China, Tanzania, USA, Uganda, Peru and Egypt. 

Finished products made of organic cotton do not contain any substances harmful to 

health. The base material is colored with vegetable and mineral dyes and does not contain 

heavy metals or formaldehyde, which is particularly allergenic. Garments must contain 95% 

organic cotton in order to be accepted as products with an organic composition. It is allowed 

that 5% of the composition is made of dyes of natural origin, lace, elastin and other materials 

[5-7]. 

EXTENSION OF THE LIFETIME OF CLOTHES 

In order to reduce the amount of waste generated by the disposal of textile products and 

clothing, there are some recommendations that stand out: finding a more sustainable raw 

material mix of fabrics to reduce the use of conventional cotton, improving sorting and 

recycling technologies, more efficient washing and drying, increasing energy efficiency and 

using renewable energy in technological processes, extending the life of clothes and 

improving sorting and recycling. Extending the life of clothes implies that the number of 

times the clothes are worn increases. Therefore, several solutions have been developed in 

this direction: 

Slow fashion. Unlike fast fashion, slow fashion is an attempt to persuade consumers to 

buy fewer, better quality clothes and keep them longer. The philosophy behind slow fashion 

includes relying on reliable supply chains, small-scale production, traditional artisanal 

techniques, using local materials and garments that last through the season. It calls for a 

change in the economic model that leads to a decrease in clothing sales. However, this could 

threaten the economic survival of clothing manufacturers unless consumers are willing to 

pay higher prices. 

Fashion as a service. New business models could increase the number of wearables of 

certain items using the principles of the sharing economy. Some brands are already offering 

clothes as a service – renting out clothes instead of selling them – taking cues from already 

established wedding and special occasion wear, protective clothing and newer maternity 

and baby wear. Other companies have clothing subscription services, where consumers pay 

a monthly fee to rent a fixed number of items at a time, allowing them to change their 

wardrobe frequently without buying new clothes (this already works well with handbags 

and high-end fashion, but increasingly for everyday wear). 

Improved collection for repair, redesign and reuse of clothing. Brands like Filippa 

K. are taking pioneering steps by selling their second-hand clothes in their stores to make 

buying second-hand clothes easier. Others offer long-term warranties that include free 

product repair or replacement, a repair offer or repair instructions, or instructions for reuse. 

Smart and current fashion. It is predicted that in the future, smart fashion could be 

designed - clothing that would tremendously reduce waste. Smart fashion could bring 

clothes of the future that can use smart technology to instantly adapt to consumer 

preferences, for example by changing colors, which would also reduce the need to produce 

multiple versions of the same garment. Instant fashion could enable on-demand production 
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at the point of sale, with the help of, for example, future and improved 3D printing. 

Consumers could get what they want locally produced. Some smaller brands already avoid 

overproduction by producing only what consumers order [7]. 

SOME OF THE PROPOSALS FOR REDUCING THE NEGATIVE 

IMPACT OF THE CLOTHING INDUSTRY ON THE ENVIRONMENT 

The current linear economic model in the textile sector has put a lot of negative pressure 

on the environment. There is strong pressure within the textile industry to make every stage 

of production more environmentally sustainable. In this direction, large sportswear 

companies and large fashion brands are leading the way in investing in new technologies 

and ways of doing business. However, this task is difficult because efforts to reduce 

environmental impacts can result in increased product prices for consumers. Persuading 

consumers to buy less clothing could reduce the company's profits. 

The current way of recycling by shredding largely does not meet the requirements. In 

order to enable the recycling of different textile fibers on the market, innovative solutions 

are needed. For textile materials that do not consist of fiber mixtures of different raw 

material composition, numerous industrial-scale solutions are beginning to enter the market. 

Renewcell has partnered with multiple brands including H&M and Levi's and has a deal 

with their parent company Beyond Retro Bank & Vogue, which supplies Renewcell with 

post-use textile waste. 

One of the technical challenges which the industry faces is the high proportion of 

garments made from fiber blends such as cotton and polyester, which makes them difficult 

to separate. Pilot solutions that are expected to reach industrial maturity have appeared in 

that sector [7]. 

 

 

Figure 3. Linear economic model [7] 

 

In accordance with sustainable development - treating waste as raw material - the 

amount of waste is reduced. This reduces the volume of production of raw materials and 

semi-finished products, because production, in addition to financial costs, has a very large 

harmful impact on the environment. Thus, cotton production destroys agricultural land and 

pollutes watercourses. About 22,5% of all insecticides and 10% of all pesticides consumed 

annually in the world are used to grow cotton. The production of just one cotton T-shirt 

requires 150 grams of pesticides. Pesticides are a danger to the environment because they 

seep into groundwater, poison birds, bees and other animals, as well as farmers. After cotton 

enters the production processes of the textile industry, its harmful impact on the 
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environment is even greater. The processes in the textile industry produce a lot of waste, 

including wastewater, as well as airborne and solid waste. In combating pollution, some of 

the solutions go towards the 4R model of the circular economy, namely: 

❖ redesigning, 

❖ reducing clothing consumption, 

❖ reuse and 

❖ recycling 

REDESIGN 

The redesign of textiles and clothing represents a segment of eco fashion and as such is 

present in the sphere of modern business management. By redesigning worn out and 

unusable textile products and clothing, they create new products acceptable by the market. 

By introducing redesign in the process of production and creation of textile products, which 

according to their use belong to clothing or ambient textiles, the entire reality is affected, 

which includes a humane and socially responsible attitude towards the future and refers to 

the preservation of all factors of the biosphere. Redesigning, apart from directly preserving 

the environment - through waste reduction, also saves the costs that would be required for 

the production of raw materials. Therefore, the pollution of the natural environment, which 

is inevitably caused by the processes of making and processing raw materials and the 

production of final products in the textile industry, is also reduced. 

Textile material from existing clothing can be used in the production of clothing. 

 

 

Figure 4. Redesign of clothing that uses the textile material of already existing clothing [12] 

 

Redesign - an ecological approach to creativity in modern business and art which 

occupies an important place, globally accepted as an act of creativity, is an actuality whose 

importance is reflected daily in the presence of the personal example of the business of 

important designers, through education and numerous manifestations in the fashion world. 

It can be said that redesign is becoming a trend. Redesigning requires the deconstruction 
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and reconstruction of old clothes, a more complex process than the changes a tailor can 

make to improve the fit of a garment. Redesign can vary depending on the extent of changes 

to the garment, from adding minor design details such as decorative details, to changing the 

silhouette of the garment as well as completely transforming the original purpose of the 

garment. 

The redesign of clothing and textiles is a design that transforms waste into a usable form, 

and thus represents a small segment of ecological - eco-fashion or fashion of sustainable 

development. Redesign includes three aspects [1-4]: 

❖ Remake - (eng. Remake) and decoration (eng. Recraft) 

❖ Repair 

❖ Upcycle 

Reshaping - is the creation of something new by transforming an unusable textile 

material into a product of greater value, with the characteristic of improving the useful and 

aesthetic function. 

 

 

Figure 5. Reshaping done by redesign [12] 

Alteration - means remaking some features or adding decorative elements in order to 

implement a new use that is in line with fashion trends. 

Decorating - decorating the surface of clothing (e.g. with embroidery) or by adding 

pleats, etc. 

Repair - mending of clothing, which can make the textile item different and 

aesthetically improved [7-11]. 
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Clothes modified by redesign Clothes decorated by redesign 

  
Clothes repaired by redesign 

 
 

Transformation made by redesign – adding of 

constructive elements 

Reformulation of element position made 

by redesign 

Figure 6. Aspects of redesign [12]  

 

In order to draw attention to the amount of textile waste that is created every day, an 

exhibition was organized in Hong Kong where the central place was occupied by a 

"mountain" of textile waste weighing 7,5 tons of textiles with a message of the justification 

and necessity of recycling. 
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Figure 7. „Mountain“ of textile waste weighing 7,5 tons of textile [13] 

 

 

Figure 8. Poromotion of the textile waste recycling [13] 

EXAMPLES FROM PRACTICE 

The RECYCLING CENTER UŽICE was established from the funds of the IPA project 

entitled "Textile recycling to sustainable solutions". During the 10 years of its existence, 

the center has collected more than 125 tons of clothes. In their workshop, several women 

employees redesigned and distributed around 78.500 pieces of clothing for free. 
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CONCLUSION 

The current linear economic model in the textile sector has put a lot of negative pressure 

on the environment. There is strong pressure within the textile industry to make every stage 

of production more environmentally sustainable. In order to reduce the amount of waste 

generated by the disposal of textile products and clothing, there are some recommendations 

that stand out: finding a more sustainable raw material mix of fabrics to reduce the use of 

conventional cotton, improving sorting and recycling technologies, more efficient washing 

and drying, increasing energy efficiency and using renewable energy in technological 

processes, extending the life of clothes and improving sorting and recycling. 

The redesign of textiles and clothing represents a segment of eco fashion and as such is 

present in the sphere of modern business management. By redesigning worn out and 

unusable textile products and clothing, they create new products acceptable by the market. 
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Abstract. In this research endeavor, a systematic analysis of Li brocade motifs will be 

undertaken, complemented by immersive field investigations. By intertwining the principles 

of circular economy and cultural heritage preservation, the study aims to explore how 

Hainan's Li brocade patterns could find renewed purpose in modern clothing design. 

Crucially, the rich history embedded in these patterns can inspire the revitalization of clothing 

design through the lens of the circular economy. By embracing the principles of reduce, reuse, 

and recycle, the Li brocade patterns could serve as a valuable source of inspiration for 

reimagining clothing, fostering a harmonious synergy between cultural heritage and 

sustainable fashion innovation. Through this transformative process, the study endeavors to 

contribute to the continued evolution of both the Li culture and the fashion industry within a 

circular economy framework. 

Keywords: Li brocade, circular economy, cultural heritage, pattern classification, clothing design 

INTRODUCTION 

The intricate world of Li Brocade patterns serves as a canvas that intricately weaves the 

cultural heritage of the Li ethnic group, embodying diversity, ethnic allure, cultural 

practices, and spiritual symbolism. The fusion of masterful craftsmanship with innovative 

design concepts creates a unique aesthetic in Li Brocade, effortlessly balancing elegance 

and simplicity [1]. The chosen color palette, rooted in black, white, and blue, and enriched 

with vibrant shades like yellow, red, and green, imparts a dynamic chromatic symphony 

throughout the fabric. Li Brocade transcends mere visual appeal, acting as a repository of 

cultural narratives [2]. Originally symbolic representations of the Li ethnic group's written 

language, these patterns intricately carry the cultural legacy, visually narrating stories of the 
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Li people's profound connection with nature and the myriad facets of their daily existence. 

In the context of China's evolving economic landscape, Li Brocade emerges as a cultural 

gem, evolving from traditional materials to embrace modern synthetic fibers, carving its 

space in contemporary fashion. However, the advancement of mechanized weaving 

techniques casts a shadow on the preservation of traditional craftsmanship, raising pivotal 

questions about the equilibrium between evolution and heritage conservation. 

In this juncture of tradition and innovation, a mission unfolds—to harmonize cultural 

legacy with sustainable advancement. This study embarks on a journey to guide the 

evolution of Li Brocade while upholding the flame of tradition. Guided by the principles of 

sustainable development and the circular economy, this exploration seeks to weave the 

threads of cultural continuity and progressive design into a cohesive narrative. By 

unraveling the synergy between heritage and advancement, this research contributes to 

preserving the Li ethnic group's cultural heritage while seamlessly embedding its resonance 

in the modern world. While a substantial body of research exists on Li Brocade, studies 

primarily emphasize its cultural, historical, and aesthetic dimensions [3-7]. The exploration 

of Li Brocade's integration in contemporary fashion design within the realms of 

sustainability remains a relatively untrodden path. Despite Li Brocade's rich historical and 

cultural significance [8-11], comprehensive analysis of its potential within the context of 

sustainable fashion is an existing gap in the scholarly discourse. 

This paper recognizes the untapped potential of integrating Li Brocade patterns into 

modern clothing design, underscored by sustainability principles. The synthesis of Li 

Brocade's artistic legacy with contemporary fashion's demand for innovation and 

sustainability holds promise. Thus, this research seeks to bridge the existing gap by 

investigating the integration of Li Brocade patterns in modern clothing design while 

adhering to principles of sustainable development. By doing so, this study presents both 

academic and practical implications, nurturing a nuanced dialogue between heritage and 

modernity, and contributing to the preservation and evolution of cultural legacies in the 

ever-evolving world of fashion. 

METHODOLOGY 

Literature Review 

The study employs a literature review approach to comprehensively explore existing 

research on Li Brocade patterns and Li ethnic culture. This method involves examining 

relevant materials related to Li ethnic culture to gain insights into the current state of 

research on Li Brocade patterns. Furthermore, the literature review aids in establishing a 

theoretical foundation for the present study. 

Field Research 

The author conducted on-site visits to various cultural and creative bases as part of the 

research process. These visits included locations such as Binglang Valley Scenic Area, 

Beishan Village in Haitang Bay, and Binglang Village in Sanya. Additionally, visits were 

made to ethnographic schools in Hainan, facilitating interactions with professionals in the 

field. These visits not only yielded relevant research data but also provided an immersive 



Incorporating Li Brocade Patterns in Clothing Design: Exploring Creative and Sustainable 

Approaches 

83 

experience of local customs and culture. The insights gained from these interactions 

deepened the understanding of the cultural significance represented by Li Brocade patterns. 

Image Analysis 

Given that the Li ethnic group lacks a written language and relies heavily on oral 

communication, particularly in their native dialect, the study relies on image analysis to 

decipher the cultural nuances embedded within Li Brocade patterns. As many of the 

remaining Li Brocade artisans are advanced in age and communicate solely in the Li dialect, 

comprehensive image analysis is essential to decode the intricate cultural details conveyed 

through the patterns. Despite Li Brocade patterns often depicting processed and refined 

representations of natural elements, variations in usage and customs among different 

lineages contribute to the complexity of interpreting these patterns. 

Therefore, the study recognizes the paramount importance of investigating fabric 

patterns to attain a holistic understanding of Li Brocade, considering the intricate and 

multifaceted nature of these patterns. 

CLASSIFICATION AND CHARACTERISTICS OF LI BROCADE 

PATTERNS 

Classification of Li Brocade Patterns 

Botanical Patterns 

Within Li ethnic attire, botanical patterns typically serve as supplementary motifs. 

Among these, geometric floral patterns and branch-and-blossom motifs emerge with higher 

frequency. The forms of these botanical patterns tend to be relatively straightforward and 

are often employed in various knitted designs. 

Animal Patterns 

In the patterns adorning Li ethnic women's attire, a diverse array of animal motifs is 

prevalent. Examples include deer patterns, sheep patterns, parrot patterns, and dragon 

patterns. The dragon motif holds particular significance within Li culture, as it is regarded 

as an auspicious symbol denoting harmony and peace. By incorporating the dragon motif 

into their attire, the Li people not only signify their lineage as descendants of the dragon but 

also express a hopeful anticipation for happiness. 

Humanoid Patterns 

In Li culture, humanoid patterns are commonly referred to as "great strength deity 

patterns" or "ancestor patterns." Within Li society, there exists a profound veneration for 

ancestors, leading to the prevalent inclusion of humanoid motifs in attire patterns, regardless 

of the specific dialect. The category of "humanoid patterns" can be further divided into two 
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primary types: abstract and representational forms. This variety of patterns is characterized 

by its diverse designs, relatively refined depictions, and a color palette that tends toward 

earthy tones, reflecting a sense of antiquity. 

Patterns Depicting Production and Life 

Patterns depicting production and life often draw inspiration from daily experiences. 

Common motifs within this category include wedding scenes, hunting scenes, and harvest 

scenes. These patterns tend to be intricate and are frequently employed in textile printing 

and dyeing designs. 

Geometric Patterns 

Geometric patterns are typically constructed using points, lines, and shapes, often 

imbued with a certain level of abstraction. The composition of these patterns is 

characterized by a sense of generosity and simplicity, aligning with the design aesthetics of 

the modern era. In the realm of woven brocade, geometric patterns are frequently employed 

as border decorations, enhancing the overall aesthetic appeal. 

Characteristics of Li Brocade Patterns 

Diversity of Li Brocade Pattern Forms 

(1) Color diversity 

Li ethnic attire patterns are characterized by their pursuit of rich, vibrant colors, 

skillfully employing strong color contrasts to create a diverse spectrum. Embracing the 

concept of "five primary colors," namely black, red, cyan, yellow, and white, Li Brocade 

often combines these hues. Among these, black and blue are commonly used in daily Li 

clothing, often complemented by bright and vivid shades such as sky blue, grass green, and 

deep red. These colors are used in small accents or large color blocks to create contrast 

against the primary colors of Li Brocade. 

(2) Variety in pattern styles 

Different regions inhabited by the Li ethnic group exhibit distinct Li Brocade pattern 

styles. In the mountainous central and southern regions of Hainan Island, the predominant 

topography is hilly. This contrasts with the plains, resulting in varying weaving and 

embroidery patterns. Patterns frequently draw inspiration from natural scenery and 

surroundings. For women residing in mountainous areas, elements like colorful butterflies, 

water deer, reptiles, kapok flowers, birds, and dragon bone flowers are commonly depicted. 

On the other hand, women in flatland areas often feature motifs like frogs, shrimp, fish, and 

herons in their attire designs. 
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Uniformity in Hainan Li Brocade Pattern Forms 

(1) Repetition of symmetrical patterns 

Li Brocade designs primarily encompass abstract geometric shapes such as squares, 

parallel lines, straight lines, and zigzags. 

(2) Repetition of similar form patterns 

Due to variations in decorative item shapes, materials, and techniques, the forms of Li 

Brocade patterns are somewhat limited. To ensure both decorative quality and 

completeness, appropriate decorative patterns are chosen. Traditional patterns often employ 

continuous arrangements like two-sided or four-sided repeats, employing identical patterns 

to generate new designs through repeated arrangement. 

APPLICATION 

Pattern Analysis 

Patterns employed in clothing often directly influence the style of the garments. In this 

clothing design collection, a sense of elegance and dignity is a primary objective, 

necessitating the selection of appropriate motifs. Presently, Li Brocade encompasses a 

variety of pattern categories including botanical, animal, humanoid, production and life, 

and geometric patterns. Upon analysis, it becomes evident that geometric patterns often 

consist of combinations of dots, lines, and shapes, aligning well with the requirement for a 

dignified and elegant design. Simultaneously, the use of patterned designs can enhance the 

aesthetic appeal of the clothing. Consequently, the current design integrates numerous 

geometric pattern motifs, incorporating representative patterns such as frog motifs, deer 

motifs, and great strength deity motifs, extracted from Li Brocade. These are then 

reimagined through a secondary design phase, serving as the primary motifs for the 

clothing, as illustrated in Figure 1. 
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Figure 1. Redesign of Li brocade patterns [1] 

Color Analysis 

Within the context of Li Brocade, the selection of clothing colors varies based on distinct 

occasions. Generally, Li women tend to gravitate towards darker tones as the foundational 

color palette for their everyday attire. However, in ceremonial contexts, brown frequently 

assumes the role of the principal color, often accompanied by accents of gold and white. 

Fundamentally, the chosen color scheme plays a pivotal role in shaping the appropriateness 

of the attire for specific events. In the context of this clothing design collection, the central 

objective revolves around the seamless integration of Li Brocade patterns into 

contemporary garments, necessitating the harmonious convergence of traditional and 

modern aesthetics. As a result and shown in Figure 2, the design direction crystallized with 

the selection of black as the primary color for the clothing, complemented by the deliberate 

choice of red to underscore the patterns. 

 

 

Figure 2. Extraction of Li brocade colours [2] 
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Clothing Design 

This clothing series comprises a total of five sets, progressively translating inspiration 

into design elements applied to the finished garments in terms of color, silhouettes, fabric 

craftsmanship, and pattern extraction. The transition of inspiration into design elements is 

carefully orchestrated. The Li Brocade patterns and clothing silhouettes, presented with a 

slight exaggeration that carries a touch of theatricality, harmonize practical wearability and 

contemporary appeal. 

Figure 3 illustrates the color rendering of the "Li" women's clothing series design, 

refined through continuous adjustments. Building upon the line drawings, it incorporates 

more Li Brocade pattern elements, thus epitomizing the representation of Li Brocade in the 

design. The overall clothing series features outer outlines predominantly in A-line and O-

shapes, with a focus on autumn and winter coats. 

 

 

Figure 3. Clothing design collection 

As shown in Figure 3, the garment design collection comprises three main components: 

the top, skirt, and outerwear. For the blouse, an innovative DuPont paper fabric is utilized, 

adorned with a geometric pattern commonly found in Li Brocade. The skirt employs 

materials such as chiffon and satin, enhancing the garment's feminine grace. The outerwear 

features red leatherette fabric, mimicking the texture of silk satin. The distinctive erhe 

patterns from Li Brocade are achieved through collage techniques, enhancing the overall 

depth, contemporary flair, and cultural essence of the ensemble, while simultaneously 

reflecting the unique attributes of Li ethnic culture. 

CONCLUSION 

In conclusion, the convergence of sustainable principles, traditional cultural heritage, 

craftsmanship, transmission, fashion, and design unveils a transformative journey 

embedded with profound significance. The preceding discussions underscore the 

underlying harmony between Li Brocade patterns and the principles of the circular economy. 

From the intricate weavings of Li Brocade, a panorama of color dynamics emerges, 
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reflecting the Li ethnic group's distinctive sensibilities. While the influence of Han culture 

has left its mark, the Li people's unique perception of color manifests in the vibrant interplay 

of hues. Analysis elucidates the prevalent use of black, green, brown, yellow, and red hues 

in Li Brocade, aptly illustrating the spectrum of Li Brocade's color palette.  

This study serves as a compass guiding the assimilation of Li Brocade patterns into 

modern clothing design, fostering a seamless dialogue between heritage and innovation. 

The discourse commences with a historical exposition of the cultural tapestry of the Li 

ethnic group and the contextual backdrop of Li Brocade patterns. These intricate patterns 

are meticulously categorized, encompassing botanical, animal, humanoid, and production 

and life motifs, each an embodiment of Li culture. As the journey progresses, contemporary 

clothing design emerges as a canvas that artfully intertwines Li Brocade patterns. Guided 

by innovative principles, the fusion of tradition and modernity gains momentum. Strategies 

unfold, delineating how to dismantle, extract, reshape, and meld Li Brocade patterns into 

modern garments, reinvigorating the legacy within a new context.  

This exploration culminates with the unveiling of a self-crafted case, manifesting the 

very essence of the study's premise. The thematic genesis, inspiration, and meticulous 

rendering coalesce into a coherent design narrative. The culmination of this research 

presents both a creative endeavor and a practical solution—rekindling the flame of Li ethnic 

graphic language within contemporary design. By nurturing this harmonious synthesis, we 

embark on a journey that not only preserves but also enriches a cultural tapestry, 

underscoring the infinite potential when tradition converges with sustainable circular 

practices. 
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Abstract. The paper presents sustainable fashion, which contributes to social stability and 

quality of life because it is a movement and a process of nurturing changes in fashion products 

and the fashion system towards greater environmental integrity and social justice. All the 

shortcomings and problems of unsustainable fashion are covered, due to which we have to 

change habits and turn to the circular economy in textiles, as well as how much consciousness 

is changing and that it is becoming a future and a trend or just an ecological necessity. The 

impact of manufacturing industries, sustainable development and development that meets the 

needs of the present, while not jeopardizing the future of generations in accordance with its 

definition of how much it includes survival from the aspect of technology, economy, ecology 

and society. The connection between fashion and sustainability, the influence of fast and the 

need for slow fashion in the world as well as in Serbia is presented on the basis of conducted 

research. Based on all the above, it can be concluded that sustainable fashion will provide a 

new market for additional employment opportunities, continuous cash flow in the economy, 

reduction of raw materials and export resources, attitudes towards consumption and use, 

change in attitudes and behavior of individuals, awareness of strategy for its production. Social 

networks play a significant role in all of this. 

Keywords: fast fashion, slow fashion, recycling, ecology, circular economy, green strategy, 

sustainable clothing. 

INTRODUCTION 

A key area of the fashion industry is sustainable fashion, which contributes to social 

stability and quality of life in many ways. Sustainable fashion is a movement and process 

that drives change in fashion products and fashion systems towards better environmental 

protection and social justice. The downfall of unsustainable fashion is that cheap, affordable 

and trendy clothes have become available to the masses, thus creating the economic fashion 

concern that low-income people have the same opportunity to 'renew' their wardrobes as 
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high-income people. This leads people to buy a lot of cheap clothes instead of quality ones. 

The economics of fashion also mean that many sustainable fashion solutions, such as buying 

quality goods that last longer, are not available to those with limited resources. 

THE ENVIRONMENTAL IMPACT OF THE TEXTILE AND CLOTHING 

INDUSTRY 

The manufacturing industry does not have as great an impact on the environment as the 

textile and apparel industry. Because fashion places special and unique styles, personal 

tastes and designs at the center of its existence, primary functional purpose of clothing is 

equated, if not repressed. Only mass production can respond to environmental influences 

and rapid changes in trends, leading to global problems in the textile industry. Conflicting 

economic development, production and profit needs, and limited resources have led to the 

question of how we will meet the needs of future generations. Today's linear economic order 

makes it difficult to achieve a balance between development, production, profit and 

sustainability.  

"Sustainable development is development that meets the needs of the present without 

compromising the ability of future generations to meet their needs." Sustainable 

development, according to its definition, includes minimal sustainability from the aspect of 

technology, economy, ecology and society. 

 

 

Figure 1. Goal of the circular economy – 100% sustainable [7]. 

 

The concept of sustainable development may not be the first thing that comes to mind 

when talking about fashion, but there is a connection between fashion and sustainability. 

Sustainable fashion, which stands for slow fashion, is a relatively new movement in the 

fashion industry that is emerging in opposition to the currently growing aggressive fashion 

(fast fashion). Fast fashion leads to overconsumption of fashion products and is considered 

unsustainable. Uniqueness and low quality of fast fashion, and its business model causes 

many social problems such as the overuse of natural resources and the low quality of 

working conditions [3,4]. 

The term 'slow fashion' refers to a socially conscious movement that runs counter to the 

fast fashion cycle from production to disposal that is constantly accelerating. Sustainable 

awareness enables innovation in fashion solutions by protecting the environment, building 

a healthier economy and tackling social inequalities, first by easing the conflict between 

fashion and sustainability through sustainable fashion. Sustainable fashion will be achieved 
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when lead designers and other big players in the textile industry start to dictate trends and 

production while abandoning the high-traffic fashion industry in favor of flexible design 

with focus on the ecosystem. 

FAST FASHION POLLUTES THE ENVIRONMENT 

Fast fashion has led to the fact that today the textile industry is one of the biggest 

polluters of the environment, and is a source of water, air and soil pollution. In order to 

make the production process as cheap as possible, in addition to cheap and harmful raw 

materials, one of the key features of mass production is exploiting workers in labor-

exploiting workshops where they work in inhumane conditions, as shown in Figure 2, and 

earn below average wages. According to the Serbian chamber, up to 50.000 tons of textile 

waste is generated annually in Serbia, which is about 12 kg of waste per citizen.  

 

 

Figure 2. Production plant – inhumane working conditions [8]. 

 

Society needs to recognize the problem start to actively work on scientific research 

projects, where they monitor new smart technologies in the field of fashion and industrial 

design in order to organize and create sustainable collections, Instead of manufacturing, 

designers create their own creations and thus participate in the production from start to 

finish. 

 

 

Figure 3. Sustainable product life cycle [5]. 
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This production method is the key to slow fashion. Countries must prepare more actively 

for the transition to a circular economy because in the current global crisis and climate 

change, one of the key factors of surviving is benefits of a circular economy. According to 

various experts, sustainable fashion is definitely associated with the concept of circular 

economy or circular economy as shown in Figure 3 and Figure 4, which is almost unheard 

of Serbia. 

CIRCULAR ECONOMY 

One of the elements of the circular economy and a prerequisite for its implementation is 

sustainable waste management. The circular economy concept is a potential response to a 

global crisis. Sustainability in the fashion industry is realized through the idea of sustainable 

fashion and involves a responsible attitude towards textile waste as a useful raw material 

for the production of new clothes. 

Sustainable fashion incorporates use of sustainable or organically grown materials and 

a responsible attitude towards all workers in the clothing production and distribution chain. 

The circular approach emphasizes getting used items back into productive operation. 

Estimates of circular economy adoption in the EU project productivity reaches growth of 

30% by 2030 with GDP growth of 1% and the creation of over two million new jobs. It is 

estimated that circular economy generates €600 billion in savings per year in the European 

Union. 

 

Figure 4. Circular economy as the future [6]. 

POSSIBILITY OF PROMOTING SUSTAINABLE FASHION 

COMMERCIALLY 

As a result, in order for the concept of sustainable fashion to be commercially feasible, 

a market that will desire such an offer must first be formed. At the moment, it appears that 
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the trend of fast and inexpensive fashion will strengthen, while sustainable fashion will 

remain an alternative, rather than a financially viable trend that must be changed.  

With an unsustainable, unconscious, and anti-ecological way of life, we will be forced 

to better set priorities and fight for our own life and health, as the current "produce - use - 

throw" economy exhausts all of our resources. It is critical that humanity recognizes its 

responsibilities. Any human can demonstrate their responsibility through everyday actions 

such as waste selection, saving water and energy, using more environmentally friendly 

modes of transportation, purchasing fewer clothes, etc. 

The green strategy includes second-hand fashion, high-quality and timeless design 

fashion, textile collection and recycling systems, production of eco-labeled clothing 

according to eco-labels and fair trade; these are some of the strategies and activities that 

increase the company's sustainability and encourage more sustainable production and 

consumption patterns. 

CONCLUSION 

Because sustainable fashion is a requirement, some companies have linked up to tackle 

environmental and societal concerns together, helping to expedite change and limit the 

dangers of working on these difficulties alone. 

It is necessary to develop standards and practices for clothing design that can be easily 

reused or recycled [2]. Next, invest in the development of new fibers that will reduce the 

impact of production and manufacture life-saving clothing, support the development of 

mechanical and chemical recycling technologies [1], and establish higher operational and 

environmental standards.  

A more sustainable method of production may be more expensive, but it can drive 

innovation and shield businesses from supply chain shocks and reputational risks, resulting 

in better resilience and profitability. 
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Abstract. The production, use, and disposal of fibers and textiles have a profound impact on 

people and the planet. As resources become scarcer and populations grow, the textile industry 

actively seeks to reduce these negative impacts and embrace sustainable fiber and material 

production. Recycling fibers and textiles play a crucial role in reducing the industry's overall 

environmental impact. By implementing recycling practices, the industry can minimize waste 

and conserve resources, fostering a more sustainable production system. This entails 

discovering innovative ways to repurpose fibers and textiles throughout their life cycle. 

Through comprehensive strategies, recycling initiatives, and addressing crucial areas, the 

textile industry can make significant strides towards a sustainable and eco-friendly future. 

This benefits not only the industry but also enhances the well-being of both people and the 

planet. 

Keywords: recycling, recycled textile, textile fiber, textile materials 

INTRODUCTION 

The production, utilization, and disposal of fibers and textiles have far-reaching 

consequences for both the people and the planet. With resources becoming increasingly 

scarce and populations continuing to grow, the textile industry recognizes the pressing need 

to mitigate these negative impacts and embrace sustainable practices in fiber and material 

production [1]. Central to this effort is the adoption of recycling methods, which play a vital 

role in reducing the industry's overall environmental footprint. 

Textiles are highly recyclable, with the potential for nearly 100% of them to be recycled 

[2]. However, despite this potential, a significant portion of textiles still end up in landfills 

for various reasons. In recent years, there has been a growing emphasis on the development 

of value-added products derived from recycled textile materials [3,4]. This shift in focus is 

driven by the increasing awareness and commitment of consumers, policy makers, 

engineers, and industry experts towards environmental stewardship. 

By prioritizing recycling, stakeholders in the textile industry can avoid the punitive costs 

associated with landfill disposal. Recycling textiles not only reduces waste, but also 

contributes positively to employment opportunities, charitable contributions, and the 

overall environmental impact [1-4]. It is a holistic approach that encompasses strategic 

partnerships and collaborative efforts throughout the recycling process. 
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Overall, by embracing recycling and adopting a comprehensive approach to the 

recycling process, the textile industry can unlock numerous benefits. These include cost 

savings, job creation, support for charitable causes, and a positive environmental impact [2, 

3]. 

Textile recycling is the process of recovering fibers, yarns, or fabrics and reprocessing 

them into new, useful products [5]. Textile waste can be categorized as pre-consumer waste 

and post-consumer waste [6]. 

Pre-consumer waste refers to a material that is discarded before it reaches the consumer. 

Previously used recycled materials can be further processed into similar or different 

materials, or they can be sold "as is" to third-party buyers who use them for consumer 

products. Pre-consumer textile waste typically includes waste by-products from the 

production of fibers, yarns, textiles, and clothing. These can be scraps or goods damaged 

during manufacturing, and the majority are returned and reused as raw materials in 

industries such as automotive, furniture, mattresses, coarse yarn, home furnishings, paper, 

and others [6]. 

Post-consumer textile waste usually refers to any product that an individual no longer 

needs and decides to dispose of due to wear or damage. It typically includes used or worn-

out clothing, linens, towels, and other widely used textiles. Recoverable consumer waste 

includes garments, curtains, towels, bed linens, blankets, cleaning cloths, tablecloths, 

matching socks, and so on [6]. 

Additionally, recycled fibers offer several benefits [6]. Firstly, they conserve non-

renewable resources by eliminating the need for virgin materials. Secondly, they divert 

waste from landfills by providing a second life to garments. Lastly, the recycling process 

requires less primary energy and generates less waste, resulting in a lower climate impact 

compared to virgin fibers. 

Recycled materials are gaining increasing popularity not only in the advancement of 

recycling processes but also in the wider acceptance and use of products made from these 

materials. For instance, research conducted by Cotton Incorporated's Lifestyle Monitor™ 

[7] reveals a growing consumer interest in recycled materials. However, it is important to 

note that consumers do not always associate "recycled" with "sustainable." According to 

the study, while 24% of consumers are willing to pay a premium for clothing or home 

textiles labeled as "recycled," only 5% of consumers associate "sustainable" with 

"recycled." 

Additionally, the research highlights that 32% of consumers who plan to purchase 

clothing or home textiles actively seek out "recycled" options. However, consumers tend to 

prioritize products labeled as "100% cotton," "natural," or "environmentally-friendly" over 

those solely labeled as "recycled." 

RESULTS AND DISCUSSION 

Global fiber production  

Global fiber production reached an unprecedented milestone, surpassing all previous 

records and reaching 113 million tonnes in 2021, rebounding from a slight decline 

experienced in 2020 due to the COVID-19 pandemic [1]. Over the course of the past two 

decades, fiber production has nearly doubled, escalating from 58 million tonnes in 2000 to 
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the current 113 million tonnes in 2021 (Figure 1). If present trends continue, it is projected 

to further increase to 149 million tonnes by 2030. This surge in production is accompanied 

by a notable rise in per capita global fiber production, which has risen from 8,4 kilograms 

per person in 1975 to 14,3 kilograms per person in 2021, highlighting the growing demand 

and consumption of fibers on a global scale. 

 

 

Figure 1. Global fiber production from 1975 to 2030 [1]. 

 

However, this escalating fiber production carries significant implications for both 

humanity and the planet. While there is an increasing awareness of the urgent need for 

responsible resource utilization and the decoupling of growth from resource consumption, 

the necessary changes have not yet been fully realized in terms of scale and speed. It is 

crucial to expedite the adoption of sustainable practices to effectively address these 

challenges. 

Recognizing the imminent reality of dwindling resources and an ever-expanding 

population, the textile industry is taking proactive measures to obtain recycled fibers, 

transform discarded textiles into finished textile products, and develop end-of-life solutions 

[1]. These efforts are aimed at minimizing the overall impact of the industry. The 

production, utilization, and disposal of fibers and materials have significant consequences 

for the environment. Once collected, textiles are transported to recycling centers where they 

undergo sorting into three categories: reusable items, rags, and fibers. While this process is 

primarily manual, conveyor belts and bins may also be utilized to facilitate material 

separation. Garments that are suitable for reuse are often directed towards charitable 

organizations or sold in foreign markets. 

Global fiber production and recycled fiber market in 2021 

Since the mid-1990s, synthetic fibers have dominated the global fiber market, surpassing 

cotton in terms of production volumes. In 2021, synthetic fibers accounted for 

approximately 64% of the total global fiber production [1]. The global fiber production 

trends in 2021, as depicted in Figure 2, and the global recycled fiber production trends in 
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2021, as illustrated in Figure 3, showcase noticeable distinctions. These differences can be 

attributed to variations in the advancement of recycling processes for various fiber types. 

 

 

Figure 2. Global fiber production in 2021.  

 

Polyester, the most widely utilized synthetic fiber, dominated the global fiber production 

market in 2021 with a significant market share of approximately 54% (Figure 2). Notably, 

around 15% of global polyester production consisted of recycled polyester (Figure 3). In 

contrast, polyamide, the second most commonly used synthetic fiber, accounted for roughly 

5% of the global fiber market, with only 2% of the global polyamide fiber consisting of 

recycled polyamide. Other synthetic fibers, including polypropylene, acrylics, and elastane, 

collectively represented a market share of 5,2% in 2021. Polypropylene had a market share 

of approximately 2,7% of global fiber production, and only about 0,2% of all polypropylene 

fibers consisted of recycled fibers. Acrylic fibers accounted for 1,5% of the global fiber 

market in 2021, with the estimated market share of recycled acrylics at around 0,3% of total 

acrylic fiber production. Global elastane fiber production reached a market share of 

approximately 1% of the global fiber market in 2021, with an estimated 2,6% of the global 

elastane fiber production volume consisted of recycled elastane. 

Manmade cellulosic fibers (MMCFs), which encompass materials like rayon, viscose, 

and modal, represented approximately 6,4% of global fiber production in 2021. Viscose 

fiber production alone accounted for roughly 5,1% of the global fiber market share in the 

same year, with an estimated 0,5% of the total viscose fiber production volume consisted 

of recycled fibers. 
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Figure 3. Global recycled fiber production in 2021. 

 

In 2021, plant-based fibers, including cotton, jute, hemp, flax, and others, collectively 

held a market share of about 28% in the global fiber market. Cotton, as the second most 

significant fiber in terms of volume, contributed to approximately 22% of global fiber 

production. However, the recycling rate for cotton fibers remained relatively low at around 

1% of the total cotton production in 2021 but is expected to grow significantly in the coming 

years [1]. Other plant-based fibers, such as jute, flax, hemp, and others, accounted for 

approximately 6% of the market share. 

Animal fibers, specifically wool, constituted around 1,6% of global fiber production in 

2021. Approximately 6% of all wool fibers were recycled. 

Methods of recycling 

There are two primary methods of recycling [6]:  

1) mechanical, 

2) chemical. 

 Mechanical recycling involves shredding the material to transform it into a nearly 

fibrous form. However, during this process, the fibers may lose their strength and, therefore, 

need to be mixed with virgin fibers, particularly in the case of cotton and wool. Mechanical 

recycling has been utilized for many years.  

Chemical recycling employs a chemical process to extract the desired raw material. This 

method enables the recovery of more valuable products and currently demonstrates 

promising technological advancements. Although the industry is actively working on this 

type of recycling, it is not yet technologically or economically mature. Overall, both 
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mechanical and chemical recycling play crucial roles in the recycling industry, with each 

method having its own advantages and challenges. 

 CONCLUSION 

Each year, a substantial quantity of textile waste is negligently dumped in landfills, 

resulting in significant negative impacts on both the economy and the environment. This 

careless practice not only squanders valuable resources but also exacerbates the challenges 

we currently face. Despite a noticeable increase in environmental awareness among the 

general public in recent years, their active participation in waste reduction through recycling 

still requires significant improvement.   

One effective approach to address this issue is to advance recycling technologies, 

enhance the recycling rate of fibers, and explore the diverse applications and benefits of 

utilizing recycled fibers. These technological advancements provide us with the opportunity 

to convert waste into valuable products, rescuing items that were once deemed worthless 

and sold below their true value. By advocating for a more thoughtful and deliberate 

approach to rejuvenating waste fibers, individuals who previously disposed of waste hastily 

will come to recognize the potential for increased profits in their businesses. Moreover, this 

shift in mindset will enable them to contribute to a noble cause by actively reducing 

environmental contamination.  

In conclusion, it is of utmost importance that we address the problem of textile waste 

disposal in landfills. This paper aims to emphasize the significance of fiber recycling 

technologies and encourage the broader adoption of recycling practices. By doing so, we 

can effectively convert waste into valuable resources, benefiting both our economy and the 

environment. 
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Abstract: Many traditional denim finishing methods are harmful to environment and workers 

performing them. To avoid these serious disadvantages denim garment producers use laser 

marking method. Right choice of process parameters is very important to ensure laser marking 

in high quality and speed. Light surface effects destroying indigo colour of the material are 

created by low-powered laser beam in lower speed. Different degree serious denim material 

degradations and holes are created by a high power laser beam. The higher the laser power, the 

higher should be the cutting speed. The focal length and with it a laser spot size is changed to 

change the degradation level of a material and its colour. The larger focal points are used to 

engrave mark denim materials. Smaller focal points are used cutting material fully. Process 

quality is also effected by cutting nozzle diameter, distance between a nozzle and cut material 

surface and a pressure of cutting gas. The right choice of process parameters is always very 

challenging, it depends on stated priorities and acceptable compromises between them.  

 

Keywords: CO2 laser, laser cutting, textiles, laser cutting parameters  

 

DENIM LASER FINISHING 

Many techniques, such as, sandblasting, stone washing, whiskering, 

damaging/destroying,  bleaching, etc., are used for denim garment finishing to give a 

certain and unique look (a vintage effect) to the jeans. The most part of them are very 

much time, work and recourses consuming, harmful to environment and workers 

performing them [1,2]. To avoid these serious disadvantages, industry is developing new 

denim finishing methods. Laser finishing is one of them. Using it, the most part of 

desirable effects on the ready denim garments are created by help of a laser beam [3-10].  

Performing the laser marking denim fabrics lose their indigo colour and the marks on 

the fabric surface appear in white colour. Changing processing parameters cotton material 

by itself can be damages to obtain effects of long time worn clothing (se Fig.1).  
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Figure 1. Jeans after finishing to obtain vintage effects 

https://www.nytimes.com/wirecutter/reviews/best-jeans-for-men/  

 

 

 
 

Figure 2. Mannequins fixed in horizontal or vertical position to perform  

denim marking by laser [14] 

LASER MARKING PARAMETERS 

Different finishing effects are obtained changing following laser treatment parameters: 

power and speed of the laser beam, the diameter of the focal point, focal position and 

focal length. Important are also cutting nozzle diameter and distance between it and 

cutting surface, as well as, cutting gas pressure. Right choice of process parameters is very 

important to ensure laser marking process in high quality and speed [11-14].  

Laser power 

Laser power is the total energy emitted in the form of laser light per second. The 

choice of laser power is dependent on the type and thickness of the cut material, 

complexity of cut shapes and desired laser processing effect. A higher wattage laser can 

cut faster and more dense material. Lower power laser beam is needed to process light 

textile materials, such as, silk and light cotton (10-30 W). To achieve high accuracy on 

https://www.nytimes.com/wirecutter/reviews/best-jeans-for-men/
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complex shapes, laser power also should be reduced. If too much heat is applied to the 

material, sides of the cut lines can burn out increasing a cut kerf (the groove made while 

cutting). The most part of textile materials may be processed 60-100 W lasers. However, 

there are some textiles, for example, Aramid (Kevlar) which is processed with 400 W 

lasers.  

Performing the laser marking on denim garments detailed patterns and light surface 

effects, such us, honeycombs, whiskers, stacks, train tracks are created by low-powered 

laser beam (see Fig.3).  

 

 
 

Figure 3. Creation of whiskers by laser beam 

https://www.businessoffashion.com/articles/sustainability/levis-bets-on-lasers/  

 

Different degree denim material degradations(for example,breaking of the warps of the 

fabric leaving weft untouched) and even holes (cutting both warp and weft of the fabric) 

are created by a high power laser beam. Sometimes cutting at high power can result in the 

material igniting. Small flashes of flame that don't hang around for a fraction of a second 

are acceptable (see Fig.4). 

 

 
 

Figure 4. Small flashes of flame creating serious material damages and holes  

by high power laser beam https://www.cnbc.com/video/2018/03/02/levis-is-replacing-workers-

with-lasers-to-distress-jeans.html   

https://www.businessoffashion.com/articles/sustainability/levis-bets-on-lasers/
https://www.cnbc.com/video/2018/03/02/levis-is-replacing-workers-with-lasers-to-distress-jeans.html
https://www.cnbc.com/video/2018/03/02/levis-is-replacing-workers-with-lasers-to-distress-jeans.html
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Cutting speed 

The cutting speed must be matched to the laser power, the shape of the cut 

components, as well as, to thickness, absorption properties and micro-surface of the 

marked material. It also depends on processing requirements - the priority for high speed 

or high accuracy, desired effect of the cut edges.      

The higher the laser power, the higher should be the cutting speed. Dense denim 

materials are processed in higher speed by a higher power laser and vice versa. The 

complex geometry lines have to be cut in reduced cutting speed to ensure high decoration 

accuracy. A speed which is too high or too low leads to increased roughness, burn 

formation and to large drag lines (left from fumes and other by-products).  

Performing the laser marking on denim garments detailed patterns and light surface 

effects, such us, honeycombs, whiskers, stacks, train tracks have to be created by slowly 

moving laser beam (see Fig.5). 

 

 
   a      b 

Figure 5. Honeycombs on jeans (a) and fine patterns (b) created by laser [14] 
https://denimhunters.com/denim-wiki/jeans-anatomy/honeycombs/  

Focal/focus position 

The beam focus is the point where the beam diameter is smallest. It provides highest 

intensity of the laser beam for material treatment. Above and below the focus the intensity 

of the laser beam drops. An acute angle with which the focus is set, keeps the focus very 

thin in longer distance and vice versa. It can be important processing thick materials. The 

laser beam focused in the acute angle creates thinner kerfs thus reducing vaporized 

material part on the cut edges.  

The sensitivity to focal position is dependent on cut material properties. Smaller focal 

points are used cutting material fully to create holes and serious material damages on 

denim garments (see Fig.6). The larger focal points are used to engrave and mark denim 

materials creating honeycombs, whiskers, stacks, train tracks. 

 

https://denimhunters.com/denim-wiki/jeans-anatomy/honeycombs/
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Figure 6. Serious material damages on jeans. https://www.etsy.com/listing/1408514427/mens-

ripped-slim-fit-embroidery-stretch  

 Focal length 

Focal length is the distance between the centre of the focusing lens and the focus of the 

laser beam (see Fig.7). A shorter focal length results in a smaller spot size and smaller 

depth focus. The focal length and with it a laser spot size can be changed raising or 

lowering the lense in the cutting head. It is done when the same laser equipment has to 

perform both material through cutting (with small spot size), and marking/engraving (with 

larger spot size). 

 

 
 

Figure 7. Cutting head of a laser cutter [12] 

Cutting nozzle and its diameter 

A cutting nozzle (see Fig.7) guides the stream of compressed air into the cutting gap 

and with it protects optical lenses from flying sparks, vapors and particles generated on 

the cut material surface. The use of the nozzle with correct diameter is very important. If 

the nozzle is too small, the cut edge is not cleanly cut and slag clings to the lower edge of 

the kerf. If the nozzle is too large, the gas pressure is lower, cutting gas consumption 

increases, but the cutting quality is not significantly affected.  

https://www.etsy.com/listing/1408514427/mens-ripped-slim-fit-embroidery-stretch
https://www.etsy.com/listing/1408514427/mens-ripped-slim-fit-embroidery-stretch
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Distance between the cutting nozzle and cut material 

The distance between the cutting nozzle and the cut material surface can influence 

laser processing quality and speed. The smaller it is, the better cut quality is achieved. 

However, reducing it the risk of collision (when nozzle touches the material surface) 

increases. The stand-off distance for standard nozzles should be smaller than the diameter 

of the nozzle. Typical nozzle diameters are in the range of 0,8–3mm, so that the nozzle 

stand-off distance should be in the range of 0,5–1,5mm for best cutting results. 

Cutting gas and its pressure 

Compressed gas jet is used to keep focusing lens clean and to improve cutting quality. 

During the work process, the laser beam heats, melts and partially or completely vaporizes 

the cut material. The stream of compressed air is led to the material through a cutting 

nozzle to drive out the debris and molten material from the cut kerf (see Fig.8).  

The cutting quality is very much dependent on the pressure of the cutting gas. If the 

pressure is too low, the fluid slag can remain adhered to the cut material, forming a 

permanent burr or closing the kerf again. If the pressure is too high, the lower edges of the 

cut can be burnt out and often make the cut unusable. Cutting gas pressure has to be 

increased increasing the material thickness. Fine jets of air ensure neat cut edges and 

material surfaces. Weak but wide air jets are beneficial to perform material engraving.  

 

 
 

Figure 8. Cutting gas led through a cutting nozzle 

http://engineeringdiys.blogspot.com/2016/03/kerf-of-welding.html  

CONCLUSIONS 

Decorations created on ready denim garments are unique and very different. Therefore 

the right choice of laser cutting parameters is always very challenging. It depends on 

desired designs, properties of treated textile materials, as well as,  stated process priorities 

and acceptable compromises between them. Comparing with long time used manual 

denim decorating methods, laser finishing offers several important advantages:  

• possibility to repeat absolutely the same design/image unlimited times, 

• high processing speed and quality, 

http://engineeringdiys.blogspot.com/2016/03/kerf-of-welding.html
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• water-free process using much less energy, 

• no health risks to workers, harmless to environment.  

The companies manufacturing laser equipment for denim finishing are: Macsa ID (Spain),  

Iber laser (Spain), Jeanologia (Spain), SEI laser (Italy), Golden Laser (china), Gbos 

(China),Ant laser systems (China), others (see Fig.2). 
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Abstract. The textile and clothing industry has been facing major changes in recent years. 

Considering that it is one of the biggest polluter, transformations in this industry are largely 

directed towards sustainable development. It seeks to transform the clothing industry based 

on value propositions that integrate ethics, aesthetics and innovation. In order to respond to 

these changes, one of the ways is the application of lasers in various stages of textile and 

clothing production. The advantages of laser application are reflected in reduced 

manufacturing time, reduced material consumption and potential errors and damage, and 

there is no problem of toxic by-product disposal as is found in some non-laser processes. 

Laser application also increase productivity, product quality and reduced negative impact to 

the environment. The application of lasers in cutting, engraving, embossing, denim fading, 

body measuring, sewing and other applications as well as their advantages and 

disadvantages are discussed in this paper. 

Keywords: laser, fabric, cutting, engraving, sewing 

INTRODUCTION 

In recent decades, the global interest in sustainability has been growing dramatically in 

the fashion world, so the textile and fashion industry is facing major changes and reforms 

that are planned to be implemented by 2030. The large consumption of clothing generates 

a large increase in the consumption of resources and the generation of waste, which places 

the fashion industry on the list of industries with the largest economy, but also with the 

big negative impact on society and the environment [1]. Consumers shape the fashion 

industry to a large extent, and lately their interest in sustainability has been increasing. 

Today's consumers are increasingly looking for information about who, where and how 

their clothes are made. These requirements increasingly encourage the brands themselves 

to develop new business models based on the integration of ethics, aesthetics and 

innovation [2]. 

 

One of the challenges is posed to the textile and fashion industries, which are expected 

to turn to ecological and innovative solutions for the production and manufacture of 

certain products. In order to meet these challenges, laser technologies are increasingly 

being used in various segments of the textile and clothing industry. There are several 

applications of laser technology in the apparel industry for cutting, engraving, embossing, 
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denim fading, body measuring, sewing and other applications, and they are disscused in 

this paper.  

LASER TECHNOLOGY 

Laser is being used in apparel industry from 19th century. Laser represents an energy 

source, whose intensity and power can be precisely controlled. It is an electromagnetic 

radiation, produced by the atoms due to energy states are changed in some materials. The 

atoms promoted to higher energy states emit laser in the form of light by the process 

known as “stimulated emission”. Subsequently, this laser is being amplified in a suitable 

lasing medium with the help of mirrors. The final laser delivers from the equipment as a 

stream similar to light. The color of the laser depends on its wavelength [3,4].  

 
Figure 1. Comparision of laser and ordinary lamplight [5] 

 
Laser light emitted from a laser has four fundamental characteristics: Intensity, 

coherency, monochromaticity and collimation, which distinguish it from natural light. A 

high energy concentration per unit area of the beam is present in the laser. A laser beam 

can be of very high intensity with 1–2 mm of beam diameter and an output power of some 

milliwatts (mW) [3,4]. 

Laser dyeing 

 
Laser technology for textile and garment dyeing can offer digital design capabilities 

combined with the ability for short run production.  Unlike the traditional dyeing method 

that uses a lot of water, dyeing with lasers is a dry technology, and has the potential to 

offer increased environmental sustainability through significant reduction in energy and 

wastewater [4].  

A laser dyeing technique named peri-dyeing, developed during an Arts and  

Humanities Research Council, UK is the technique that allows the dye reaction and 

diffusion to take place at the point of laser material interaction. This technique allows 

intricate targeted surface design of textile substrates. Dye diffusion and reaction takes 
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place at the point of interaction between the laser and textile material. The non-contact 

laser set up allows precision detail to be achieved on three-dimensional textile surfaces, 

such as textured fabrics or finished garments [6]. 

 

 
 

Figure 2. Peri-dyeing laser dyeing texhnique [7] 

 

The CAD aspect of the technology facilitates creativity development of the laser-dye 

process studied in the ability to combine textile engineering with textile design [7].  

Laser surface modification – Irradiation 

The irradiation of polymeric material by pulsed UV lasers generates characteristic 

modifications of the surface topography of the polymer beside other effects. The resulting 

surface properties may have an important impact in textile processing, as they can affect 

technical properties of the most common synthetic fibers but also with natural fibers such 

as wool or cotton [8].  

 

In the case of synthetic fibers, irradiation provides better absorption of the dye and a 

reduction in temperature of the dyeing process.  Color Fastness tests of laser irradiated 

and dyed synthetic fabrics showed that higher-intensity laser irradiation increased the 

wettability, light, rubbing and wash fastness of the test fabrics, however, properties such 

as bending rigidity and tensile strength were negatively affected by an increase in laser 

intensity [8]. 

Denim finishing 

Denim is recognized and used across the globe for its vintage worn out effect, rough, 

and tough look along with comfort. Despite its popularity, durability and confort, denim 

manufacturing negatively impacts the environment as it is associated with the use of large 

amount of water, energy, chemicals, and emission of greenhouse gases. Whitening jeans 

and obtaining old faded look is more and more often achieved with new laser technologies 

instead of traditional sandblasting. Laser application in denim finishing is particularly 

attractive from a production system perspective because lasers can recreate the combined 

effect of several other chemical and mechanical processes in one single operation [4,9]. 

 



Marija Pesic, Ineta Nemesa, Edit Csanak, Valentina Bozoki 

 

111 

 
 

Figure 3. a) Denim laser bleaching, b) CX – T OT – LAS laser machine for bleaching, abrasion 

and  decoration [10] 

Laser marking and engraving 

The terms laser engraving and laser marking are often used interchangeably, although 

there are differences between it. Textile fabrics are most often of a small thickness of 0.1 

to 5.0 mm and It is more appropriate to apply laser marking for them while engraving is 

recommended for materials with thickness greater than 2.5 mm.  Laser marking is a non-

contact impact with a laser beam on the surface of the processed material and the aim is to 

obtain a lasting contrast image while laser engraving is used to engrave the printing 

screens, for hollowing, for creating pattern buttons, to engrave leather, denim etc.  

Pictures, flower patterns and even personalized signatures can be engraved on leather 

shoes, leather bag, wallet, leather belt, leather sofa and leather clothes, greatly increasing 

the added value of products [12].  

   

Figure 4. Marking and Engraving textile materials [13,14] 

Laser cutting 

Laser cutting is a thermal, non-contact separating process for materials using a focused 

high-powered laser beam. The laser alone evaporates the material, removing layer by 

layer and creating a very thin cutting gap.The edges are carbonized for fibers of natural 

origin and melted for synthetic ones. In both cases, their unraveling is prevented. Laser 

cutting is possible on different materials such aslinen, cotton, silk, felt, as well as Kevlar® 

or other technical textiles. Advantages of laser cutting technology, compared to 

conventional methods by mechanical cutting with a knife or other devices are: no 
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mechanical contact with fabric, no stretching of the material, edges are smooth, without 

tears and sealed during cutting, laser works with stretch fabrics, loss of material is 

minimal, high accuracy for intricate designs, possibility to realize fine contours with 

arbitrary radius, excellent cut quality, high flexibility and individuality, high processing 

speeds, very narrow neat affected zones, no tool wear [12,15].  

 

 
 

Figure 5. Laser cutting effect [16] 

Laser welding 

Laser welding is advanced manufacturing technique which is growing rapidly and it 

represent a welding of thermoplastic textile materials with a  laser beam. Laser energy is 

focused on the point of connection, raising the temperature of the material until it melts 

and the individual parts connect. The main advantages of this technique over conventional 

polymeric joining methods and processes, include: ability to weld all thermoplastic 

textiles including nylon, PP and polyester, carbon fiber reinforced composites; it gives a 

weld strength capable of reaching strength of the parent material and a seam is  clean and 

have  aesthetically pleasing appearance; enables the joint and seam sealing process to be 

combined into one; high weld speeds up to 20 m/min;  multiple layers may be welded 

simultaneously. The main difference between sewing with needles and welding of 

garments is the perforations caused by a conventional sewn seam which compromises the 

integrity and performance of the garment, while welding creates completely sealed seams 

[4,12]. 

Laser 3D body skanning 

3D body scanners find their application in the textile and clothing industry for the 

construction of clothes, for making custom-made garments and for creating virtual fitting 

rooms where shoppers can use a 3D version of themselves to try on clothes no matter 

where they are [17,18]. 
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There are several technologies that are used for 3D body measurement, one of them is 

laser technology. This type of 3D scanner uses harmless, invisible lasers to measure the 

body. They work on the principle of triangulation, projecting a single point, line, or 

multiple lines onto the subject, and using a video camera offset from the laser source to 

view the laser light on the subject being scanned. Cyberware, Hamamatsu Photonics, and 

Human Solutions all manufacture laser scanners. The measurements obtained using this 

technology are more precise and reproducible than those obtained through the traditional, 

physical measurement process [18].  

 
 

 
 

Figure  6: The Vitus Smart LC3 is a 3D body scanner designed by Human Solutions, a global 

manufacturer based in Germany [19] 

Laser application of seam pucker 

Garment appearance greatly influences garment quality while seam pucker has a 

negative impact on garment appearance. The laser beam can measure the degree of 

puckering in garments by geometrical models. In this method a seam in the garment is 

scanned by a 3D laser scanner by putting the garment on a dummy. The laser head can be 

moved to any 3D space within a confined place by an operator. It is possible to scan the 

target object from different angles. A pucker profile of the scanned seam can be obtained 

by processing the image with a 2D digital filter [4]. 

CONCLUSION  

In this paper, an overview of the possibility of using lasers in the textile and clothing 

industry is given. The laser technology is one of the technologies that recently has the 

increasing concern in the textile and garment industry. They are used widely in textile and 

clothing manufacturing, including cutting, marking, welding, dyeing, printing, 

measurement applications, bar code scanning, sewing.  

https://www.sciencedirect.com/topics/materials-science/laser
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The major reasons for wide application of laser in garment industries may be reflected 

in reduced manufacturing time, reduced material consumption and potential errors and 

damage, and there is no problem of toxic by-product disposal as is found in some non-

laser processes. The benefits of using Laser technologies increase productivity, product 

quality and reduce negative impact on the environment. 

Replacing traditional labor intensive operations with laser technologies offers new 

opportunities for innovative solutions and is a key issue for the economic success of each 

industry, inclusive of the textile industry, in the future. 
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Abstract. Streeter - Phelps equation model implies that the concentration of dissolved oxygen in 

the Moraca river, after the discharge of municipal wastewater, decreases exponentially and at 

some distance (called the critical distance) reaches minimum. After reaching this minimum, the 

concentration of dissolved oxygen increases linearly up to the initial (saturation) level. The 

experimental part of the research showed that there is a minimum of dissolved oxygen 

concentration located at 1.5 km from the collector for municipal wastewater treatment, but 

dissolved oxygen doesn't decreases exponentially. The main limitation of this model is taking 

the same reaeration coefficient for the entire river.     

 

 

Keywords: Streeter - Phelps equation model, dissolved oxygen, reaeration coefficient  

INTRODUCTION 

     This work presents the results of modeling the impact of pollution on the concentration 

of dissolved oxygen in rivers using the example of the Moraca river. The theoretical part 

of the modeling began with the presentation of important factors that influence water 

quality in rivers in which the processes of respiration and decomposition were particularly 

highlighted. Solutions of differential equations lead to the Streeter - Phelps equations 

which implies that the concentration of dissolved oxygen in the river, after the discharge 

of municipal wastewater, decreases exponentially, until at some distance (called the 

critical distance) dissolved oxygen in the river reaches minimum [1]. After reaching this 

minimum, the concentration of dissolved oxygen increases linearly up to the initial 

(saturation) level. 

STREETER-PHELPS EQUATIONS 

    The wastewater problem began with the organization of the first permanent human 

settlements. Unfortunately, this problem was solved by bulding cities near the rivers into 

which the municipal waste was directly discharged. When waste water is dropped  into the 

river system, two processes are most often studied: one is chemical and the other is 

physical. In the first process, living beings belonging to the river system use dissolved 

mailto:mvladimir055@gmail.com
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oxygen, while in the second process, the atmosphere replenishes the dissolved oxygen. 

Microorganisms living in the river not only rapidly consume dissolved oxygen, in the 

processes of oxidation of organic matter that is discharged into the river, but at the 

beginning of the process they consume more oxygen than the atmosphere manages to 

compensate in the process of reaeration. 

     Let's analyze the "imaginary" case in which untreated sewage wastewater is discharged 

into a river at a temperature of 15 °C. The maximum concentration of dissolved oxygen, 

in this case, is 10 mg O2/l. At the moment of wastewater discharge, the concentration of 

dissolved oxygen in the river is close to the maximum. When wastewater is discharged, 

the concentration of dissolved oxygen approaches zero, and in some cases is equal to zero. 

As the organic matter is oxidized and the reaeration process is included as a mechanism 

for compensating dissolved oxygen in the river, the concentration of dissolved oxygen 

slowly increases. At a certain moment, at some distance from the place of discharge of 

wastewater, the concentration of dissolved oxygen reaches its original value. This 

"imaginary" case is shown in the following figure. 

 

 

Figure 1. The influence of the discharge of sewage wastewater on the dissolved oxygen 

concentration of an "imaginary" river. 

 

     The minimum concentration of dissolved oxygen, in this "imaginary" case, is located 

250 kilometers from the place of discharge of waste water. The initial value of dissolved 

oxygen concentration is reached 1750 kilometers from the place of discharge of waste 

water. In order to obtain the Streeter - Phelps equations, we can do the following thought 

experiment [2]. Put a sugar cube in the bottle. Then we fill this bottle with unpurified 

water. The bottle is open to the atmosphere. We can write the following balance 

equations: 

                                  

                                                𝑉 ·
𝑑𝐿

𝑑𝑡
= −𝑘𝑑 · 𝐿 · 𝑉,                                          (1) 

 

                                          𝑉 ·
𝑑𝑜

𝑑𝑡
= −𝑘𝑑 · 𝐿 · 𝑉 +  𝑘𝑎 · 𝑉 · (𝑜𝑠 − 𝑜) ,                               (2) 

    𝑘𝑑 − rate of loss of dissolved oxygen by consumption of micro-organisms (deoxidation 

coefficient); 
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    𝑘𝑎 − rate of replenishment of dissolved oxygen from the atmosphere (reaeration 

coefficient). 

     Before we proceed to solve the above system of differential equations, we will simplify 

the balance equation for oxygen by introducing a new variable representing the dissolved 

oxygen deficit: 

 

                                                               𝐷 = 𝑜𝑠 − 𝑜,                                                         (3) 

    

                                                       
𝑑𝐷

𝑑𝑡
= −

𝑑𝑜

𝑑𝑡
                                                          (4) 

 

    If previous expression is substituted into the balance equation for oxygen, the following 

equation can be written: 

 

                                            𝑉 ·
𝑑𝐷

𝑑𝑡
= 𝑘𝑑 · 𝐿 · 𝑉 − 𝑘𝑎 · 𝑉 · 𝐷                                     (5) 

 

    If 𝐿 = 𝐿0 i 𝐷 = 0, at the moment 𝑡 = 0, the solution of the first differential equation in 

the previous system is obtained: 

 

                                                                  𝐿 = 𝐿0 · 𝑒−𝑘𝑑·𝑡                                                  (6) 

  

    This is the first Streeter-Phelps equations. We put this solution in the equation (5) and 

we can get: 

 

                                                           
𝑑𝐷

𝑑𝑡
+ 𝑘𝑎 · 𝐷 = 𝑘𝑑 · 𝐿0 · 𝑒−𝑘𝑑·𝑡                                 (7) 

 

     We can solve the previous differential equation by solving the homogeneous and 

inhomogeneous parts of the equations. We get the following expression: 

 

                                                         𝐷 =
𝐿0·𝑘𝑑

𝑘𝑎−𝑘𝑑
(𝑒−𝑘𝑑·𝑡 − 𝑒−𝑘𝑎·𝑡)                                     (8) 

  

    This previous expression represents the second Streeter-Phelps equation used in this 

paper under the assumption that the initial oxygen deficit is negligible. (upstream from the 

point of discharge of the pollutant is clean water saturated with oxygen) We can change 

Lo with biological oxygen demand BODl and this parametar we can measure by the 

experiment using this formula: 
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                                                      𝐵𝑂𝐷𝐿 =
𝐵𝑂𝐷5

1−𝑒−𝑘𝑎·𝑡
                                                (9) 

 

BOD5 - biological oxygen demand for five day. 

     If we found first derivative of the dissolved oxygen deficit by time, and then this 

derivative equalized to zero, we can find following formula to determine critical time: 

                                           

                                              tc = 
1

𝑘𝑎−𝑘𝑑
 ln

𝑘𝑎

𝑘𝑑
 [1 - 

𝐷0·(𝑘𝑎−𝑘𝑑)

𝑘𝑑·𝐵𝑃𝐾𝐿
 ]                                   (10) 

 

     Now we can measure critical parameters as: critical time, critical distance, critical 

deficit of dissolved oxygen and minimum concentration of dissolved oxygen at critical 

distance. For all this calculation we can use Fate simulation program putting initial 

parameters for the Moraca river. 

THEORETICAL AND EXPERIMENTAL RESULTS 

     We should be careful when taking the flow of the river into calculation because it 

changes in different seasons, even during one month. We will model the impact of 

pollution on the concentration of dissolved oxygen for ten flows of the Moraca river 

characteristic for the month of May. [3] We will calculate the river velocities for the 

selected flows. We will determine the minimum concentrations of dissolved oxygen for 

two river temperatures 14°C and 15°C characteristic for the month of  May. We will 

assume that the river is 110% saturated at the point of sewage discharge. 

 

Table 1. Input parameters for the Moraca river 

 

River flow  

(m3/s) 

Velocity of river 

(m/s) 
 

68,34 0,34 

398,39 1,99 

191,20 0,95 

75,62 0,38 

84,53 0,42 

79,81 0,39 

97,23 0,49 

152,76 0,76 

248,63 1,24 

321,57 1,60 

 

    The parameters of the model that are considered constant are: 
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     - Waste water flow: 30 260 m3/day 

     - BOD5 of waste water: 104 mg O2/l 

     - Waste water temperature: 18 °C 

     - deoxidation coefficient: kd = 0.30 day-1 

     - concentration of dissolved oxygen in wastewater: 1 mg O2/l 

     - BOD5 of the river: 3.0 mg O2/l 

    The mean value of the critical distance, for different river flows in the month of  May, 

at a river temperature of 14 °C, is: 

(2.03 ± 0.69) km, 

while the mean value of the minimum concentration of dissolved oxygen (DO) is: 

(10.67 ± 0.09) mg O2/l. 

 

Figure 2. DO concentration curve at a 14°C river temperature.  

 

     The mean value of the critical distance, for different river flows in the month of May, 

at a river temperature of 15°C, is: 

(1.8 ± 0.68) km, 

while the mean value of the minimum DO is: 

(10.58 ± 0.05) mg O2/l 
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Figure 3. DO concentration curve at a 15°C river temperature.  

 

     Figure two and figure three show that when municipal waste water, which is partially 

or completely purified, is discharged into the Moraca river, there is an exponential drop in 

the concentration of dissolved oxygen, exactly as predicted by the Streeter-Phelps  

equation model.  

Table 2. Results of experimental research 

 

    The minimum concentration of DO was found 1.5 km from the point of discharge of 

sewage waste water and is 10,21 mg O2/l. The saturation of the river at this location is the 

lowest and amounts to 100,1%. 

 

 

 

 

Distance 

(km)  

Disolved oxygen 

concentration 

(mg O2/l) 

 

River 

temperature  

(°C) 

Saturation 

(%) 

0,5 11,15 14,4 109,6 

1 11,73 14,4 115,3 

1,5 10,21 14,6 100,1 

2 11,54 14,6 114,2 

3,1 11,04 14,4 103,4 

3,7 11,18 14,4 106,5 

4,4 11,27 14,6 110,7 

5,1 11,69 14,6 113,1 

6,4 11,37 14,4 110,5 

7,3 11,42 14,6 118,7 
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Figure 4. Dependence of DO concentration on distance (experimental results). 

 
      As can be seen from the previous picture, the concentration of  DO varies from place 

to place. The experimentally obtained DO concentration values do not show an 

exponential decline, as predicted by the Streeter-Phelps equation model. The minimum 

concentration of DO is noticeable both in the theoretical and in the experimental part of 

the work. 

MAIN LIMITATIONS OF THE MODEL 

     In the classic Streeter-Phelps model, it is assumed that the reareration coefficient is the 

same for the entire river. However, the speed of the river is not the same for different 

distances from the wastewater treatment collector.. Not taking into account the variation 

of the reaeration coefficient is one of the main limitations of this model. We could expect 

a higher level of agreement between the theoretical prediction and the experimental data 

during the summer months when the river velocity is uniform. 

      Another major limitation of the model is the assumption that oxygen is replenished 

only from the atmosphere. This cannot be true considering that plants, observed along the 

river, can produce oxygen through the processes of photosynthesis. The third major 

limitation of the model is that it doesn't take into account the sediment that is located at 

the bottom of the river. Microorganisms in the sediment, by consuming dissolved oxygen, 

can affect the concentration of dissolved oxygen in the river. It is also possible to point 

out here the assumptions that were made, which may affect to the theoretical and 

experimental results: the temperature of the river is the same during the day, the 

deoxidation coefficient doesn't change, the biological oxygen consumption of wastewater 

doesn't change, the amount of municipal wastewater discharge doesn't change. 
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CONCLUSION 

      In general, the self-purification ability of the river at the end of May is very high, 

especially due to the high speed of the river. The reaeration coefficient, which represents 

the rate of replenishment of dissolved oxygen in the river, is directly proportional to the 

river's speed. However, in the summer months, when the speed of the river decreases, the 

reaeration coefficient decreases, which leads to anaerobic conditions or spreading  

unpleasant smell near the wastewater treatment collector. The minimum concentration of 

dissolved oxygen is located at a greater distance compared to the month of May, and 

generally the concentration of dissolved oxygen in the river is lower. This indicates that it 

is necessary to build a new collector for the treatment of wastewater, remove silt from the 

bottom of the river and bild mechanisms of artificial reaeration along the river. 

      The theoretical part of the modeling continued using the Fate software program. River 

flows and temperatures were taken as input parameters of the Moraca river for May. After 

the theoretical part of the modeling, the analysis of the experimental part of this work 

completed at the end of May 2022. The experimental part of the research showed that, for 

the river temperature of 14.6 °C, minimum dissolved oxygen concentration of 10.21 mg 

O2/l is located 1.5 km from the collector for municipal wastewater treatment, but 

concentration of dissolved oxygen doesn't decreases exponentially.  

    Analysis of the sensitivity [4], and limitations of the model indicated the necessity of 

taking into account other factors that influence on the concentration of dissolved oxygen 

in the Moraca river, of which the following factors must be highlighted: 

    - replenishment of dissolved oxygen is not only carried out through the atmosphere but 

also in the processes of photosynthesis; 

    - microorganisms that exist in the sediment of the river also consume dissolved oxygen 

and in this sense, we can analyze sediment oxygen demand. 

      Comparing experimental data on the concentration of dissolved oxygen in the Moraca 

river with the theoretically predicted values of the minimum concentration of dissolved 

oxygen, which with certain deviations correspond to the real situation, justified the use of 

the Streeter - Phelps equations model and indicated the validity of using this model for 

any river that is located in Montenegro or somewhere else in the world. 
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Abstract. Extreme space weather events have potential severe impact on wide areas of 

human activities, from a direct radio wave interference effect on Global Navigation Satellite 

System (GNSS) transmission to high-frequency radio wave blackout and magnetic field 

variation. Ionospheric reactions to severe solar flares (SFs) and coronal mass ejections 

(CMEs) have been studied for several decades as an essential feature in space weather 

applications. In this study X-class SFs ionospheric impacts and the effects of accompanied 

heliospheric disturbances on primary cosmic rays (CR) occurred in September 2017 are 

investigated. The atmospheric D-region parameters are obtained and analyzed along with 

various heliospheric parameters associated with the accompanying interplanetary CME and 

flux of secondary cosmic ray muons. The results of both multi-instrumental observations 

and numerical simulations can be useful for application in space weather predictions. 

Keywords: solar flares, sudden ionospheric disturbances, solar energetic particles, 

secondary cosmic ray flux 

INTRODUCTION 

Varying conditions in our Solar system, commonly known as space weather, are 

primarily driven by the dynamic processes on the Sun, especially in the case of extreme 

events induced by the Sun's magnetic activity, specifically solar flares (SFs) and coronal 

mass ejections (CMEs). Although the clear connection between these two effects is not 

easily established, SFs are often followed by CMEs, particularly in the case of more 

intense events [1]. 

Interest in studying such phenomena is currently as high as has ever been. Many 

methods and techniques can be effectively used to monitor space weather, some of them 

utilizing Earth-based detectors. Currently, when an increasing number of satellite 

instruments are available, such ground-based experiments remain relevant and have a 

potential comparative advantage because of their cost-effectiveness and specific location. 

The latter quality is of particular interest, as mentioned phenomena can have significant 

effect on Earth's immediate environment and man-made systems [2,3]. 

Two such ground-based detectors’ systems are located at the Institute of Physics 

Belgrade and are effectively employed in the study of extreme space weather. These 

systems include the Belgrade very low frequency (VLF) receiver and the Belgrade Muon 
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station. We will illustrate the effectiveness and usability of these stations on the example 

of an extreme event that occurred on the Sun in early September 2017. 

METHODOLOGY 

September 2017 was a very active month in the descending phase of the 24th solar 

cycle, during which a number of significant solar flares were observed. Here we focus on 

the strongest one that occurred on September 6th. This was a very intense event classified 

as X9.3, and was followed by a CME directed toward Earth. 

Absolute Phase and Amplitude Logger (AbsPAL) station, located in Belgrade 

(44.85°N; 20.38°E) was used for monitoring VLF signal emitted from military transmitter 

in Skelton (54.72°N; 2.88°W), UK on frequency 22.1 kHz, with code name GQD. 

Simultaneous monitoring of VLF signals' amplitude and phase in regular and perturbed 

ionospheric conditions allows retrieval of perturbation characteristic and modeling of 

ionospheric plasma properties [4-7]. The propagation parameters of sharpness and 

reflection height were retrieved using numerical simulations based on measured VLF 

signal perturbations related to the X9.3 SF, with electron density height profile variation 

obtained using Wait's empirical approach [8]. 

Belgrade CR Muon station is an integral part of the Low-background Laboratory for 

Nuclear Physics at the Institute of Physics Belgrade, effectively sharing the location with 

the Belgrade AbsPAL station. It comprises two identical detector setups: one on the 

ground level and another located 12 m underground. Both detectors are capable of 

measuring the flux of secondary cosmic ray muons with high efficiency [9]. The passage 

of a CME through interplanetary space (reffered to as interplanetary coronal mass ejection 

- ICME) modulates the flux of primary cosmic rays (CRs), leading to an effect known as a 

Forbush decrease (FD) [10]. This reduction in the primary CR flux is propagated and can 

be detected in the flux of secondary cosmic rays. A worldwide network of ground-based 

detectors, including the Belgrade Muon Station, performs routine measurements and is 

capable of detecting such events. Additionally, the passage of an Earth-directed ICME can 

lead to an increased proton flux, most likely due to particles being locally accelerated by 

the ICME shock [11]. Such an increase can be detected in relative vicinity of Earth by the 

ERNE instrument. This instrument is located at L1, on-board the SOHO satellite, and 

performs continuous measurements of proton flux in a number of energy channels [12]. A 

relationship between the shape of proton fluence spectra at L1 (more specifically, power 

exponents in the double-power law function used to model the spectra) and the magnitude 

of FD events has been established [13]. This dependence is especially significant in the 

case of FD magnitude corrected for magnetospheric effects. This fact allows us to predict 

FD magnitudes solely based on the fluence parameters derived from SOHO/ERNE 

measurements, as demontrated here for the FD associatted with the September 2017 X9.3 

SF. 

RESULTS AND DISCUSSION 

Simultaneous variations of X-ray flux (measured by GOES-15 satellite [14]), phase 

and amplitude of GQD/22.10 kHz signal versus universal time UT during occurrence of 
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X2.2 and X9.3 class SFs of September 6th, 2017 is presented in Figure 1. Recorded 

amplitude and phase perturbation on monitored GQD signal increased several dB in 

amplitude (7.09 dB) and tens of degrees in phase (52.03°) compared to unperturbed values 

during September 3rd, 2017. In addition, following the incident soft X-ray radiation 

numerical simulations exhibited changes in electron density profiles, showing the increase 

of several orders of magnitude compared to their unperturbed values at the reference 

height of 74 km. 

 

Figure 1. Simultaneous variations of X-ray flux, phase, and amplitude of GQD/22.10 kHz signal on 

September 6th, 2017. 

The proton flux measured by SOHO/ERNE instrument during a period around 

September 6th 2017, for a selected energy channel is shown in Figure 2. Dashed red lines 

indicate the time interval for which the increased proton flux was determined to be a 

consequence of the passage of the ICME associated with the X9.3 SF. Proton flux within 

this interval was integrated (the respective area under the graph indicated by the red fill 

color) to determine the differential fluence for the selected energy channel for the event, 

with the green line marking the interval used for baseline determination. 

 

Figure 2. Proton flux in a selected SOHO/ERNE energy channel. Dashed red lines indicate the time 

period associated with the September 6th 2017 event and used to calculate the differential fluence 

value. 

Based on thus calculated differential values, a fluence spectrum associated with the 

September 6th event was created, as shown in Figure 3. The blue line indicates the double-

power law function used to fit the fluence spectrum. 
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Figure 3. Proton fluence spectra for the September 6th 2017 event, shown in linear (left) and log-log 

scale (right). Double-power law function used to fit the spectra is indicated (solid blue line). 

Using the first of the two power exponents (one related to lower energies and 

considered to be more reliably determined), FD magnitude (M) and FD magnitude 

corrected for the magnetospheric effects (MM) were calculated. The obtained value for MM 

of -8.3% was in reasonably good agreement with the value found in the IZMIRAN 

database [15], which reported a value of -7.7% (with relative difference between two 

values of 7%). For M (which is generally less reliably determined) we obtained the value 

of -8.1%, while value found in the IZMIRAN database is -6.9%, resulting in somewhat 

larger relative difference of 15%. 

CONCLUSION 

An complementary overview of the impact of the intense solar flare that occured on 

September 6th 2017, on Earth's immediate environment is presented. A substantial 

disturbance in Earth's ionosphere was detected, with the amplitude of the GQD signal 

increasing by several dB and tens of degrees in phase. Simulated electron density profiles 

showed similariliy drastic perturbation. The passage of the related ICME directed toward 

Earth led to a significant increase of proton flux measured at L1. It also significantly 

affected the flux of primary cosmic rays resulting in a Forbush decrease of considerable 

magnitude. Based on the analysis of fluence spectra of these energetic protons the 

estimated value for FD magnitude corrected for magnetospheric effects was calculated 

and was found to be in good agreement with the value found in the IZMIRAN FD data-

base.  
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Abstract: In the past decades artificial intelligence (AI) has become an important tool for 

environmental research and applications. In this paper AI application within infrared 

photoacoustic spectroscopy (PAS) is discussed. Photoacoustic spectroscopy, as powerful 

techniques for trace gases monitoring achieves a high sensitivity and selectivity, primarily due 

to high-power lasers utilization. However, variations of the main parameters of high-power 

lasers can cause significant measurement errors. We applied a few AI techniques on a set of 

theoretical and experimental photoacoustic (PA) signals to simultaneous determination of 

parameters: the laser beam spatial profile 𝑅(𝑟𝐿), distance from the laser beam to the detector 

𝑟∗, laser fluence Φ, and vibrational-to- translational relaxation time 𝜏𝑉−𝑇. Obtained results 

suggest that intelligent PA approach could fulfill requirement for developing modern, easy 

handling a trace gas monitoring devices with high accuracy, real time operation and self-

correction capability. Also, we proposed AI as a promising tool for modeling new approaches 

to environmental physics issues using intermolecular potentials as an example. Employing AI 

tools can change the way students are taught, providing fast feedback to students, and deeper 

understanding of physical principles governing atmospheric phenomena.  

Keywords: artificial intelligence, photoacoustic spectroscopy, spatial laser beam profile, 

vibrational-to-translational relaxation time, intermolecular potentials 

INTRODUCTION 

Trace gases play a significant role in various atmospheric phenomena leading to 

environmental pollution and consequently to acceleration of climate change. Also, they are 

important in industrial process control analysis, combustion processes, agriculture, food 

industry, and workplace safety. Negative impacts of trace gases could be studied more 

profoundly through development of more sensitive and selective detection techniques. 

Photoacoustic spectroscopy (PAS) is a powerful, sensitive, selective, and robust technique 

with wide dynamic range, simple setup, and easy calibration [1,2]. As a calorimetric, zero-

background technique, PAS provides valuable data regarding IR absorption and relaxation 

of trace gases, which are useful for global warming and climate modeling. PA experimental 

setup has three main parts: laser (as radiation source), PA cell and detector (microphone, 

quartz tuning fork, cantilever, etc. [3]). Sensitivity and selectivity of PA detection are 

mailto:mladena.lukic@znrfak.ni.ac.rs
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determined primarily with the quality of radiation source and detector characteristics. High-

power CO2 laser is preferable radiation source in PAS of gases, allowing detection limits in 

the part-per-billion (ppb) and sub-parts-per-trillion (sub-ppt) levels of concentration [4]. 

Molecules in the gas sample absorb laser radiation (in the wavelength range from 9 to 11 

µm, where majority of greenhouse gases have strong fundamental rovibrational transitions) 

and relax in mutual collisions, transferring energy mostly from vibrational to translational 

modes (V-T relaxation). V-T relaxation describes by vibrational-to-translational relaxation 

time 𝜏𝑉−𝑇. Absorbed energy release through nonradiative channel heating the sample. Local 

variations of temperature cause pressure variations and appearance of acoustic waves. 

Relaxation time 𝜏𝑉−𝑇 as an important parameter takes part in electromagnetic radiation and 

matter interaction, in calculation of energy transfer collisional rate, energy transfer 

probability, collisional cross-section, and in theoretical models of energy transfer in the 

atmosphere.  

Although high-power lasers provide various benefits for environment monitoring 

(sensitivity, selectivity, wide dynamic range, and good spatial and temporal resolution [1]), 

laser beam quality can be a critical issue in real-world applications. Intensity fluctuations 

between two successive pulses, and a varying intensity profile can affect sensitivity of trace 

gases detection [5]. The influence of the spatial laser beam profile on the relaxation time 

and correspondingly calibration, sensitivity and selectivity of PA detection have been 

discussed in detail in following papers [5,6]. The laser radiation profile can be measured by 

conventional devices, mostly for limited range of laser power and fluence Φ, due to harmful 

effect. Whereas progressive development of high-power lasers has not been followed by the 

adequate advancement of conventional devices for spatial laser profile measurements, we 

applied artificial intelligent (AI) methods for simultaneous determination of PA signal 

parameters (profile shape class 𝑅(𝑟𝐿), radius of the spatial profile of laser beam 𝑟𝐿, laser 

fluence Φ, distance from lasers to detector 𝑟∗, and  relaxation time 𝜏𝑉−𝑇) [7]. PAS field 

measurements could be improved by AI because of its unique characteristics such as: real-

time operation, adaptability to environment, possibility to deal with uncertainty, 

subjectivity, and indeterminacy.  In this paper we will review implementation of Multilayer 

Perceptron (MLP), Generalized Regression Neural Network (GRNN) and the Adaptive 

Neuro-Fuzzy Inference System - ANFIS) within PAS [7-10]. Evaluation of AI techniques 

was accomplished on a set of simulated/experimental signals generated in two gas mixtures 

containing absorber (SF6 and C2H4) and buffer gas (Ar).  

In recent years, the application of AI in traditional education systems has attracted the 

attention of many educators and researches. AI offers new learning experience through 

different opportunities to teach, learn, and evaluate students [11]. In this paper we proposed 

the application of neural networks for molecule type determination (monoatomic, diatomic, 

or polyatomic), based on the potential curve shape. Based on our experience with AI 

implementation we believe that this approach could clarify and enable deeper understanding 

of different concepts within the physics curriculum.  
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METHODOLOGY 

Photoacoustics – theoretical background 

The sound and heat waves generated in the sample can be described by the classical laws 

of fluid mechanics and thermodynamics. In PAS, sound waves can be considered 

independently of thermal ones due to their different properties and spatial separation. 

Pressure variations (∆𝑝 < 10%) can be represented by a linearized wave equation (1) [12]: 

 
𝜕2𝛿𝑝(𝑟,𝑡)

𝜕𝑡2 − 𝑐2𝛥𝛿𝑝(𝑟, 𝑡) = 𝑆(𝑟, 𝑡). (1) 

The quantity 𝛿𝑝(𝑟, 𝑡) is the pressure variation from the equilibrium value, 𝑐 is the speed of 

sound in the sample, and 𝑆(𝑟, 𝑡) is the source function, determined by the spatial and 

temporal characteristics of the sound source. Spatial characteristics are defined by spatial 

distribution of excited molecules after absorption, while time characteristics provide 

information about energy release (i.e., of the relaxation rate). To solve wave equation (1) 

for a certain source function and defined initial and boundary conditions, the commonly 

used methods are: Fourier transform method and Green’s function method. For simple 

spatial laser beam profiles (top hat, Gauss, Lorentz, etc.) and the exponential decay of 

excitation energy, the solutions of the wave equation (1) calculated by the Fourier transform 

method, have a form [12]: 

𝛿𝑝(𝑟∗, 𝑡∗) =
𝑅𝐸0

𝐶𝑣𝑉
∫ (𝑙2 + 𝜀2)−1(−𝜀exp(−𝜀𝑡∗) + 𝑙sin𝑙𝑡∗ + 𝜀cos𝑙𝑡∗)𝐽0

∞

0
(𝑙𝑟∗)ℎ(𝑙)𝑙𝑑𝑙.  (2) 

Quantities 𝑟∗ and 𝑡∗ are dimensionless - reduced coordinate and the reduced time. They are 

the function of radius of laser beam (𝑟∗ = 𝑟 𝑟𝐿⁄ , and 𝑡∗ = 𝑡𝑐 𝑟𝐿⁄ ), R is the universal gas 

constant, 𝐸0 is absorbed energy, V is the irradiated volume, 𝐶𝑉 is the molar heat capacity at 

constant volume, 𝑙 =  𝑘𝑟, is a dimensionless quantity (k is the wave vector). 𝐽0 and 𝐽1 are 

the first-kind Bessel functions of orders 0 and 1. Dimensionless parameter 𝜀 = 𝑟𝐿 𝑐𝜏𝑉−𝑇⁄   is 

the most important in this study, because the shape and intensity of PA signals is a function 

of 𝜀 and relaxation time 𝜏𝑉−𝑇. The wave equation (1) could be solved for complex spatial 

profile of laser beam and nonexponential decay by the Green's functions method. The 

general solution has a form [13]: 

𝛿𝑃(𝒓, 𝑡) = ∫ 𝑑3𝒓′∫ 𝑑𝑡′𝑔(𝒓, 𝑡|𝒓′, 𝑡′)𝑆(𝒓′, 𝑡′) = −
𝜕𝑇(0)

𝜕𝑡
𝐺(𝑟, 𝑡) − ∫

𝜕2

𝜕𝑡2 𝐺(𝑟, 𝑡 − 𝑡′)
𝑡

0
𝑑𝑡′(3) 

where 𝑔(𝒓, 𝑡|𝒓′, 𝑡′) is the Green’s function for a 3D wave equation, 𝑆(𝒓′, 𝑡′) is the source 

function and 𝐺(𝑟, 𝑡 − 𝑡′) is the Green’s function averaged in cylindrical geometry. It 
allows to calculate PA signal for an arbitrary laser beam profile and excitation energy decay. 

Theoretical computations are based on the characteristics of used PA setup: TEA CO2 

laser with a 45ns FWHM pulse, stainless-steel photoacoustic cell (18.5 cm long), and 

microphone (Knowles Electronics Co., Model 2832) placed in the cell. The experimental 

settings contained optical (beam splitter, lenses) and additional instruments (joulemeter, 

photon-drag detector, oscilloscopes), a vacuum system and a system for introducing gases. 
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We examined PA signal generated in two gas mixtures SF6+Ar and C2H4+Ar. 

Measurements were performed in the mixture pressure range of 10–100 mbar and fluence 

range of 0.2–1.5 Jcm−2. Absorbers pressure (SF6 and C2H4) was kept constant at 0.47 mbar 

[5].  

Artificial intelligence techniques  

For simultaneous determination of PA signal parameters, we have employed MLP, 

GRNN and ANFIS [14].  

MLP is a feed-forward neural network consisting of an input layer, hidden layers, and 

output layer. MLP architecture represents a tradeoff between complexity, execution time, 

and available data. Optimal network topology is selected through many trial-and-error 

processes. MLP used in this research is trained in an offline batch training regime, with 

standard backpropagation (BP) algorithm. For network training pairs of input–output data 

are used. To achieve good generalization capability data set was divided into training, 

validation, and test set. 

GRNN is a viable alternative to MLP. The trial-and-error processes for getting optimal 

MLP architectures might be a very time demanding process, inconvenient for insitu 

measurements. GRNN network has a fixed structure, fast training process and it is suitable 

for dealing with experimental, noisy data. The number of neurons in hidden layer is equal 

to the number of training data. The data set divides into training and test data. 

ANFIS has numerous advanced characteristics such as adaptability, robustness, and 

insensitivity to variations. It is an adaptive feedforward network consisting of several 

adaptive interconnected nodes. Fundamental issues in fuzzy logic implementation are fuzzy 

set, membership function, linguistic variables, and linguistic rule. Elements of a fuzzy set 

belong to set with different degrees. The most important fuzzy logic issue is the concept of 

linguistic variables and linguistic if-then rules. Fuzzy sets and fuzzy rules form the 

knowledge base as a crucial decision-making element in a fuzzy inference system (FIS). 

ANFIS uses Takagi–Sugeno fuzzy inference system. 

RESULTS AND DISCUSSION 

For fast and effective atmospheric pollutant detection the possibility to detect different 

molecules with the same instrument is an advantage. We applied a few AI techniques to 

assess whether sensitivity and selectivity (as inherent PAS features) could be supported by 

intelligent PAS. 

Simultaneous determination of vibrational to translational relaxation time and 

spatial profile of laser beam in SF6+Ar and C2H4+Ar gas mixtures 

Molecule SF6 is one of the most harmful greenhouse gasses. It has extremely high global 

warming potential (23,900 over 100 year time horizon) and a long lifetime of about 3,200 

years. As a great IR absorber, and efficient collisional energy transfer partner under 

atmospheric pressure, SF6 has an immense potential to affect climate in the future. Values 

of V-T relaxation time indicate his ability to absorb and transfer a large amount of energy 

for a wide range of radiation source energies and frequencies [15].  
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Unlike SF6, molecule C2H4 is an atmospheric pollutant created primarily by exhaust 

emission. Molecule C2H4 is important for ozone formation, and tropospheric chemistry as a 

participant in ozone-alkene reactions. These two molecules are suitable for AI performance 

test due to very dissimilar absorption potentials, and consequently intensity and shape of 

the PA signals (Fig 1).  

 

 

 

 
a)  b) 

 

Figure 1. a) PA signals generated in SF6+Ar (dotted line) and C2H4+Ar (solid line) for low and 

high laser fluence (Φ = 0.4 J cm2⁄  and  Φ = 1.0 J cm2⁄ ). b) PA signals used for MLP and GRNN 

training (figures show 10 theoretical signals for both mixtures for clarity).  

 

MLP is used for estimation of parameters of PA signals generated in SF6+Ar mixture. 

Different networks topologies with 21-28 input neurons, two hidden layers with 7-15 

neurons each, and 3 output neurons are created for estimation of 𝑟∗, 𝜀, and the profile shape 

class (Gauss, top hat, and Lorentz profile). According to our experimental setup and 

conditions values of 𝑟∗ were taken from interval [39-42], for each profile shape, and 𝜀 

values were in the range [0.5-5] [8,9]. In this paper, Artificial Neural Networks (ANNs) 

were trained on theoretical data and tested with simulated/experimental data. For example, 

network topology 28-7-7-3 estimated parameters 𝑟∗ and 𝜀 of unknown (simulated PA 

signal) with precision of 0.1 % and 3 % respectively [8]).  Obtained results sugest that if 

sufficient amount of simulations and/or experimental data are provided, ANNs are capable 

to estimate PA signal parameters efficiently. It confirms that the set of theoretical PA signals 

(2) and (3) contain relevant informations for a complete representation of the problem to be 

solved. To test the capability of the MLP for unknown parameters estimation, more realistic 

Lorentz with the hole laser beam profile, was used to train network. Theoretical PA signal 

which is calculated based on network outputs (𝑟∗and 𝜀) fitted the experimental PA signal 

with satisfactory accuracy (errors for the parameter 𝑟∗and 𝜀 were 2.5%, and 9% 

respectively) [9]. Slightly higher errors are caused by differences between theoretical and 

experimental laser beam profile and presence of noise in experimental signals.  

We used GRNN for simultaneous determination of unknown parameters of the PA 

signals generated in C2H4+Ar mixture. GRNN was trained with theoretical PA signals 

calculated by Fourier method (2). Theoretical signals were calculated for parameters ε ∈ 

[0.5-4] and 𝑟∗∈ (39, 39.5, 40, 40.5). Photoacoustic signals are sampled at 21 points [16]. 

GRNN topology had 21 input neurons, as well as an MLP network. The number of neurons 

in the hidden layer was 284. Outputs neurons estimate parameters  𝑟∗ and ε. The most 

accurate results obtained by GRNN for simultaneous determination of unknown parameters 
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of experimental PA signal generated in C2H4+Ar mixture, were 1.57% for ε and 0.08 % for 

𝑟∗ (the value of 𝑟∗ is more accurately determined in all cases, because PA signals with 

different 𝑟∗ values are clearly separated [8,9]).  

Neuro-fuzzy determination of absorption efficiency by PA signal intensity analysis 

Spatial and temporal laser beam characteristics, relaxation time, and PA signal intensity 

and shape are laser fluence Φ dependent quantities. Laser fluence is an important 

experimental parameter which variations could affect the ratio between the absorption 

efficiency of the different trace gases. We used ANFIS to predict Φ values based on PA 

signal intensity [10]. ANFIS inputs were maximum, and minimum of PA signal intensity, 

while output was corresponding Φ value. Theoretical PA signals for ANFIS training were 

calculated for the laser profiles which provide the best match with the experimental signals 

(for both gas mixtures). ANFIS is estimated Φ values from experimental signals generated 

in SF6+Ar and C2H4+Ar mixtures for Φ ∈ (0.2 − 1.4) J cm2⁄  [10]. Several obtained results 

are shown in Table 1. 

 
Table 1. ANFIS estimation of 𝚽 from PA signals generated in SF6+Ar and C2H4+Ar mixtures 

 

Experimental 𝚽 values (𝐉 𝐜𝐦𝟐⁄ )  
SF6+Ar  

0.4 0.6 0.8 1.0 
max 

error (%) 

average 

error (%) 

SF6+Ar gas mixture 

ANFIS estimation 0.33 0.47 0.81 0.99 
22.05 9.32 

ANFIS error (%) 17.20 22.05 1.36 0.67 

C2H4+Ar gas mixture 

ANFIS estimation 0.43 0.64 0.79 1.07 
26.05 9.80 

ANFIS error (%) 7.62 7.12 1.08 7.14 

 
In both cases for higher Φ values ANFIS achieves better precision. Discrepancy is more 

obvious for low Φ values due to more pronounced noise influence (low S/N ratio). Average 

error is slightly higher for C2H4 (9.80 %) than for SF6 (9.32 %), reflecting the vast difference 

in the absorption characteristics, and PA signal intensity. Despite that facts it does not affect 

ANFIS performances significantly. 

Neural networks application in physics - molecule type determination 

One of the critical issues within environmental physics teaching is to study, analyze and 

simplify complex physical and chemical processes that constantly occur in the atmosphere. 

The first step in clarifying those phenomena might be to define intermolecular potentials 

that can match real ones. To help students to assess and identify gaps in their knowledge, 

and to be able to improve their understanding of connection between molecule type and 

intermolecular potential, we proposed MLP application. Unlike previously used MLP (as a 

function approximator), for determination of molecule type (monoatomic, diatomic, or 

polyatomic) based on Lennard-Jones 12-6 potential, we utilized MLP as a classifier. We 

analyzed potential curves of six molecules: He, Ar, H2, Cl2, CO2, C6H6. Potential curves 

shape calculated using Lennard-Jones 12-6 potential [17].  
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 𝑈(𝑟) = 4𝜀 [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

],  (4) 

 

where 𝜀 represents depth of the potential well, and 𝜎 is a molecular distance at zero energy.  

 

 
 

Figure 2. The data set for network training consists of 300 potential curves for six different 

molecules He, Ar, H2, Cl2, CO2, C6H6. 

 

The data set for network training (300) obtained by varying the corresponding parameters 

𝜀 and 𝜎 of the potential curves of each molecule in the range of ±2.5% (Figure 2). Each 

potential curve is sampled in 33 points which are used as network inputs. MLP for molecular 

type classification consisted of 33 input neurons, one hidden layer with 35 neurons and 

outputs with 6 neurons (one neuron for each molecules class He, Ar, H2, Cl2, CO2 или 

C6H6). Output classifies the certain potential curve according to criteria – belong to a given 

class (1) or not (0). The data set was divided into a training set (210 curves), validation set 

(45 curves) and test set (45 curves). Obtained results indicate that if potential curves define 

unequivocally, then MLP can associate the appropriate type of molecule (output) to 

corresponding potential curve (input).  

CONCLUSION 

We presented application of several AI techniques for simultaneous determination of 

radius of the laser beam spatial profile, 𝜏𝑉−𝑇 relaxation time, and laser fluence, based on 

PA signal temporal shape analysis. In PAS experiments variations of these parameters can 

affect accuracy of measurements significantly. Also, different methods for 𝜏𝑉−𝑇  could give 

quite different results, depending on laser beam spatial profile which is used. 

Implementation of AI could improve accuracy, provide real time operation allowing 

correction of laser beam profile between two successive laser pulses during the experiment. 

Also, simultaneous determination of PA parameters in real time might be adjust calibration 

procedures to field measurement. Results for two examined gas mixtures with quite 

different absorption characteristics are comparable, so it can be concluded that AI 

implementation supports well known PAS characteristics: sensitivity, selectivity, and wide 

dynamic range. A few limitations should be mentioned regarding the collection of available 

and representative data sets, which are usually obtain during numerous experiments. 
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Further, the training process in some cases can be very demanding and slow. Fortunately, 

the problem might be solved by choosing other AI methods or different network training. 

Employing AI in education could be change the way students are taught, and in example 

of molecular type detection by ANNs, could enable deeper understanding and answer the 

question; what defines depth of the potential well, strength of the interaction; what 

determines existence of different aggregate state; why molecular collisions are important, 

and finally how molecule type can be distinguish based on the shape of the potential curve.  
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Abstract. Air pollution is quickly becoming one of the biggest modern societal problems thus 

raising awareness of the danger of the problem is essential. Natural sciences aim to explain 

natural phenomena and processes and as such aid in the creation of a precise perception of 

global problems, the risks they carry, as well as the need for prevention. This paper aims to 

describe a simple experiment that can be performed in the classrooms or the student’s home, 

showing different pollutants, the degree of pollution and the possible causes of air pollution 

in several different locations with different environmental conditions 

Keywords: air pollution, experiment, students, quality of air, pollution sources 

INTRODUCTION 

Massive industrialization, the enormous daily level of emitted CO2 gas by industry and 

cars, the massive deforestation etc., are the main factors causing irreversible environmental 

pollution - a global problem and one of the biggest challenges of the society nowadays. The 

fundamental civil right to a pure and healthy environment obligates the population to take 

over activities to protect, preserve and improve the ecosystem [1]. Plenty of the activities 

aimed to raise awareness of the people for the environmental problems, especially for air 

pollution as a most dangerous problem that affects the biggest part of the Earth’s population, 

starting even in primary schools, with continuous upgrading of the knowledge during the 

later education. 

Based on the key competencies for lifelong learning given by the European Reference 

Framework, as well as the framework of individual competencies developed by the 

European Commission [2], Macedonian national standards for the skills and attitudes that 

need to be acquired by the student especially in primary school are divided into eight groups 

[2]. The most important group is mathematics and natural sciences, the base of everyday 

living.  

The implementation of the STEM programs in the recent curriculums for natural 

sciences, speeds up the whole process resulting in better results. The aim of this research is 

to design a class curriculum that will ease up the explanation and understanding of the 

process of air pollution as the most common environmental problem, and what can we do 

to prevent it.  
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EXPERIMENTAL SETUP 

The experimental activities planned with this class curriculum are divided into two parts: 

the first class when the students will get familiar with the objectives, opportunities and 

disadvantages of the problem of air pollution and will setup the experiment, and the second 

class when the main activity will be analyzing the results of the experiment. All of the 

activities need to be supervised by a teacher. 

The first class should be organized as a group discussion connected to the problem of 

air pollution and the objects in the nearest neighborhood that can cause it. Additionally, an 

explanation of the main air pollutant (PM2.5, PM10, SO2, NO2) can be presented [3], as 

well as the process of how their concentration in air can be measured. At the end of the 

discussion the students should be divided into groups and to be asked to forecast one place 

where air pollution will surpass the maximum permitted level and one place where the 

pollution will be in the acceptable interval of values. Each group's identified places should 

be taken as experiment laboratories where the students will place the experimental setup. 

For the experimental setup each group will need: two plastic plates, some Vaseline 

(petroleum jelly), two zip bags for transportation, a marker and wet wipes. Firstly, each 

group is asked to place a thin layer of Vaseline on each plate, to set a group mark and 

carefully place it in a zip bag. Secondly, one plate (without a zip bag) needs to be placed at 

each of the two previously peaked places (Fig. 1). Finally, this way prepared setup should 

stay in the same place for at least 5-7 days. 

 

 

Figure 1. Experimental plate set at the measuring place. 

 

After a week, each group is asked to take the plates back to the classroom and analyze 

the surface in detail. For this purpose, students can use a magnifier, school microscope or 

even camera on their mobile phones. The main result should be a comparison of the 

determined level of concentration of the particles collected from the atmosphere and do the 

results correspond to the previously made forecasts. Furthermore, each group can make a 

comparison with the data for the air pollution level available at the national application for 

air quality measurements “AirCare” [4], or on the official website of the Ministry of 
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environment and physical planning [3], in order to get familiar with the app and how to use 

it, and to conclude if their results for the concentration agree with the average daily levels 

of air quality given in the app. Additionally, an analysis of the trapped particle’s size, form 

and frequency can be done to identify if there is one main pollutant that emits the particles.  

For the purposes of this study, experimental setups as explained above, were placed in 

three different locations, in three different cities – Skopje, Veles and Ohrid. The results are 

explained in the next section. 

RESULTS AND DISCUSSION 

After a week exposure of the “pollutant traps” in the selected places, they were collected 

and analyzed in detail. Throughout the exposure days, we continuously monitored the 

AirQualityIndex (AQI) values. The visual results for each place are given in Fig. 2-4. 

 

 
 

Figure 2. Macroresults from the experiment placed in Skopje (left), microanalysis of the air 

pollutants using mobile phone’s camera (right). 

 
 

 Figure 3. Macroresults from the experiment placed in Veles (left), microanalysis of the air 

pollutants using mobile phone’s camera (right). 
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Figure 4. Macroresults from the experiment placed in Ohrid (left), microanalysis of the air 

pollutants using a magnifier (right). 

 

The analysis of the concentration of the trapped particles showed that the number of the 

particles corresponds to the AQI values for the measurement period shown in Fig. 5 (low 

values) which means that the air pollution in the measurement period was low resulting in 

a low number of trapped particles.  

 

Figure 5. Daily average concentration of PM10 particles during the measurement period (12/8/2023-

18/8/2023). 

 

Comparing the results this way, students can easily get familiar with the meaning of the 

values for air pollution and why different medical alerts are issued during the high level of 

air pollution periods of the year. 

Furthermore, the analysis of the size and form of the particles was done using an optical 

magnifier and a camera lens on mobile phones. As the results show, the concentration of 
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the particles is higher in the places located near frequent roads (Fig. 3), and the size of the 

particles is smaller compared to the concentrations at quiet places, farther from roads and 

factories (Fig. 2 and 4) where the particles are mostly bigger and come from the local trees 

and soil. The conclusions connected to the results should be made by a deep discussion 

while the students should be asked to classify the pollutant particles by size and potential 

source. 

This way, students will gain their ability for practical use of mobile phones as well as 

an optical magnifier as a piece of ordinary laboratory equipment and because of the 

interdisciplinarity of the experiment it is expected that the student's curiosity and interest in 

natural sciences will increase as a key for creation of scientific thought at the student’s 

mindset.  

CONCLUSION 

Each of us needs to contribute to the preservation and sustainability of the environment. 

In that direction, practical experiments like the presented one are of great importance, with 

which students awareness of the actual problem of the quality of the surrounding air and the 

dangers arising from it will gain, but the most important is that the students can try to 

identify and find solutions that lead to positive changes for better air quality, using their 

knowledge gained during the natural sciences classes. 

Air pollution is changing the world and threats our everyday living and existence. These 

consequences are equally felt by developed and underdeveloped countries, but not all of 

them have enough economic power to deal with the damages and losses. That is why the 

student's mindsets should be set to look for innovative practices and methods to reduce the 

consequences of the problem.  
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Abstract. This review article explores the promotion of health and resilience through 

sustainable health systems as a means to build a sustainable future. It emphasizes the need 

for transitioning to sustainable health system in regards to challenges such as the epidemic 

of non-communicable diseases, multidrug resistant microbes, food safety, unsustainable 

practices, malnutrition, environmental pollution, medical waste and others. The health 

benefits of building a more sustainable healthcare and strengthening the healthcare systems 

are highlighted, along with the importance of policy frameworks, education, prevention and 

community engagement. This article emphasizes the urgency of collective action for a more 

sustainable and equitable future. 

Keywords: sustainable development, health promotion, health effects, public health, health 

systems 

INTRODUCTION 

Healthcare is facing two serious challenges that appear to be inter-related [1].  The first 

is the significant rise in prevalence of multiple non-communicable diseases and conditions 

(NCDs) (e.g., asthma, food allergies, obesity, celiac disease, type 1 diabetes, type 2 

diabetes, inflammatory bowel disease, autism, Alzheimer’s disease, Parkinson’s disease, 

heart disease and cancer) not just in developed countries but globally. These diseases 

already account for a majority of deaths worldwide and are expected to continue to 

increase in impact in the coming decades [2]. This is paired with a second challenge: the 

emergence of multi-drug resistant bacterial pathogens that are outpacing the discovery and 

production of new antibiotics [3]. Multi-drug resistant bacteria are thought to have arisen 

in part due to the overuse of antibiotics [4]. Antimicrobial resistance (AMR) and 

persistence are associated with an elevated risk of treatment failure and relapsing 

infections [5]. They are thus important drivers of increased morbidity and mortality rates 

resulting in growing healthcare costs [5].  

Malnutrition in all forms, ranging from undernourishment to obesity and associated 

diet-related diseases, is one of the leading causes of death worldwide, while food systems 

often have major environmental impacts. Rapid global population growth and increases in 

demands for food and changes in dietary habits create challenges to provide universal 
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access to healthy food without creating negative environmental, economic, and social 

impacts [6].  

Food safety in the food market is one of the key areas of focus in public health, 

because it affects people of every age, race, gender, and income level around the world. 

The local and international food marketing continues to have significant impacts on food 

safety and health of the public. Food supply chains now cross multiple national borders 

which increase the internationalization of health risks [7].  

One of our era's greatest scourges is air pollution, on account not only of its impact on 

climate change but also its impact on public and individual health due to increasing 

morbidity and mortality. There are many pollutants that are major factors in disease in 

humans. Among them, Particulate Matter (PM), particles of variable but very small 

diameter, penetrate the respiratory system via inhalation, causing respiratory and 

cardiovascular diseases, reproductive and central nervous system dysfunctions, and 

cancer. Despite the fact that ozone in the stratosphere plays a protective role against 

ultraviolet irradiation, it is harmful when in high concentration at ground level, also 

affecting the respiratory and cardiovascular system. Furthermore, nitrogen oxide, sulfur 

dioxide, Volatile Organic Compounds (VOCs), dioxins, and polycyclic aromatic 

hydrocarbons (PAHs) are all considered air pollutants that are harmful to humans. Carbon 

monoxide can even provoke direct poisoning when breathed in at high levels. Heavy 

metals such as lead, when absorbed into the human body, can lead to direct poisoning or 

chronic intoxication, depending on exposure [8]. 

Healthcare structures are supposed to protect and improve public health, but in the 

meanwhile they are socially and environmentally impactful structures which can cause 

negative side effects on the people’s health and on the context. A hospital which is 

sustainable both in its structure and management is the only possibility to promote 

wellbeing and healthiness for people attending it. This has to be taken into account both as 

a main requirement and a quality issue, since healthcare structures must be capable to 

deliver high standards also in changing circumstances. A sustainable structure is a 

structure that can be easily maintained and that can be functional from the environmental, 

social and economic point of view, in order to comply with the diverse interests and needs 

of all the stakeholders [9]. 

MATERIAL AND METHODS 

To comprehensively address the topic of building sustainable health systems to 

promote health and resilience, a systematic search was conducted on major academic 

databases, including Google Scholar and PubMed. The search terms were carefully 

selected to capture relevant literature related to sustainable health systems, their impact on 

health promotion and resilience, and their implications for the future. The following 

search terms were used: 

"Sustainable health systems", "Health system resilience", "Health promotion", 

"Sustainability in healthcare", "Future of healthcare", "Resilient healthcare infrastructure" 

and etc. The inclusion criteria for selecting papers were as follows:  

1. Relevance to the theme of sustainable health systems and their impact on health 

promotion and resilience. 

2. Published in peer-reviewed journals or reputable conference proceedings. 
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3. Covered the period from [2010] to [2023]. 

4. Articles written in English. 

Papers were excluded if they were: 

1. Not directly related to the theme of sustainable health systems and their impact 

on health promotion and resilience. 

2. Published in languages other than English. 

3. Not available in full text. 

4. Duplicates or redundant publications. 

Articles that passed the initial screening were subjected to full-text review. The reviewers 

assessed the articles for their alignment with the inclusion criteria. Data were extracted 

from the selected articles using a standardized form, including information on study 

objectives, methodologies, key findings, and implications for sustainable health systems. 

AIM OF PAPER 

The aim of this review article is to critically assess the current challenges encountered 

by contemporary health systems and explore the pivotal role of health promotion and 

education in shaping a sustainable future. Drawing from a comprehensive examination of 

literature sourced from reputable databases such as Google Scholar, PubMed, and others, 

this study seeks to illuminate the intricate web of challenges that modern health systems 

confront. By emphasizing the imperatives of sustainability, resilience, and adaptability, 

the review aims to underscore the urgency of integrating robust health promotion 

strategies and education initiatives into healthcare frameworks. 

DISCUSSION 

Sustainability is a broad and debated subject, often difficult to be defined and applied 

into real projects, especially when dealing with a complex scenario as the one of 

healthcare. Many research studies and evaluation systems have handled this topic from 

different perspectives, but many limits and criticalities still have to be overcome to 

properly cope with actual needs [9]. The newly developed evaluation system takes into 

consideration all the three pillars of sustainability, analyzing social, environmental and 

economic sustainability through a set of criteria, specified by measurable indicators [9]. 

Sustainability is an important point of attention for the public at large, for 

governments, and for the healthcare system [10-12]. Previously, the term sustainability 

has been mostly related to environmental degradation [13]. Nowadays, the significance of 

sustainability has evolved and is related to other aspects, such as the well-being of 

patients, healthcare employees, and the community. Hence, a sustainable structure should 

be defined as a one that ensures preservation of resources, is practical from ecological, 

social, and economical perspectives, and meets the interests of different stakeholders. 

There is sufficient literature suggesting methods for improving sustainability in healthcare 

systems; however, there is no consensus on feasible strategies for implementing the 

proposed sustainability measures in clinical laboratories despite several opportunities [10-

12]. 
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The meaning of sustainability is constantly evolving in this rapidly changing world. 

One of the very first official articulations of sustainable development was made in the 

Burtland Report, published by the United Nations in 1987, in which sustainable 

development was defined as “development that meets the needs of the present without 

compromising the ability of future generations to meet their personal needs” [11,13]. 

However, this definition is largely open to interpretation, which has made it difficult to 

build a consensus on the topic of sustainability. The Swedish scientist Karl-Henrik Robert 

proposed a more practical definition [13]. According to him, an ideal society would strive 

to reduce the consumption of mineral and other natural resources. 

The definition of sustainable development proposed by the European Union (EU) is 

broader and more holistic and considers the multiple facets of all sustainability policies, 

including economical, human, and environmental facets [13]. 

Healthcare structures serve to preserve and improve public health; however, their 

environmental impact can negatively affect wellbeing of humans and other organisms [9]. 

Therefore, sustainability of hospitals and healthcare structures is also key to promoting 

human well-being and health. However, the sustainability measures implemented in 

healthcare structures need to ensure that the quality of service provided by healthcare 

structures and access to and affordability of healthcare are not compromised, so that both 

businesses and customers benefit [11,14,15]. Another important issue to be tackled 

regarding sustainability in the healthcare sector is the management of waste disposal and 

air pollution [16]. Klangsin & Harding [17], showed how medical waste has become one 

of the top pollutant sources worldwide and is a major factor affecting disease spread and 

air, water, and soil quality in and around healthcare structures [18]. Thus, it has become 

imperative for healthcare organizations to have a multidisciplinary team addressing 

various aspects of sustainability in healthcare.  

The global environmental crisis will only worsen unless all societal implementors are 

held accountable for the true cost and risk of polluting nature and its consequences to the 

public and the environment. Too much responsibility for reducing environmental 

footprints is currently focused on citizens and waste management, and efforts made by 

individuals will remain insufficient unless action is taken across the entire value chain.. 

Acting too late in reducing our environmental footprint will pose major public health and 

environmental risks. Solutions, ranging from waste reduction to collection and recycling, 

to avoid the impending environmental crisis can be implemented only if all stakeholders 

are held accountable for their actions and the impact of these on the environment [19]. 

Several actions are envisioned in the pursuit of sustainability [20, 21]: 

1. Recognition and promotion of the value of sustainable approaches by 

policymakers. 

2. Publication of action plans, guidelines, and policy documents regarding 

sustainable practices. 

3. Promulgation of novel policies for achieving sustainability goals and 

implementation of procurement and environment policies related to 

sustainability. 

4. Encouragement of laboratory medicine professionals to implement sustainability 

measures and communicate new insights and outcomes. 

5. Implementation of a sustainable procurement system that aligns suppliers and 

contractors in the healthcare system with the sustainability plan. 
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6. Provision of economical support to sustainable initiatives and research and 

development through indirect fiscal incentives, such as tax credits, or direct 

grants and loans. 

7. Engagement of investors to build sustainable financial markets. 

8. Catalyzation of innovation, emerging technologies, and experimentation for 

addressing social, environmental, and economic challenges. 

9. Facilitation of transparent, standardized, and interoperable data sharing. 

10. Ensuring of funding of data infrastructure. 

 

The European Green Deal (EGD) Investment Plan, also known as the Sustainable 

Europe Investment Plan, will mobilize at least €1 trillion for sustainable investments over 

the next decade to achieve its objectives, which aim at making Europe the world’s first 

climate-neutral continent by 2050 [22]. To achieve this goal, renewable power sources 

should become the main sources of energy in the EU. However, the effectiveness of the 

EGD depends on the involvement of all EU stakeholders. The European Commission has 

already taken some initiatives focusing on hospitals and healthcare stakeholders, such as 

“Towards Zero Carbon Hospitals with Renewable Energy Systems” [23], which aim to 

reduce CO2 emissions from the 15,000 hospitals in Europe by providing them suitable 

tools to achieve greater sustainability. Their relatively high energy requirements make 

hospitals an ideal subject for exploring non-technical barriers to energy efficiency 

measures and renewable energy systems. However, in contrast to new hospitals, which 

can be designed to be energy-efficient, existing EU hospitals will need to focus on 

reducing energy consumption and exploiting renewable energy sources to achieve the 

long-term CO2-reduction targets set by the European Commission. Further, a high-quality 

“Guide for European Hospitals on Renewable Energy” targeting decision-makers and 

based on good practices and lessons learned from regional hospitals has been developed 

and widely distributed [24]. This initiative incentivizes the pursuit of sustainability in 

healthcare structures and promotion of environment-friendly attitudes among all 

healthcare stakeholders, which can benefit the whole system [19]. 

CONCLUSION 

In the journey toward a sustainable and resilient healthcare future, this review has 

illuminated the intricate interplay between sustainable health systems, health promotion, 

and the cultivation of resilience. The synthesis of diverse research findings underscores 

the urgency of adopting sustainable practices within healthcare systems to address the 

multifaceted challenges of our time. As we navigate the complexities of resource scarcity, 

demographic shifts, and evolving health threats, the imperative for sustainability becomes 

increasingly apparent. 

The reviewed literature has showcased the indispensable role of health promotion and 

education in shaping healthier communities and enhancing the adaptive capacity of 

healthcare systems. From preventive measures and community engagement to 

empowering individuals with health literacy, these strategies are pivotal in promoting 

individual well-being and collective resilience. The integration of health promotion into 

the core fabric of healthcare practices fosters proactive healthcare delivery, ultimately 
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reducing the burden on healthcare systems and improving overall population health 

outcomes. 

Moreover, the adoption of sustainability principles is not only an ethical choice but a 

practical necessity. Sustainable healthcare systems, encompassing energy-efficient 

infrastructure, responsible waste management, and equitable resource allocation, offer a 

blueprint for a more resource-conscious and efficient healthcare landscape. 

In conclusion, this review articulates the call for action to shape a healthcare landscape 

that is not only responsive to current needs but also poised to meet the challenges of an 

ever-changing world. By integrating sustainability, health promotion, and resilience-

building strategies into the fabric of healthcare systems, we can forge a path toward 

improved health outcomes, equitable access to care, and a more harmonious relationship 

with our planet. The future of healthcare lies in our ability to learn from the past, adapt to 

the present, and invest in a healthier and more sustainable world for generations to come. 
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Abstract. This paper is a systematic review of the professional literature on the environmental 

impact of the oil industry. The oil industry has long been a key factor in global energy 

production, but its activities, such as exploration, exploitation, and processing, produce 

significant concerns about environmental degradation. This study examines the challenges 

facing the oil industry, including oil spills, air and water pollution, habitat destruction, and 

greenhouse gas emissions. The consequences of these ecological impacts have been examined 

in detail, highlighting negative effects on ecosystems and climate change. Furthermore, this 

paper considers possible steps toward a more sustainable future, emphasizing the importance 

of adopting cleaner technologies, promoting renewable energy sources, implementing stricter 

regulations, and encouraging international cooperation. Synthesizing existing literature, this 

research provides valuable insights into the complex relationship between the petroleum 

industry and the environment, providing a basis for informed decision-making and promoting 

sustainable practices. 

Keywords: the oil industry, environment, energy, degradation, pollution, ecosystem, 

sustainable future, cleaner technology 

INTRODUCTION 

The petroleum industry, as an essential pillar of modern society, has played an important 

role in the formation of the modern economic system and global progress. However, this 

rapid development has not been without environmental consequences. The growth of oil 

consumption, the exploitation of oil reserves, and the processing, storage, and transportation 

of oil have led to serious challenges for the conservation and sustainability of natural 

ecosystems. This paper aims to provide a review of the professional literature on the 

environmental impact of the oil industry, identify the key consequences that this impact has 

produced, and present possible steps toward a more sustainable future. 

We will consider various aspects of the environmental impact of the oil industry, 

including greenhouse gas emissions, water pollution, biodiversity loss, and the effects of 
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climate change. At the same time, we will also analyze the significant economic and societal 

implications, with a focus on energy security, geopolitical tensions, and social implications. 

Further, through a systematic review of the relevant literature, we will explore initiatives 

and regulations that have been developed to reduce the negative environmental impacts of 

the oil industry. 

We aim to provide a comprehensive overview of the current state of play and an 

understanding of the challenges facing the oil industry in the context of environmental 

conservation, based on the expert literature. 

MATERIAL AND METHODS 

Origin and demand for crude oil and natural gas 

About 5000 – 6000 years ago, the ancient Sumerians, Assyrians, and Babylonians used 

crude oil collected from large seeps at Tuttul on the Euphrates River as medicine for wounds 

and as oil in lamps to provide light. This represents the earliest recorded use of crude oil. 

Around the same time in Iran, between 6000 and 2000 years BCE, the first discoveries of 

natural gas seeps were made. Crude oil and natural gas demand grew with population and 

on August 27, 1859, Edwin L. Drake struck crude oil at his well near Titusville, 

Pennsylvania. He found oil underground and devised a way that could pump it to the 

surface. This became the origin of modern-day crude oil production [1]. Crude oil and 

natural gas, collectively referred to as petroleum, are considered fossil fuels because it is 

believed that they were formed from the buried remains of plants and animals that lived and 

died millions of years ago. They are non-renewable sources of energy and are made up of a 

mixture of hydrocarbons [1,5]. Crude oil is a naturally occurring complex mixture of 

hydrocarbon and nonhydrocarbon compounds which at appropriate concentration, 

possesses a measurable toxicity towards living systems. The toxicity of crude oil or 

petroleum products varies widely, depending on their composition, concentration, 

environmental factors, and the biological state of the organisms at the time of the 

contamination [2]. Crude oil is made up of mostly alkanes, cycloalkanes, and various 

aromatic hydrocarbons. It also contains other organic compounds like nitrogen, oxygen, 

sulfur, and trace amounts of metals such as iron, nickel, copper, and vanadium. Crude oil 

can range from light, volatile oils that are highly fluid to highly viscous oils. Most crude oil 

is dark brown or black but it could also occur in green, red, or yellow color. On the other 

hand, natural gas is composed primarily of methane (85 – 95%) but may also contain ethane, 

propane, and heavier hydrocarbons. Small quantities of nitrogen, oxygen, carbon dioxide, 

sulfur compounds, and water may also be found in natural gas. Natural gas is a colorless, 

odorless, tasteless but nontoxic gas that burns with a blue flame. Natural gas exists as either 

associated gas alongside liquid hydrocarbons (crude oil, condensate) or non-associated gas 

in dry gas wells that generally produce only natural gas. It could also be found as coal bed 

methane in coal seams. Given the dearth of infrastructure in most developing countries, the 

economic advantage of crude oil and natural gas production has always been the focus in 

these countries leaving the environmental impacts to the background. It is believed that a 

good review of the economic effects and the environmental impacts of oil and gas 

production will help inform decision-makers in these countries of the need to formulate and 
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implement structures geared towards protecting the environment from the negative effects 

of the processes and products of oil and gas production [1]. 

The need for oil and gas 

The 2016 International Energy Association (IEA) Market Report forecasted worldwide 

average demand of nearly 96 million barrels of crude oil and liquid fuels daily. In the same 

vein, global natural gas demand was estimated at just under 3500 billion cubic meters in 

2014, and the IEA Medium-Term Gas Market Report 2015 saw an average annual growth 

rate of 2% from 2014 to 2020. In the United States, crude oil and natural gas account for 

about 62% of the nation’s energy needs. Crude oil and natural gas are among the most 

important energy sources in the world and are used for many purposes other than fuel for 

energy and transport. Crude oil is commonly used for the production of gasoline, aviation 

fuel, diesel, heating oil, asphalt, and propane. It also serves as feedstock for the manufacture 

of chemicals, synthetic rubber, and plastics. Natural gas is used as domestic cooking and 

heating gas (CNG), for power generation, production of hydrogen, automobile fuel for 

transportation, aviation fuel, and as feedstock for the petrochemical industry in the 

production of fertilizers, fabrics, glass, steel, plastics, paint, and others [1]. 

However, the process of extraction of these natural resources is very complicated, and 

most of the time the pollutant products that accompany the process of oil exploration play 

a vital role to declare an inconsistency in the ecosystem. This means an increase in the 

probability of environmental risk and as a result a widespread of hazardous material in the 

aquatic environment, air, soil, and all the living world belonging to these environments [3]. 

Therefore, with the world’s increasing dependency on the production of crude oil 

products, the crude oil water contamination problem becomes the major factor that can alter 

the natural consistency of the outstanding life source in a particular environment. Therefore, 

to decrease or remedied these effects, oil companies must adopt proper measures that are 

helpful to minimize the contamination rate to the normal wedge. This paper reviewed the 

impacts caused by crude oil exploration and production on (water, soil, air, plants, and 

animals) and its implications for human health. Oil is currently the backbone of the 

economies of many countries [3]. 

Oil spill sources and spill rates 

The movement of petroleum from the oil fields to the consumer involves as many as 10–

15 transfers between many different modes of transportation including tankers, pipelines, 

railcars, and tank trucks [7]. 

Oil is stored at transfer points, terminals, and refineries along the route. Accidents can 

happen during any of these exploration, production, and transportation steps or storage 

times. An important part of protecting the environment is ensuring that there are as few 

spills as possible. Both government and industry are working to reduce the risk of oil spills, 

with the introduction of strict new legislation and stringent operating codes. The industry 

has invoked many operating and maintenance procedures to reduce accidents that could 

lead to spills. The rate of spillage has decreased in the past 20 years. This is especially true 

for tanker accidents at sea. Intensive training programs have been developed to reduce the 

potential for human error. Despite these efforts, spill experts estimate that 30–50% of oil 
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spills are either directly or indirectly caused by human error, with 20–40% of all spills 

caused by equipment failure or malfunction [7]. 

Environmental pollution from exploration and exploitation of crude oil 

Environmental pollution due to crude oil exploration occurs due to an increase in global 

demand [7], uncontrolled exploration practices, poor waste management, etc. Despite its 

growing importance across the world, crude oil exploration leaves the environment 

polluted. The impact of environmental pollution across the world, especially in Africa, has 

far reached worrying proportions. The strides being made in the developing world 

particularly in Africa through industrialization and economic development have 

undoubtedly increased exposure to environmental pollution. Pollutants can cause adverse 

effects on human health from early life and this includes cardiovascular disorders, mental 

disorders, allergies, and respiratory disorders. Despite the economic benefits of crude oil 

discovery and exploration in Africa, oil exploration no doubt has far-reaching adverse 

effects on environmental compartments; air, land, water as well as all living things on earth. 

Some avoidable occurrences, which are often mismanaged in Africa include oil spillage, 

gas faring (causing various gas emissions), noise, and improper waste management 

(wastewater and solid wastes). In the exploration and exploitation of oil and gas, the major 

environmental pollutants are [4]: 

(i) effluent water contaminated with oily effluents (oil & grease), chemicals, and 

solids from drilling fluid,  

(ii) formation water produced along with crude oil, and  

(iii) gaseous emissions having CO, SO2, NOx, hydrocarbons, and fine particulate 

matter from the gas flare [4]. 

Environmental impacts of crude oil and natural gas 

Environmental impacts that occur during the production of crude oil and natural gas 

would mostly occur from long-term habitat change within the oil and gas field, production 

activities (including facility component maintenance or replacement), waste management 

(e.g produced water), noise (e.g from well operations, compressor or pump stations, flare 

stack, vehicle and equipment), the presence of workers and potential spills. These activities 

could potentially impact the resources [1]. 

Crude oil, a mixture of many thousands of organic compounds, can vary in composition 

from one source to another. This suggests that the effects of crude oil spills will vary from 

source to source. However, details of the potential biological damage will depend on the 

ecosystem where the spill occurred [6]. 

The contamination of water, soil, and air by oil and gas wastes as well as its associated 

byproducts is a possibility. Reports by citizens have shown the relative effect of production 

and drilling activities on the contamination of surface waters, soils surrounding well sites, 

and water wells; air emissions emanating from wellheads, pipelines, drilling sites, 

compressor stations, and several other oil and gas field infrastructure have been reported to 

pose air quality concerns. Other significant environmental threats are those emanating from 

the dust particles left from drilling which can coat the surrounding areas, as well as fames 

produced upon combustion of natural gas in the oil fields which are known to cause air 

pollution. Gaseous emissions include SO2, CO, hydrocarbons, NOx, and particulate from 
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the gas fare. In addition, accidents, illegal dumping of oil barrels and produced water, and 

oil spills also lead to distressing health and ecological consequences that may persist for 

decades. Several activities in crude oil processing ranging from extraction, refining, 

transportation, and gas faring introduce greenhouse gases especially carbon dioxide into the 

atmosphere. The process of burning fossil fuels (coal), oil, and gas leading to the emission 

of carbon dioxide (a greenhouse gas) has led to global warming raising serious 

environmental challenges [4]. 

Water and the aquatic world 

An aquatic environment can be considered as one of the environments that are subjected 

more to contamination by crude oil. This seems to be a big issue due to the spillage of some 

crude oil into the water. This spillage is due to the leakage which accompanies the process 

of oil exploration and transportation. As a result, the aquatic environment becomes a 

contaminated region. This situation is a big threat to the evolution of macrophytes and to 

the life support balance of living organisms in that environment [3]. 

Oil spills in the marine environment may affect organisms found therein by direct 

toxicity or physical smothering. Oil spills generally, can cause various damages to the marsh 

vegetation. It was found to reduce growth, photosynthetic rate, stem height, density, and 

above-ground biomass. A crude oil spill at sea forms a surface slick whose components can 

follow many pathways. Some may pass into the mass of seawater and evidence suggests 

they may persist for a long time before their degradation by microorganisms in the water. 

The slick usually becomes more viscous and forms a water-in-oil emulsion. Oil in water 

causes depletion of dissolved oxygen due to the transformation of the organic component 

into inorganic compounds, loss of biodiversity through a decrease in the amphipod 

population that is important in the food chain, and eutrophication. Short-term toxicity in 

fish includes lymphocytosis, epidermal hyperplasia, and hemorrhagic septicemia. It was 

estimated that tens of thousands of seabirds were killed as a result of spilled oil in the sea 

[6]. 

Air pollution also bears a great concern with crude oil exploration and production and 

both mentioned reflect serious human health effects at a high rate [3]. 

About half of the oil in the sea derives from natural sources including the many natural 

“seeps” or discharges from oil-bearing strata on the ocean floor. About 38% of the oil 

reaching the sea is the runoff of oil and fuel from land-based sources, mostly from urban 

areas. A significant amount of lubricating oil finds its way into wastewater, which is often 

discharged directly into the sea. About 13% of oil reaching the sea comes from the 

transportation sector, which includes tankers, freighters, barges, and other vessels [7]. 

The impact of crude oil on the soil 

On land, crude oil spills have caused a great negative impact on food productivity. For 

example, a good percentage of oil spills that occurred on dry land between 1978 and 1979 

in Nigeria, affected farmlands in which crops such as rice, maize, yams, and cassava 

plantain were cultivated. Crude oil affects the germination and growth of some plants. It 

also affects soil fertility but the scale of impact depends on the quantity and type of oil 

spilled. A severe crude oil spill in Cross River state, Nigeria, has forced some farmers to 

migrate out of their traditional homes, especially those that depend solely on agriculture. 
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This is because petroleum hydrocarbons ‘sterilize ’the soil and prevent crop growth and 

yield for a long period. Crude oil contamination of land affects certain soil parameters such 

as the mineral and organic matter content, the cation exchange capacity, redox properties, 

and pH value. As crude oil creates an anaerobic condition in the soil, coupled with water 

logging and acidic metabolites, the result is a high accumulation of aluminum and 

manganese ions, which are toxic to plant growth [6]. 

On the terrestrial environment, oil spills cause extensive damages ranging from the 

destruction of terrestrial flora and fauna to biomagnifications of the toxic components of 

the petroleum conversion of arable land to barren soils and the destruction of the aesthetic 

quality of the environment [2]. 

Oil spilled on land does not spread quickly unlike on water, and the effects remain 

localized. Most types of oil will penetrate the soil and contaminate organisms in the soil. A 

full coating of fresh crude oil or diesel fuel will kill most plants and small trees on contact. 

Because of the usually limited area of impact, however, the effects of oil on land 

environments are not as great a concern as for marine environments [7]. 

Relationship between environmental health and human health 

It is conceivable to say that there is a relationship between environmental health and 

human health. While human health is a deep field of science from the time of old, the 

concept of ‘environmental health ’can be viewed as modern science, which is measured as 

the viability of the inhabitants of a given ecosystem as affected by ambient environmental 

factors. Practically, environmental health involves the assessment of the health of individual 

organisms and correlating observed changes in health with changes in environmental 

conditions. Some diseases have been diagnosed to be the consequences of crude oil 

pollution. The health problems associated with oil spills may be through any or 

combinations of the following routes: contaminated food and/or water, emission, and/or 

vapors. Toxic components in oil may exert their effects on man through inhibition of protein 

synthesis, nerve synapse function, disruption in the membrane transport system, and 

damage to the plasma membrane. Crude oil hydrocarbons can affect the genetic integrity of 

many organisms, resulting in carcinogenesis, mutagenesis, and impairment of reproductive 

capacity [6]. 

RESULTS AND DISCUSSION 

Environmental biotechnology for crude oil clean up 

Biotechnology is defined as a set of scientific techniques that utilize living organisms or 

parts of organisms to make, modify or improve products (which could be plants or animals). 

It is also the development of specific organisms for specific applications or purposes and 

may include the use of novel technologies such as recombinant DNA, cell fusion, and other 

new bioprocesses. It is also that aspect of biotechnology, which specifically addresses issues 

in environmental pollution control and remediation. This goes to say that it involves many 

disciplines in biology, agriculture, engineering, health care, economics, mathematics, and 

education [6]. 
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One of the greatest challenges to humanity today is the endangering of biota as a result 

of environmental pollution from crude oil. To estimate the biological danger of oil after a 

spill, knowledge of the harmful effects of the components is necessary. In other to obtain 

or ascertain the effects of such polluting substances, every living being and life function can 

be considered a potential biomarker or bio-indicator. A biomarker is an organism or part of 

it, which is used in soliciting the possible harmful effect of a pollutant on the environment 

or the biota. Biomonitoring or biological monitoring is a promising, reliable means of 

quantifying the negative effect of an environmental contaminant [6]. 

Bioremediation technologies for crude oil-contaminated sites 

Bioremediation is a technology that exploits the abilities of microorganisms and another 

natural habitat of the biosphere to improve environmental quality for all species, including 

man. The development of innovative bioremediation technology as a functional tool in the 

clean-up of the crude oil-polluted environment has depended so much on the basic 

knowledge of the physiology and ecology of the natural bacterial populations found in such 

polluted sites. Compliance analysis requires examination of the contaminated site in light 

of the governing regulation and the action plan. Examination of the site will lead to its 

characterization and this is a challenging aspect of bioremediation efforts. Knowledge of 

soil parameters such as cation exchange capacity, relevant nutrient availability, acidity (soil 

pH), aeration or oxygen level, hydraulic properties, etc are paramount and this requires the 

assistance of specialists in these areas [6]. 

Some necessary process variables involved in the bioremediation of petroleum 

hydrocarbon-polluted environments that need to be known include the characteristics of the 

polluting crude oil, its biodegradability, and the characteristics of the polluted site (physical 

and chemical) [6]. 

Bioremediation of crude oil contaminated environment may require some engineering 

process, to facilitate recovery efforts. Engineering may include the construction of booms, 

trenches, and barriers for contaminant containment, boreholes, bio-cells, and using 

engineered microbial systems. Increasing the bioavailability of the PHC (Primary Health 

Care) can be achieved by physically processing the crude oil-polluted soil or sediment by 

excavation, pulverizing, and mixing. The simplest method of bioremediation of oil-polluted 

soil is in situ land treatment. This technology utilizes standard farming procedures such as 

plugging the oil-polluted soil with a tractor, periodical irrigation, and aeration. This 

technology embraces the use of aerobic microorganisms to degrade the PHC and other 

derivatives to carbon dioxide and water, or other less toxic intermediates. This technology 

may involve nutrient enrichment in the form of fertilizer application or further manipulation 

of site conditions such as inoculations with selected or adopted microbial populations, 

mixing and aeration of the soil surface, pH adjustment, and irrigation [6]. 

Biodegradation, especially by microbes, is one of the primary mechanisms of the 

ultimate removal of petroleum hydrocarbons from polluted environments. The acceleration 

of this natural process is the objective of bioremediation efforts. Seeding a contaminated 

environment with strains of bacteria that are tolerant and capable of degrading a high 

percentage of the contaminating petroleum hydrocarbons, and thus supplementing the 

natural resident microbial population has proven to be useful in bioremediation. The relative 

success of such adapted bacteria, when added to crude oil polluted site, will depend on 
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several factors including competitive interactions with the native bacteria, their rate of 

growth in the system as well as their tolerance to the physico-chemical environment [6]. 

CONCLUSION 

Through this review of the professional literature on the environmental impact of the oil 

industry, it is clear that the industry carries with it numerous challenges and has a significant 

negative impact on natural ecosystems and humanity as a whole. The various phases of the 

oil cycle, from exploitation and processing to transportation and consumption, generate 

serious consequences that require urgent attention and action. 

We have looked at the various negative impacts of crude oil, the emission of harmful 

gases and their impact on climate change, water and air pollution, and the loss of 

biodiversity, which poses threats to many species, humans, and ecosystems. We also 

recognized that the oil industry has an important impact on the economy and society, 

including energy security and geopolitical relations. 

Yet, analyzing current research and innovation, it is encouraging to see that there are 

possible steps toward a more sustainable future. The development of new technologies, the 

use of renewable energy sources, and a move toward more environmentally responsible 

practices in the oil industry may be key to reducing its negative impact on the environment. 

Our literature review also highlighted the importance of cooperation between the 

academic community, industry, and regulatory bodies. Only through coordinated efforts 

and knowledge sharing can we make decisive progress toward a more sustainable future. 

In the final analysis, the oil industry presents a complex issue that requires a balanced 

approach. Regardless of its significance in the modern world, we cannot ignore its impact 

on the environment. By reviewing the literature, we have highlighted that it is possible to 

take steps toward a more sustainable future through innovation, regulation, and cross-

cutting engagement. 

In light of rapid changes in technology and society, we call for further research to 

monitor progress in more sustainable practices and their implementation in the oil industry. 

Only through continued commitment to these issues, can we hope that the oil industry will 

become a partner in achieving a sustainable and prosperous future for all of us. 
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Abstract. Limestone is the most excavated building material in the world and one of the most 

excavated minerals. Huge percentage is excavated on surface, which means that the impact on 

environment can’t be ignored. Like all mining activities, impact has to exist, with a few 

differences depending on type of excavation and type of excavated mineral. In this paper, 

those impacts of surface mining will be precisely determined. Also, measures to eliminate or 

reduce those impacts will be defined. 

Keywords: surface mining, limestone, quarry, environmental protection, impacts  

INTRODUCTION 

After coal, limestone is the most excavated mineral in mining industry. Considering the 

quantity of building being made in the worlds, it is obvious that the more building materials 

must be produced to satisfy those needs. As already known, surface mining leaves a lot of 

scars on the environment during the life time of a mine/quarry. While the mining is vital 

industry in most of the countries and it contributes greatly to their economics, its impact on 

the environment shouldn’t be neglected. Therefore, the first step is to adequately identify 

risks and how they impact the environment. After that, some steps are taken to minimize 

them or to exclude them completely. That being done, monitoring procedures must take 

place to ensure that environment is not threatened during mining operations [1]. Relation 

between environment and quarry can be seen in Figure 1. 

 
Figure 1. Relation between environment and quarry [2]. 

mailto:sasa.jovanovic@tfzr.rs


Saša Jovanović, Jasna Tolmač, Darko Radovančević, Milan Marković, Luka Đorđević, Ognjen 

Popović, Ljubiša Garić 

158 

POSSIBLE IMPACTS ON THE ENVIRONMENT 

Possible impacts can be sorted into several types. The biggest impact is the one on land 

and soil. The process of mine opening (after obtaining necessary licenses from the 

government) begins with clearing trees and vegetation in order to prepare that specific 

region. The topsoil, which is excavated, is the most fertile component of the Earth’s crust 

and it takes a long time to form. For extraction of the limestone itself, multiple layers of 

materials must be removed to get to the mineral. This layers are called overburden. In most 

cases, overburden is just waste rock and has to be deposited. Waste rock is dumped on open 

land and is later used for backfilling of pits. Soil is going to be deteriorated and its properties 

will be alternated due to prolonged dumping of lime mixed waste rock, Figure 2 [3]. 

 

 

Figure 2. Photographs showing (a) – Loss of forest cover; (b) – Creation of waste land by siltation; 

(c) - Encroachment of overburden into the forest area; (d) – ASM waste disposal forming a hill of 

lime waste dumping area; (e) – removal of top soil and landscape deterioration; (f) – encroachment 

of ASM waste into the nearby local streams; (g) - intrusion of mine waste such as rocks, pebbles and 

sand into the nearby streams; and (h) - local streams showing high turbidity due to its location near 

the cement plants; (Lamare & Singh, 2016). 
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Another very important impact is due to blasting. To excavate mineral material, it has 

to be removed from the rock mass and that is done with blasting. Large amount of 

explosives is used to obtain approximate size ruble of limestone. Detonation of explosive 

releases high amount of energy that displaces rocks from the quarry face while the rest of 

energy is transmitted in the form of vibrations into the ground and in the air [4]. Vibration 

induced by blasting can cause fracturing of quarry walls and can increase permeability and 

drainage towards the quarry face [5]. High noise levels are generated during blasting and 

by using heavy machineries like excavators, dumpers, loaders and crushing plants. The 

cumulative impacts of all the noise can affect both humans and environment [6]. Although 

impact from blasting is not continuous (blasting is done 1-2 times per week), impact on air 

quality is continuous because the crushing plant is working non-stop. Dust emission are of 

great concern related to air quality. Mining dust is especially unhealthy and substances can 

be the size of microns. That means that people can breathe it in and that can have 

consequences later on. Figure 3 shows chemical composition of limestone rocks at different 

locations in Meghalaya, India. 

 

Figure 3. Chemical composition of limestone rocks at different locations [4]. 

Total intensity of air pollution is very dependent on meteorological conditions, like rain and 

wind. That means that the air can be heavily polluted during dry seasons with no wind. This 

kind of pollution can be empirically calculated. USEPA (U.S. Environmental Protection 

Agency) database shows emission of dust from working operations, Table 1. 

Table 1. Air pollution from different polluters. 

 

Type of polluter Quantity of dust (per excavated ton or per hour) 

One excavator 0,014 kg/t 

One dumper  0,4 kg/t 

One bulldozer 4 kg/h 

Aeolian erosion – wind speed 3 m/s 0,4 kg/ha/h 

 

It is clear that this type of pollution can be very precisely calculated with this type of 

information. Impacts on water resources are also very important. Mining activities can 

directly change the course of surface water. Discharging quarry water into nearby streams 

can increase flood recurrence intervals [7]. The major impact of quarrying on water related 

to mine dewatering and the associated decline of the water table. For example, to reduce 

dust, water can be used. That means that there can be huge wastage of water. Within the 

cone of depression, wells, springs and streams can go dry or have their flows significantly 
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reduced and the overall direction of groundwater flow may be changed. [8] Figure 4 shows 

impact of mining activities on water level. 

 
Figure 4. a) Water level prior to quarry development; b) Water level post quarry development 

(Langer, 2001). 

 

ENVIRONMENT MANAGEMENT PLAN 

Environment management plan (EMP) is essential to be made prior mining operations 

and to be upgraded during mining operations. To leave as less impact on the environment 

as possible, this plan has to be respected and all activities need to be incorporated. EMP 

defines mitigation measures for all of the impacts. During mining operations, the fertile 
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topsoil needs to be stored separately from overburden. It is necessary to reuse the topsoil 

within the shortest possible time, for plantations. It is necessary that the whole waste rock 

dump must be stable, with drains around the stockpiles to prevent erosion. Land reclamation 

activities like backfilling and slope stabilization can be undertaken. Mitigation measures for 

noise pollution include controlled blasting between favorable hours (avoiding early 

morning or late night time). Used machinery should be equipped with noise suppression 

systems. To reduce air pollution, wet drilling should be used and all the dirt roads should 

be sprayed with water, as well as crushing plant. Greenbelt should be established with the 

7,5 m safety zone to capture the particulate matters. Diesel vehicles should be certified in 

terms of exhaustion gasses. As mine pits are dewatered, that water can be used as technical 

water and by that reducing freshwater withdrawal. Drains network should be developed to 

stop the flow of eroded materials to drainage [2-4]. 

CONCLUSION 

In general, every mining activity can cause serious damage on the environment. It takes 

a lot of work, planning, design and dedication to minimize that damage and to, eventually, 

exclude it. Effects of mining can be seen after a few years, which means that consequences 

may not be visible right away and according to that, actions shouldn’t wait for consequences 

to appear, because it may be too late. To reduce impact on the environment, mining 

companies should carefully follow rules and regulations defined by the government. This 

field of mining shouldn’t have shortcuts, because the consequences can be irreversible. 
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Abstract. The influence of the dimensionless physical characteristics of crude oil in 

isothermal flow properties was discussed in the paper. Physical quantities that can describe 

the flow properties of crude oil are: Nusselt number, Reynolds number and Prandtl number. 

The Nusselt number defines the heat transfer at the fluid-wall interface. The Reynolds number 

depends on the velocity of the fluid flow, the diameter of the pipeline and the viscosity of the 

fluid. Prandtl's number depends on the fluid density, viscosity, specific heat capacity and 

thermal conductivity of the fluid. By increasing the temperature of crude oil, the viscosity 

decreases, and the Reynolds number and Nusselt number increase. The greatest influence on 

the value of the Nusselt number, which characterizes the heat transfer at the interface between 

the fluid and the pipeline wall, is the size of the Reynolds number. 

 

Keywords: temperature, viscosity, Nusselt number, Reynolds number, Prandtl number 

INTRODUCTION 

The paper presents the results of experimental research on dimensionless parameters of 

crude oil transport on isothermal flow properties. The scheme of the experimental plant is 

given in Figure 1. Transport i.e. shipping of oil to the main oil pipeline (5) is carried out 

from the tank (1). In the section of technological tanks, crude oil is homogenized. Prepared 

(homogenized) crude oil from the tank (1) is transported using pumps (2) and pipeline (3) 

to the pump (4). Using the pump (4) and main oil pipeline (5), crude oil is transported to 

the measuring station (6) and the tank (7). 
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Figure 1. Scheme of the experimental plant, 1-reservoir, 2-centrifugal pump, 3-oil pipeline, 4-

centrifugal pump, 5-main oil pipeline, 6-flow measurer, 7-reservoir, 8-crude oil supply, 9-heater, 

10-mixer [7] 

 

The results of experimental research are given for the oil pipeline (3). The heating of the oil 

pipeline (3), with an outer diameter of Dn = 323,9 mm, is done by steam flowing through a 

pipeline with a diameter of Dp = 25 mm, Figure 2. Both pipelines are laid along the entire 

length of the oil pipeline. The characteristics of steam are: pressure p = 12 bar, temperature 

t = 200 ℃, heat of evaporation r = 2818 kJ/kg. The oil pipeline is laid above the ground on 

pillars 0,75 m high. 

 
Figure 2. Oil pipeline heating scheme (3), Dn = 323,9 mm using two pipelines Dp = 25 mm [7] 

 

Physical quantities that can describe the flow properties of oil are: Nusselt number, 

Reynolds number and Prandtl number. 

 

Identification of key research parameters 
 

The Nusselt criterion defines the heat transfer at the fluid-wall interface. By increasing 

the temperature of crude oil, the viscosity decreases, and the Reynolds number and Nusselt 

number increase. The Nusselt number depends on heat transfer coefficient from the 

transported crude oil to the pipeline (αi) , the heat conduction coefficient of the crude oil 

(λn) and the internal diameter of the pipeline (Dci). The heat transfer coefficient from the 

transported crude oil to the pipeline (αi) is a key parameter in the Nusselt criterion. 

 

The Nusselt number is determined using formula (1), [1,2]: 
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i ci

n

D
Nu




=  (1) 

where is: 

Nu – Nusselt number, 

αi (W/m2K) – heat transfer coefficient from the transported crude oil to the pipeline, 

Dci (m) – internal diameter of the pipeline, 

λn (W/mK) – heat conduction coefficient of the crude. 

 

Considering that the pipelines are long, an approximate value of Nu = 3,65 can be taken 

for laminar flow. The average value of thermal conductivity of oil at standard conditions is 

λn = 0,12 W/mK, [3]. 

For turbulent flow in hydraulically smooth pipes and for δ / Dci << l, relation (2) applies 

[1, 2]: 
0,14

0,67 0,33 s

c

0,116 ( 125) Nu Re Pr




 
 −  
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where is: s

c




 kinematic viscosities of crude oil in the axis of the pipe and near its wall. 

Viscosity of oil in the axis of the pipeline and on its wall amounts to νs / νc = 0,9 , [1,4]. 

 

The greatest influence on the value of the Nusselt number, which characterizes the heat 

transfer at the interface between the fluid and the pipeline wall, is the size of the Reynolds 

number. The Reynolds number depends on the velocity of the fluid flow, the internal 

diameter of the pipeline and the viscosity of the fluid. The Prandtl number depends on the 

fluid density, viscosity, specific heat capacity and thermal conductivity of the fluid. 

 

In formula (2), the Reynolds and Prandtl numbers are determined by formulas (3) and 

(4), [1, 2]: 

ciV D
Re




=  (3) 

n

n

c
Pr




=  

(4) 

where is: 

ν (m2/s) – kinematic viscosity, 

cn (J/kgK) – specific heat capacity, 

V (m/s) – velocity of the fluid flow, 

ρ (kg/m3) – crude oil density, 

Dci (m) – internal diameter of the pipeline. 

 

The average value of the specific heat capacity of oil at standard conditions is cn = 1885 

J/kgK, [3]. 

 

Results of experimental research in isothermal flow 
 

For the established values of the flow of crude oil, the sizes of the Reynolds number, the 

flow velocities were determined and the results are given in Tables 1 to 8. The Reynolds 
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number is in the range Re = (25625 – 75000), and based on this it can be said that the flow 

of crude oil through pipeline (3) turbulently, considering that Re > 2320. 

The heating of the oil pipeline (3) is carry out on the entire length l = 1550 m, with 

steam, according to Figure 2. In this way, a constant oil temperature is maintained in the 

pipeline, so the flow is isothermal. The numerical values of the heat transfer coefficient (αi) 

and the Reynolds number (Re) are given in Tables 1 to 8. Results are given for various 

values of constant oil temperatures of t = (20, 30, 40, 50) ℃, with compatible values of oil 

viscosity (Tables 1 to 8). 

Paraffin-type oils have relatively high flow points, so the crude oil is heated before being 

introduced into the pipeline, in order to keep the paraffins in a liquid state [2,5]. 

 
Table 1.  Flow regime, (temperature t = 20 oC, viscosity ν = 23·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

 Specific flow q (m3/s) 0,139 0,155 0,167 0,177 0,194 

2 Reynolds number Re 25625 28695 30782 32869 35869 

3 Flow velocity V (m/s) 1,97 2,20 2,36 2,52 2,75 

 

Table 2. Heat transfer coefficient from the transported crude oil to the pipeline, 

(temperature t = 20 oC, viscosity ν = 23·10−6 m2/s.) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Reynolds number Re 25625 28695 30782 32869 35869 

3 αi (W/m2K) 209 229 242 253 271 

4 αi · Dci (W/mK) 63 69 73 76 81 

 

Table 3. Flow regime, (temperature t = 30 oC, viscosity ν = 18·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Reynolds number Re 32167 36667 39333 42000 45834 

 Specific flow q (m3/s) 0,139 0,155 0,167 0,177 0,194 

3 Flow velocity V (m/s) 1,97 2,20 2,36 2,52 2,75 

 

Table 4.  Heat transfer coefficient from the transported crude oil to the pipeline, 

(temperature t = 30 oC, viscosity ν = 18·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Reynolds number Re 32167 36667 39333 42000 45834 

3 αi (W/m2K) 230 254 269 282 300 

4 αi · Dci (W/mK) 69 76 81 85 90 

 

Table 5. Flow regime, (temperature t = 40 oC,  viscosity ν = 15·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

 Specific flow q (m3/s) 0,139 0,155 0,167 0,177 0,194 

2 Reynolds number Re 39400 44000 47200 50400 55000 

3 Flow velocity V (m/s) 1,97 2,20 2,36 2,52 2,75 
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Table 6. Heat transfer coefficient from the transported crude oil to the pipeline,  

(temperature t = 40 oC, viscosity ν = 15·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Reynolds number Re 39400 44000 47200 50400 55000 

3 αi (W/m2K) 252 274 288 303 323 

4 αi · Dci (W/mK) 76 82 86 91 97 

 

Table 7.  Flow regime, (temperature t = 50 oC, viscosity ν = 11·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

 Specific flow q (m3/s) 0,139 0,155 0,167 0,177 0,194 

2 Reynolds number Re 53727 60000 64363 68727 75000 

3 Flow velocity V (m/s) 1,97 2,20 2,36 2,52 2,75 

 

Table 8. Heat transfer coefficient from the transported crude oil to the pipeline, 

(temperature t = 50 oC, viscosity ν = 11·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Reynolds number Re 53727 60000 64363 68727 75000 

3 αi (W/m2K) 282 310 327 343 365 

4 αi · Dci (W/mK) 85 93 98 103 110 

 

Figure 3 shows the results of the research, which show the dependence of the heat 

transfer coefficient from the transported crude oil to the pipeline (αi) on the Reynolds 

number (Re). The research results are correlated with the experimental equation given in 

Figure 3.  
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Figure  3. Dependence of the heat transfer coefficient from the transported crude oil to the 

pipeline (αi), on the Reynolds number (Re) 
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When transporting heated oil at a constant temperature t = 20 ℃, for the operating flow 

mode q = (0,139 – 0,194) m3/s, the Reynolds number is Re = (25625 ‒ 35869). Based on 

this, the flow in the oil pipeline (3) is turbulent, given that Re > 2320. 

At temperature t = 30 oC and the given flow regime, the Reynolds number is Re = (32167 

– 45834), and the heat transfer coefficient from the transported crude oil to the pipeline is 

in the range αi = (230 ‒ 300) W/m2K. 

Strujanje kroz naftovod (3) je turbulentno, porastom Rejnoldsovog broja dolazi do 

porasta koeficijenta prelaza toplote sa sirove nafte na cevovod (αi). Na osnovu toga pri 

turbulentnom režimu strujanja dolazi do povećanja koeficijenta prelaza toplote sa sirove 

nafte na cevovod (αi). 

The flow through the oil pipeline (3) is turbulent. As the Reynolds number increases, 

the heat transfer coefficient from the crude oil to the pipeline (αi) increases. Based on this, 

in the turbulent flow regime, there is an increase in the heat transfer coefficient from the 

crude oil to the pipeline (αi). 

For the flow range of Q = (500 – 700) m3/h, the flow velocity was V = (1,97 – 2,75) m/s, 

and the Reynolds number is in the range Re = (25625 – 75000), for the given values of 

temperature and viscosity of the transported crude oil (Tables 1 to 8) , so the flow on the 

given pipeline route is turbulent, i.e. Re > 2320. 

As the flow rate increases, the Reynolds number increases too. The viscosity of the crude 

oil also has an effect on the value of the Reynolds number, as the Reynolds number 

increases with a decrease in the viscosity of the crude oil and increases with an increase in 

the heating temperature. The heat transfer coefficient from the transported crude oil to the 

pipeline (αi) also increases with the increase in Reynolds number, Figure 3. 

Based on the results of the research, the qualitative and quantitative values of the Nusselt 

number, the Reynolds number and the heat transfer coefficient from the transported crude 

oil to the pipeline were defined and are given in Tables 9 to 12. 

 
Table 9. Dependence of Nusselt number, Reynolds number and heat transfer coefficient from the 

transported crude oil to the pipeline, (temperature t = 20 oC,  viscosity ν = 23·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Nusselt number Nu 523 574 605 634 677 

3 Reynolds number Re 25625 28695 30782 32869 35870 

4 αi (W/m2K) 209 229 242 253 271 

 

Table 10. Dependence of Nusselt number, Reynolds number and heat transfer coefficient from the 

transported crude oil to the pipeline, (temperature t = 30 oC,  viscosity ν = 18·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Nusselt number Nu 576 636 672 704 751 

3 Reynolds number Re 32167 36667 39333 42000 45834 

4 αi (W/m2K) 230 254 269 282 300 
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Table 11. Dependence of Nusselt number, Reynolds number and heat transfer coefficient from the 

transported crude oil to the pipeline, (temperature t = 40 oC,  viscosity ν = 15·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Nusselt number Nu 632 685 722 757 807 

3 Reynolds number Re 39400 44000 47200 50400 55000 

4 αi (W/m2K) 252 274 288 303 323 

 

Table 12. Dependence of Nusselt number, Reynolds number and heat transfer coefficient from the 

transported crude oil to the pipeline, (temperature t = 50 oC,  viscosity ν = 11·10−6 m2/s) 

 

1 Flow Q (m3/h) 500 560 600 640 700 

2 Nusselt number Nu 717 777 817 857 912 

3 Reynolds number Re 53727 60000 64363 68727 75000 

4 αi (W/m2K) 282 310 327 343 365 

 

By increasing the temperature, the viscosity decreases, the Reynolds number, Nusselt 

number (Nu) and heat transfer coefficient from the transported crude oil to the pipeline (αi) 

increase. 

In Figure 4, the research results are given, which show the dependence of Nusselt (Nu) 

and Reynolds number (Re), for the given range of research: 

 

t = 20 ℃ t = 30 ℃ t = 40 ℃ t = 50 ℃ 

ν = 23·10−6 m2/s ν = 18·10−6 m2/s ν = 15·10−6 m2/s ν = 11·10−6 m2/s 

 

The research results are correlated with the experimental equation given in Figure 4. 
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Figure 4.  Dependence of Nusselt number (Nu) and Reynolds number (Re) 
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Numerical values of relevant parameters are given in Tables 9 to 12. For example, for 

optimal flow values of Q = (560 – 700) m3/h, the Nusselt number is within limits Nu = (574 

– 912), and the Reynolds number is in the range Re = (28695 – 75000) for the given range 

of research. 

At the crude oil heating temperature t = 20 ℃, for the flow rate Q = 700 m3/h, the 

Reynolds number is Re = 35870, the Nusselt number is Nu = 677 and the heat transfer 

coefficient from the transported crude oil to the pipeline is αi = 271 W/m2K. 

At the crude oil heating temperature t = 30 ℃, for the flow rate Q = 700 m3/h, the 

Reynolds number is Re = 45834, the Nusselt number is Nu = 751 and the heat transfer 

coefficient from the transported crude oil to the pipeline is αi =300 W/m2K. 

Based on the research, the values of the Reynolds number Re = (25625 – 75000), and 

the Nusselt number Nu = (523 – 912) were obtained, Tables 9 to 12. The most influential 

parameter on the value of the heat transfer coefficient from the transported crude oil to the 

pipeline (αi) is the Reynolds number (Re), which characterizes the flow regime. In the 

turbulent flow regime, the heat transfer coefficient (αi) increases. 

For oil pipelines, the time required to establish a stationary flow of heat in a wider range 

can be determined by comparing the Nusselt numbers for the stationary flow and the transit 

state [2]. 

CONCLUSION 

An increase in the heat transfer coefficient from the transported crude oil to the pipeline 

(αi) leads to an increase in the Reynolds number, Figure 3. So, for example, for the 

operational working mode, the value of the Reynolds number is in the range Re = (25625 – 

75000) and αi = (209 – 365) W/m2K is obtained, while the oil flow is turbulent on the entire 

route of the oil pipeline (3). Based on that, in the turbulent flow regime, higher values are 

obtained for the coefficient of heat transfer from the transported crude oil to the pipeline 

(αi), and therefore the Reynolds number (Re) and the Nusselt number (Nu). 

Also, with the increase in flow, the Reynolds number increases, whereby there is an 

increase in the Nusselt criterion that characterizes the heat transfer at the fluid-wall 

interface, i.e. the coefficient of heat transfer from the crude oil to the pipeline (αi). 

For the operating flow mode Q = (500 – 700) m3/h, for the range of constant crude oil 

heating temperatures t = (20, 30, 40, 50) ℃, the Nusselt number is in the range Nu = (523 – 

912), and the Reynolds number is in the range Re = (25625 – 75000), Figure 4 and Tables 

9 to 12.  

For oil pipelines, the time to establish a stationary flow of heat can be determined by 

comparing the Nusselt numbers for the stationary flow and the transit state. 

Research results and correlation equations can be applied to other pipelines - oil 

pipelines, under condition that the calculation for dimensionless quantities such as Nusselt 

(Nu) and Reynolds (Re) number enter the value range of the given research results. Then 

the correlation equations can be applied to other pipelines. 
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Abstract. The utilization of renewable energy sources has gained significant importance 

worldwide due to their numerous benefits and positive impact on the environment. This study 

focuses on the status of renewable energy sources and their contribution to electricity 

production in Serbia over the previous five years. Renewable energy sources play a crucial 

role in addressing environmental challenges such as climate change and reducing dependence 

on fossil fuels. In the context of Serbia, there has been a noticeable increase in the utilization 

of renewable energy sources in recent years. The government has implemented various 

policies and incentives to promote their development and integration into the national energy 

mix. This has resulted in a significant expansion of renewable energy capacity, particularly in 

the areas of wind, solar, and biomass. Despite this progress, the full potential of renewable 

energy sources in Serbia remains largely untapped. 

Keywords: renewable energy sources, electricity production, Serbia, environmental impact, 

energy transition 

INTRODUCTION 

Renewable energy sources have emerged as a vital solution to address the challenges of 

climate change, energy security, and sustainable development worldwide [1]. Their 

utilization has gained significant momentum in both global and European contexts. This 

paper explores the status of renewable energy sources and their role in electricity production 

in Serbia over the previous decade. 

In recent years, the importance of renewable energy sources has been widely recognized 

due to their inherent advantages [2]. Unlike finite fossil fuels, which contribute to 

greenhouse gas emissions and air pollution, renewable energy sources offer clean, 

abundant, and sustainable alternatives [3,4]. They include solar power, wind energy, 

biomass, hydropower, and geothermal energy, among others. 

Globally, countries have been actively transitioning to renewable energy sources to 

reduce their carbon footprint and achieve their climate commitments [5,6]. Europe, in 

particular, has been at the forefront of this transition, with several countries setting 

ambitious targets for renewable energy adoption. The European Union (EU) has established 

binding targets to ensure that 20% of its energy comes from renewable sources by 2020 and 
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32% by 2030 [7]. This has stimulated significant investment and policy support for 

renewable energy deployment across the continent. 

In the context of Serbia, the utilization of renewable energy sources has experienced 

noticeable growth in recent years. The country has abundant renewable energy potential, 

particularly in solar and wind resources. The government has recognized the importance of 

diversifying the energy mix and reducing dependence on conventional energy sources, 

primarily coal. Consequently, Serbia has implemented various measures to promote 

renewable energy development, including adopting supportive policies and establishing 

feed-in tariffs and incentives [8]. 

As a result of these efforts, Serbia has witnessed a visible increase in deploying 

renewable energy projects. The capacity of wind farms, biogas, and biomass plants has 

expanded significantly, contributing to the overall electricity generation mix. Moreover, the 

country has also utilized solar and small hydropower resources for electricity production. 

Despite progress, the full potential of renewable energy sources in Serbia still needs to 

be explored. Several challenges and barriers hinder their widespread adoption. Limited 

investment, inadequate grid infrastructure, complex administrative procedures, and 

regulatory uncertainties obstruct the further development and utilization of renewable 

energy resources [9]. Additionally, the dominance of coal-based power generation in 

Serbia's energy mix remains a significant challenge for transitioning to a cleaner and more 

sustainable energy system. 

Addressing these challenges is crucial to unlocking the benefits of renewable energy 

sources in Serbia. It requires a comprehensive and coordinated approach that includes 

strengthening the policy and regulatory framework, enhancing financial mechanisms, 

improving grid integration, and fostering public-private partnerships [10]. By doing so, 

Serbia can capitalize on its renewable energy potential, reduce greenhouse gas emissions, 

improve energy security, and contribute to a sustainable and low-carbon future. 

In this paper, we will analyze the progress, challenges, and opportunities associated with 

renewable energy sources in Serbia over the previous five years. By understanding the 

current state and exploring potential strategies, we aim to provide insights into maximizing 

the utilization of renewable energy resources for electricity production and promoting a 

sustainable energy transition in the country. 

MATERIALS AND METHODS  

For this research, the authors relied on reports from relevant institutions and agencies in 

Serbia responsible for monitoring capacity and electricity production. These sources 

provided valuable data and insights into the status of renewable energy sources and their 

contribution to electricity generation in the country. 

The authors obtained data from reports published by the Energy Agency of Serbia and 

the Electricity Distribution Company of Serbia to gather information on the current state of 

renewable energy capacity. These reports presented comprehensive data on the installed 

capacity of various energy sources, including renewable energy, in Serbia. The data 

encompassed renewable energy technologies like wind, solar, biomass, and hydropower. 

The authors relied on reports published by the Electric Power Industry of Serbia to 

analyze electricity production from renewable energy sources. These reports provided 

detailed information on electricity production from different sources, including renewables, 
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over the past five years. The authors specifically focused on the production data from 

renewable energy sources to evaluate the trends and changes in the renewable energy sector 

during the selected period. 

The research primarily focused on the previous five years, encompassing 2018 to 2022. 

This timeframe was selected to capture recent developments and assess the progress of 

renewable energy production in Serbia. Analyzing this period allowed for a comprehensive 

understanding of the renewable energy sector's growth rates, trends, and fluctuations. 

To ensure the accuracy and reliability of the data, the authors cross-referenced multiple 

sources and conducted data validation processes. 

The collected data were then analyzed using statistical methods and qualitative 

assessments to evaluate the progress, challenges, and opportunities associated with 

renewable energy production in Serbia. Key indicators such as installed capacity, electricity 

generation, growth rates, and the share of renewables in the overall energy mix were 

analyzed to provide a comprehensive overview of the country's current state of renewable 

energy. 

RESULTS AND DISCUSSION 

According to 1, the electricity production capacities comprised 58,1 % of the production 

from Thermal Power Plants and Combined Heat and Power Plants and 41,9 % from Hydro 

Power Plants, Wind Power Plants, and other power plants. On the other hand, electricity 

production has a different distribution. Thermal power plants and Combined Heat and 

Power Plants make 67,9 % of production, while electricity from renewable energy sources 

is obtained with a participation of 32,1 %. Table 1 shows the capacities for the production 

of electricity and the amount of electricity produced in Serbia for the year 2022.  

Table 1. Capacities for the production of electricity and the amount of electricity produced in Serbia 

for the year 2022 [11,12] 

 

 
Capacities  Production  

Percentage of 

participation in 

production capacities 

Percentage of 

participation in 

electricity production 

[MW] [GWh] [%] [%] 

TPP 4,079 21,413 51,9 64,7 

CHaPP 297 753 6,2 3,2 

HPP 3,015 8,964 34,5 26,9 

WPP 373 876 4,4 2,6 

OPP 214 871 3 2,6 

 

Table 1 provides additional insights into the capacities for electricity production and the 

amount of electricity produced in Serbia in 2022. The data shows an imbalance in 

production capacities and produced electricity. Moreover, even though the production from 

Thermal Power Plants and Combined Heat and Power Plants participates with 58,1 %, the 

electricity production is almost 10% higher, i.e., it amounts to 67,9 %. The conventional 

energy sector's existing production capacities, particularly Thermal Power Plants and 

Combined Heat and Power Plants, play a substantial role in meeting the electricity demand 

in Serbia. These facilities contribute a significant portion of the total electricity production 
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in the country. However, the percentage of electricity production from renewable energy 

sources remains relatively low. 

Table 2 shows data on electricity produced from renewable sources (feed-in tariff) from 

2018-2022 [MWh]. 

Table 2. Electricity produced from renewable sources from 2018-2022 [13] 

 

 2018 2019  2020 2021 2022 

Solar energy 10,521 10,941 9,043 10,494 10,899 

Hydropower 265,917 230,298 221,283 323,941 299,815 

Biomass and 

biogas energy 
95,494 136,070 179,897 244,143 252,699 

Wind power 150,419 892,994 835,944 1,070,731 950,210 

 

Based on the data in Table 2, a significant upward trend can be observed in electricity 

production from various renewable sources in Serbia. Among these sources, Wind Energy 

experienced the most substantial increase, with a remarkable surge in production from 

150,419 MWh in 2018 to 950,210 MWh in 2022. This surge accounts for an impressive 

growth rate of approximately 632 %. Furthermore, Biomass and biogas energy sources also 

witnessed a notable rise in production, with an increase from 98,494 MWh in 2018 to 

252,699 MWh in 2022, representing a growth rate of approximately 264 % over the course 

of the previous five years. 

Figure 1 provides a visual representation of these data, showing the upward trajectory 

observed in the electricity production from RES in Serbia over the selected period. 

 

Figure 1. Electricity produced from renewable sources from (feed-in tariff) 2018-2022. 

These findings underscore the growing significance of renewable energy sources in 

Serbia's electricity production landscape. The substantial increase in electricity generation 

from Wind Energy and the notable growth in Biomass and biogas energy production 

demonstrates the progress made in utilizing and developing these renewable sources. 

Figure 2 shows the feed-in tariff electricity generation structure in Serbia for 2022. 
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Figure 2. Structure of feed-in tari electricity generation 2022 [12]. 

In 2022, the feed-in tariff electricity generation structure in Serbia exhibited a diverse 

mix of renewable energy sources. Wind power held the largest share, contributing 

approximately 55,82% of the feed-in tariff electricity generation. This indicates the 

significant role of wind energy in Serbia's renewable energy mix. 

Hydropower was the second-largest contributor, accounting for around 17,64% of the 

feed-in tariff electricity generation. The presence of hydropower highlights its continued 

importance and utilization as a renewable energy source in Serbia. Biomass and biogas 

energy sources comprised approximately 14,66% of the feed-in tariff electricity generation. 

This indicates that using organic materials and waste products to generate renewable energy 

contributes to Serbia's sustainable energy objectives. 

Natural gas energy sources held a share of about 11,15% in the feed-in tariff electricity 

generation. Although natural gas is not a renewable energy source, its inclusion in the mix 

may stem from its relatively lower environmental impact than traditional fossil fuels. Solar 

energy had the smallest share, representing only 0,65% of the feed-in tariff electricity 

generation. While the contribution is relatively small, it highlights the potential for further 

development and expansion of solar energy in Serbia. 

CONCLUSION 

This research is of great importance within the scope of this topic as it provides valuable 

insights into the status and development of renewable energy sources in Serbia. By utilizing 

data from authoritative institutions and agencies, the study offers a comprehensive 

assessment of the country's renewable energy sector's growth and potential. The findings of 

this research can contribute to a better understanding of the current state of renewable 

energy production, identify areas for improvement, and inform policymakers and 

stakeholders in their decision-making processes regarding the promotion and further 

development of renewable energy sources in Serbia. 
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Abstract. Block caving is a mining method which is more and more popular in underground 

mines. The reason of its popularity is the biggest capacity of all underground mining methods. 

Also, its impact on the environment is unavoidable and it can be measured as one of the 

biggest impacts of all underground mining operations. In this paper, environmental protection 

from surface subsidence will be discussed. Also, paper will contain current mining projects 

that are using this method and the future ones.  

Keywords: underground mining, block caving, surface subsidence, environmental protection 

INTRODUCTION 

In the last couple of decades, demand for raw mineral materials increased dramatically. 

Because of that, mining as an industry, has to provide more quantity of mineral materials. 

It is already known that the bigger percentage of mineral materials are excavated on the 

surface. However, some technological boundaries can’t be crossed, which limit possible 

capacity of surface mining. Because of that, some underground mining methods are being 

upgraded to have bigger capacities, so that they can fulfill those conditions. Block caving 

mining method has one of the biggest capacities out of all underground mining methods 

and can go up to 100000 t per day. The use of this method is recommended when the ore 

body is weak, with steep angle and thick [1]. The first block caving method was used in 

1895. in iron mine called Pewabic [2]. The biggest percentage of mined material using this 

method is copper (Figure 1). 

 
Figure 1. Cave mining by mineral (Woo et al, 2009). 

mailto:ognjen.popovic@ribeograd.ac.rs


Ognjen Popović, Saša Jovanović, Darko Radovančević, Milan Marković 

178 

BLOCK CAVING MINING METHOD 

Generally, all mining methods that are based on caving have same characteristics: high 

production rates, low operative costs, high mineral loses and high percentage of waste rock 

included in mineral excavation. These methods are used for excavating not so rich ore 

bodies, so those conditions are understandable. Block caving mining method is used in such 

a way, where the ore body is defined as a block of certain dimensions and the mineral is 

collected at the bottom of that block. The main condition is that the ore has high cavability. 

Caving can be done naturally, by influence of rock stress or it can be forced by blasting. 

Another condition is that the ore shouldn’t be adhesive and prone to oxidation (Figure 2). 

 
Figure 2. Block caving mining method (Torbica & Lapčević, 2020). 

The point of block caving is to excavate part of the rock mass that is big enough to 

cause instability of the rock mass above it, so that it can start caving on its own. The surface 

causing instability is the minimal surface of a mining block and it represents characteric of 

a rock mass. Below undercut level is loading level. Between these levels, draw bells are 

made where the ore body is going to be drawn. The material is naturally granulated by 

friction inside a draw bell. The biggest production is achieved by using loaders as a primary 

transportation system. The transportation can be continued with conveyors to maximize 

capacity. Block caving has big capital expenses because some time must pass until the 

production phase begins. In that period, all levels must be made and all of the infrastructure, 

not to mention that the infrastructure must be at the bottom of ore body, which can be very 
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deep. That being said, operative costs are very small (1 – 2,5 $/t) and the capacity varies 

between 10000 and 100000 t/day (El Teniente mine in Chile). Modern mines use this 

method for ore bodies with thickness 200-800 m, with block height of over 400 m. Rock 

mass has compression strength of 6 – 60 MPa. As blocks got higher over time, undercut 

levels also grew and today some undercut levels can be as big as 35280 m2 (Northparkes 

mine). Draw rates vary from mine to mine, with average of 0,2 meters a day (Figure 3) [1-

3]. 

 
Figure 3. Frequency of a certain block heights over time (Woo et al, 2009). 

IMPACT ON ENVIRONMENT 

There are three clear impacts on environment, one connected with the whole mining 

industry and two specifically connected to caving mining methods. The first one is obvious 

and it is waste rock management. Considering the capacity of this method, huge quantity of 

waste rock must be managed in a life time of a mine. This means that a mine with a capacity 

of 100000 t/day, must manage almost 100000 t of waste rock. This is calling for attention 

on a projected waste rock dump and its stability, so the risks can be minimal [2]. Second 

impact can have pretty serious consequences and it is defines as impact on underground 

water. During caving, natural state of a rock mass is disturbed and the whole rock mass is 

caving. If the ore body is in a water rich area, level of underground water can be disturbed 

and that can have an impact on a bigger water reserves (rivers, lakes etc.). Also, 
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underground water can be polluted by oxidized mineral or by residue from blasting. That 

water can again pollute rivers and others water sources on its way.  

The highest and most obvious impact on environment is subsidence. Due to massive 

quantities of rock mass excavated, subsidence will be huge and it will be show on a surface. 

That means that there cannot be any objects where the subsidence is projected (houses, 

rivers, national parks etc.). It is essential to direct attention to risk assessment from this 

impact, by calculating the area which will be affected by this method. Factors which 

influence terrain subsidence and their importance are represented in Figure 4.  

 
Figure 4. Factors affecting block caving subsidence and their relative importance. 

Key factor that impacts subsidence area is are of undercut. If the undercut area is 

known, subsidence can be predicted based on quality of rock mass and depth of undercut 

level. Figure 5 shows subsidence scheme [4]. 
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Figure 5. Subsidence zones (Parmar et al, 2019). 

It can be seen that the angles of subsidence don’t have to be symmetrical on both sides. 

This is heavily dependent on geology of the area. Different types of rock mass with different 

strength can change the angles of subsidence. It is important to make a geological model 

with enough information about surrounding rock types (Figure 6) [5]. 

 
Figure 6. Geological impact on deformation angles (Esaki et al, 2009). 
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Macro deformations zone represents zone where deformations can be seen with naked 

eye. Micro deformations zone is a zone where subsidence has its impact, even if it is not 

seen by the naked eye. Shape of macro deformations zone depends on rock mass 

characteristics, Figure 7.  

 
Figure 7. Macro deformation patterns: Type A – circular, Type B – elliptical, Type C1 – irregular 

with scarps, Type C2 – irregular with a distinct collapse structure/glory hole (Woo et al, 2009). 

There are mathematical ways to estimate deformation zones. The biggest problem is 

that there is a lot of variables that can’t be mathematically represented (like geology). In 

that case, empirical analysis of working mines can be helpful. In Table 1, dimensions of 

deformation zones in existing mines are given, compared to their undercut areas [3]. 
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Table 1. Deformation zones dimensions in mines using block caving method (Woo et al, 2009.) 

 

Mine (State) Mineral 
Undercut area 

(m2) 
Deformation length 

(m) 
Deformation 

width (m) 

Northparkes 

(Australia) 
Copper, gold 35280 359 299,2 

Sunrise (USA) Iron 5000 587,1 362,5 

Kimberly 

(RSA) 
Diamond 1688 397,7 364,9 

Wesselton 

(RSA) 
Diamond 4320 484,6 464,9 

Cullinan 

(RSA) 
Diamond 3600 806,4 359,1 

Ray (USA) Copper 1855 678,9 232,5 

Koffiefontein 

(RSA) 
Diamond 4320 402,5 389,1 

Finsch (RSA) Diamond 5500 367,9 316 

Salvador 

(Chile) 
Copper 11440 2064 1345,5 

CONCLUSION 

With higher demand for mineral materials, mining industry is moving towards 

underground mining with high capacities. With higher capacities, mines are bigger, 

everything magnifies, including impacts on environment. Method that is used for high 

capacities is block caving method. This method includes caving of upper rock mass, which 

means even more impact on environment that conventional methods. These impacts aren’t 

small, but with careful planning and assessment, they can be projected very well and the 

risks can be lowered or even removed. Not to mention, with more mines that are using this 

method, more experience is gained and more data is collected. All of that can be used to put 

these impacts on environment under control.  
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Abstract. Small and Medium-sized Enterprises (SMEs) play a pivotal role in economies, 

and their engagement with Green Human Resource Management (GHRM) holds substantial 

environmental and business implications. This abstract explores how GHRM, a strategic 

integration of sustainability principles into HR practices, is uniquely relevant to SMEs. 

SMEs possess the agility to swiftly adopt sustainable initiatives, aligning with GHRM's 

principles. This paper highlights the benefits, such as cost savings and enhanced employee 

engagement, that SMEs can reap from GHRM. Challenges, including resource constraints, 

are acknowledged alongside strategies like targeted recruitment and flexible work 

arrangements to overcome them.  

 

Keywords: green human resource management, sustainability, small and medium-sized 

enterprises, eco-consciousness, employee engagement, environmental impact 

INTRODUCTION 

Organizations are currently shifting their strategies and goals to be more 

environmentally conscious as the significant literature focused on larger firms rather than 

SMEs despite SMEs highly impacting the environment due to their commercial activities 

[1]. As engines of innovation, employment, and economic growth, SMEs wield 

considerable influence in shaping societal and environmental outcomes. In response to 

the imperatives of sustainability, the convergence of SMEs with Green Human Resource 

Management (GHRM) presents an essential avenue for aligning organizational practices 

with ecological responsibility. Accordingly, the top management of SMEs reconsiders 

their objectives and broadens the scope of their operations by including green HRM 

practices to improve environmental performance [2]. Organizations and employees both 

benefit from the adoption of GHRM practices because it boosts employee morale and 

productivity [3]. As the world confronts pressing challenges like climate change and 

resource depletion, SMEs embracing GHRM hold the potential to lead by example. By 

fostering employee engagement, optimizing resource utilization, and positioning 

themselves as eco-conscious entities, SMEs can not only mitigate their environmental 

footprint but also elevate their competitive standing in an increasingly sustainability-

conscious market. 
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GHRM PRACTICES 

GHRM involves practices such as green recruitment and selection (GRS), green 

training (GT), and green pay and reward (GPR) to increase green employee performance 

[4]. GHRM in the organizational setting can improve green performance (GP) by 

recruiting environmentally concerned employees, providing green training, encouraging 

employees to be involved in green activities by establishing green reward structures, and 

creating a platform where employees can engage in green initiatives. Aim of green 

training as a process is to help employees better understand environmental awareness, 

sustainable practices, green technologies, corporate social responsibility and sustainable. 

Circular economy also plays big role in GHRM. It’s core concept is based on reducing 

waste and maximizing resource efficiency. In addition, a green work climate (GWC) is 

essential for increasing greenwork engagement (GWE) and performance [5]. GWC, 

GWE, and green employee behavior(GEB) are among the significant constructs in 

enhancing GP  [6]. 

The relationship between GHRM practices, GWC, GWE, GEB, and GP has been 

builton the basis of abilities, motivation, and opportunities (AMO) theory [7]. According 

to AMO theory, HRM is carried out by increasing employee ability by motivating 

employees to become high-performers and boosting employee performance by providing 

them with a platform through which they can avail opportunities and become more 

productive. Based on the grounds of AMO theory, the objective of green performance can 

be achieved if employees are provided with GHRM practices such as GT, are recruited 

on the basis of green values, and are rewarded conditionally by carrying out an effective 

performance management system [8]. 

GREEN WORK CLIMATE 

Improving environmental performance requires maximizing the incorporation of 

training, teamwork, monetary and non-monetary rewards, and sustainable goals [9]. It 

encompasses the collective efforts, values, and norms within an organization that 

prioritize environmental responsibility and contribute to a greener and more sustainable 

workplace. Creating a green work climate requires a holistic approach that involves 

leadership commitment, employee engagement, and ongoing efforts to integrate 

sustainability into various aspects of the organization's operations and culture. 

GHRM involves the policies and practices that motivate employees to participate in 

activities that promote socially responsible green behavior to create an environmentally 

conscious and resource-efficient organization [10].  In line with this, several studies have 

found a positive relationship between GRS and GWC. GRS has been recognized as a key 

constituent of GHRM practices. Some authors outlined GRS in three parts: employees’ 

green awareness, green employer branding, and green criteria to attract candidates [11]. 

Firstly, the most crucial part of GRS is employees’ green awareness, and it includes 

personality qualities such as green conscientiousness awareness and agreeableness that 

allow sustainable goals to be met [12]. Employees who value a green environment have 

been discovered to have an active improvement in their environmental knowledge, hence 

providing a GWC [13]. 
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GREEN EMPLOYEE BEHAVIOR 

GEB involves both in-role and extra-role green behavior [14]. Green employee 

behavior can manifest in various ways, such as reducing energy consumption, minimizing 

waste generation, using eco-friendly products, promoting recycling, and participating in 

conservation programs. These are the kinds of activities that would be expected of an 

employee and, as a result, are part of a person’s formal work responsibilities [15]. 

According to HRM behavioral research, a green organizational climate influences 

employee work attitudes and behavior [16]. Employee outcomes of green behavior are 

highly dependent on a green work climate, according to HRM behavioral research [17]. 

Promoting green employee behavior requires a supportive organizational culture, 

leadership commitment, and ongoing efforts to make environmentally friendly practices 

convenient and accessible for employees. Encouraging green behavior not only benefits 

the environment but also fosters employee engagement, collaboration, and a sense of 

purpose in contributing to a better world. 

Work engagement, for example, has been found to improve employees’ GP by helping 

them better understand GHRM principles and giving them the power to apply positive 

environmental solutions [18]. Employees propagate proactive environmental measures 

when they are incorporated into their day-to-day roles [19]. As a result, creating an 

engaging atmosphere has a positive impact on employee performance, allowing 

employees to focus on improvement projects such as eliminating inefficient tasks [20]. 

Therefore, minimizing and reusing raw materials improves recycling, reduces resource 

consumption, lowers prices, and improves overall GP [21]. Employees are encouraged to 

actively engage in eco-friendly initiatives, such as participating in tree planting drives, 

waste reduction campaigns, and energy-saving challenges. Green employee behavior 

involves a shift in everyday practices, such as using reusable water bottles, reducing paper 

usage by opting for digital documents, and turning off lights and electronic devices when 

not in use. 

CONCLUSION 

As SMEs embrace green HRM, they navigate a transformative journey that converges 

human potential and environmental consciousness. The evolving landscape underscores 

the importance of leadership commitment, employee engagement, and the seamless 

integration of green initiatives across HR functions. By fostering an environment of 

continuous learning, innovation, and collaboration, SMEs can harness the collective 

power of their workforce to drive tangible sustainability outcomes. In the years to come, 

the success of SMEs will be indelibly intertwined with their ability to champion green 

human resource management. The trajectory of sustainable development hinges upon 

their capacity to integrate eco-centric values into organizational DNA, inspire green 

employee behavior, and pioneer resilient practices that endure beyond profitability. As 

SMEs embark on this odyssey, they wield the potential to not only enhance their 

competitive edge but also contribute to a healthier, more harmonious planet for 

generations to come. 
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Abstract. In today's dynamic business landscape, the imperative to address environmental 

concerns while pursuing profitability has led to the emergence of green marketing as a pivotal 

strategy. The paper investigates the challenges and opportunities that arise at the intersection 

of business and environmental sustainability, shedding light on the ethical dimensions and 

consumer expectations involved. Additionally, it examines the potential pitfalls and risks of 

greenwashing, where superficial eco-friendly claims can mislead consumers. Through a 

comprehensive review of existing literature, this paper presents a nuanced understanding of 

green marketing's evolution, its impact on consumer behavior, and its potential to drive 

positive change. Ultimately, it underscores the importance of authentically aligning business 

goals with environmental protection for long-term success in an increasingly conscious 

market. 

Keywords: green marketing, greenwashing, environmental sustainability, products and 

services 

INTRODUCTION 

In an era marked by growing environmental consciousness and the urgent need for 

sustainable practices, the convergence of business objectives and ecological considerations 

has given rise to a transformative concept: green marketing. Green marketing is a 

management process that can make a company more profitable and contribute to the 

company’s long-term viability through sustainable practices [1]. The landscape of modern 

business is evolving, spurred by a shifting global mindset that demands conscientious 

consumption and corporate responsibility. Against this backdrop, green marketing stands 

as a linchpin, embodying the synergy between economic aspirations and environmental 

stewardship. According to the theory of consumption decision mechanism, consumption 

intention comes before consumption behavior, and consumer purchase behavior can be 

effectively reflected through purchase intention, that is, consumers who implement green 

purchase behavior in real life generally have strong green consumption intention [2]. 

Many firms are considering environmental protection as their social responsibility 

because of climate change and environmental risks are now becoming challenging. The 

reason is that people are not showing responsibility and are not more concerned about 

environmental risks. In general, people are also unable to realize how their attitudes and 

behaviours lead to environmental problems [3]. To deal with the growing environmental 
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concerns it is very significant for marketers to investigate the aspects that influence 

consumer views and purchase decisions regarding a company’s offerings [4]. 

GREEN MARKETING MIX STRATEGIES 

When talking about different green marketing strategies there are certain terms that need 

to be understood. First would be Green Price . It presents prices for green products, which 

can be higher compared to conventional non-green products due to the usage of dearer raw 

materials to maintain good quality, usage of substitutes for chemicals and other toxic 

substances, and enhanced cost of production due to increased restrictions [5]. The phrase 

"premium price" is commonly employed in green product research to describe the elevated 

costs associated with producing, consuming, and disposing of environmentally conscious 

products. This arises from the increased expenses incurred in adopting green practices 

throughout the production cycle, leading to higher production costs compared to 

conventional non-green products. Moreover, the inclusion of policy-driven environmental 

measures further contributes to production costs, consequently elevating the retail price of 

green products. 

It's impossible to talk about green marketing strategies without mentioning a Green 

Product. Green products pose no threats to the well-being of both humans and the 

environment. These items neither contribute to air pollution nor hinder the potential for 

recycling. Moreover, they facilitate the preservation of precious natural resources, ensuring 

their availability for generations to come. The most relevant definition of green products 

says that green products’ environmental and societal staging is better than traditional non-

green products in all stages, i.e., production, consumption, and disposal [6]. 

Green promotional tactics are crucial in driving the successful acceptance of green 

products among consumers. This acceptance hinges on marketers' adept use of appropriate 

communication approaches. Consequently, effective communication stands as a 

fundamental element of achieving excellence in green marketing. Advertising and sales 

promotion have undergone significant modifications due to environmental changes in raw 

materials, production processes, and distribution strategies [7].  

Green place manages reverse logistics to reduce carbon footprint by bringing down 

transportation emissions [8]. The approaches employed by marketers to ensure the timely 

availability, appropriate quantity, and suitable distribution of green products are denoted as 

the "green place" element within the framework of green marketing mix. Green place 

encompasses improved inventory control, lowered inventory expenditures, efficiency gains 

in both cost and time, and an elevated level of consumer service.  The distributors must 

formulate an eco-friendly distribution strategy to maintain the sustainability aspect of 

marketing and benefit from a competitive edge over competitors [9].   

ENVIRONMENTAL ATTITUDES OF CONSUMERS AND THEIR 

INTENTIONS FOR GREEN PURCHASING 

The constituents of consumers' environmental attitudes comprise environmental 

concern, recognition of environmental challenges, mindfulness of environmental issues and 

remedies, comprehension of environment-related matters, and engagement in 

environmental activism. Three kinds of environmental attitudes predict the ecological 
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behavior of a person: attitude towards the environment, which is referred to as an 

environmental concern (deteriorating quality of air due to pollution); attitude towards 

ecological behavior (recycling and energy-saving behavior); and the NEP (New 

Environmental Paradigm) [10].  

The impact of pricing on intention was significantly shaped by their environmental 

stance. Numerous studies conducted across different cultural settings have affirmed the 

effect of consumers' environmental attitudes on the influence of green marketing strategies 

on purchasing intention . Environmental knowledge is considered a vital factor that impacts 

the information-gathering activity of consumers: environmental knowledge and pro-

environmental consciousness Environmental attitude, consciousness, and social 

phenomena strongly impact consumers’ ecological consumption, shaping green marketing 

strategies. 

DEMOGRAPHIC FACTORS OF CONSUMERS AND THEIR 

INTENTIONS FOR GREEN PURCHASING 

There are six different categories we have to take into account when talking about 

consumers in relation to green purchasing. They are : gender, age, income, educational 

background, profession, and type of educational institution attended. 

The review of past studies revealed that consumers’ environmental knowledge is 

significantly influenced by gender [11]. Females have a more eco-friendly attitude than 

their male counterparts, and males engage less in green buying than females [12]. The 

existing literature proves that consumers’ academic qualifications are more consistently 

attached to ecologically conscious consumer intention [13].   

The previous literature reported mixed results regarding the connection between 

occupation and the ecological intention of consumers. In addition, buyers’ income was 

found to be a significant predictor of the green buying intentions of consumers, 

corroborating the positive connection between the two [14].  

CONCLUSION 

In the ever-evolving landscape of business and environmental consciousness, the 

exploration of green marketing unveils a powerful bridge between profit and planet. The 

convergence of economic objectives and ecological imperatives has underscored the vital 

role of businesses in fostering sustainability through innovative marketing strategies. 

Through this journey, we have delved into the multifaceted realm where responsible 

practices and consumer demand intersect. 

However, challenges linger, particularly the menace of greenwashing and the demand 

for authenticity. The path to success in green marketing lies in transparent communication, 

credible claims, and genuine commitment to environmental betterment. As green marketing 

forges ahead, it has the power to inspire collective change and drive industries toward more 

sustainable practices. 

In conclusion, the symbiotic relationship between business growth and environmental 

stewardship is a beacon for future progress. As we navigate the intricate space of green 

marketing, let us recognize that its impact transcends profits—it encompasses a legacy of 

responsible consumption, preservation, and a shared commitment to a greener world. 
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Abstract. Radon is a radioactive gas and the dominant natural source of radiation. It is the 

second leading cause, after smoking, of lung cancer in the world. At Technical College of 

Applied Sciences in Zrenjanin we did safety checks of radon 222Rn level. These studies were 

supported by the Provincial Secretariat for Higher Education and Scientific Research 

(“Radon Level Measurement” project). The article shows results of parallel winter 

measurements performed by using open charcoal canisters (that were later measured by 

means of NaI gamma spectrometer) and by using Airthings radon detectors. Measurements 

were performed in eight rooms. The obtained results were compared and discussed.  

Keywords: indoor radon measurements, charcoal canister, environmental radiation 

INTRODUCTION 

Radon is a naturally occurring noble radioactive gas that is odorless, colorless and 

tasteless. The biggest part of radiation from natural sources originates from radon [1]. It is 

produced by the decay of radium. Radium is formed by the decay of uranium and thorium 

and is present in soil and rocks in minor quantities. Radon can leak out from the soil and 

rock. In the atmosphere, closer to the ground radon is present in very low concentrations. 

Radon can enter houses, dominantly from the earth via cracks and holes. Sometimes it can 

also originate from building materials that dwellings are made of and rarely from the 

water or a natural gas. Thus, radon can occasionally be accumulated in larger 

concentration in closed spaces with poor ventilation. When inhaled or ingested radon and 

radon decay products present risk for human health. Radon is the main cause of the lung 

cancer among the nonsmokers.  

Regular checks of radon level (222Rn and rarely 220Rn) in the houses and buildings are 

always welcomed. At Technical College of Applied Sciences in Zrenjanin (TCAS) we did 

radon level measurements in order to establish its concentration level and to contribute the 

database of indoor radon mesurement results in Serbia. This work was supported by the 

Provincial Secretariat for Higher Education and Scientific Research (Project “Radon 

Level Measurement”). This article describes parallel winter measurements of  222Rn 
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performed by means of charcoal filters and by use of active type radon detectors (brand 

Airthings). 

METHOD EPA 520 

Open charcoal canisters [2], are often used for 222Rn screening. They consist of a 

closed cylindrical metal canister (height 3,4 cm, radius 10,4 cm and mass of about 160 g) 

filled with activated charcoal. At the beginning of the measurement the canister is open. 

Radon and some of its decay products attach to the charcoal surface. The time of exposure 

of a canister can be from 48 h up to 6 days. At the end of the measurement the canisters 

are sealed and then sent to the certificated laboratory where they are measured by means 

of scintilation NaI gamma spectrometer. This method is known as EPA 520. On Figure 1, 

open charcoal canister can be seen. This is a passive type detector. The application of 

EPA 520 method is convenient because it is cheap as the same canisters can be used many 

times. Another advantage of it is that exposure of canisters can be performed by untrained 

persons just by following written instructions.  

 
Figure 1. Photo of Charcoal Canister. 

AIRTHINGS DETECTORS 

The authors used also Airthings active type radon detectors [3], (Correntium 

Home Radon Detector and View Plus Radon Detector) for radon measurements. These 

instruments monitor radon by detecting alpha particles from radon decay [4]. A 

photodiode inside detector is a digital version of the film that can be used to reconstruct 

radon events. Special algorithm is made that remove “noise” events. Detector can measure 

radon continuously up to one year. At 200 Bq/m3 detector accuracy is 10% (5%) for seven 

days (two months) long measurements. View Plus model is a “smart” type detector, so the 

radon graphs can be monitored online via mobile or PC and it also measures also other air 

quality parameters.   
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MEASUREMENT RESULTS 

Winter radon level measurements at TCAS by using charcoal filters are done in 

collaboration with the Department of Radiation and Environmental Protection, Vinča 

Institute of Nuclear Sciences (VINČA). At the same time parallel measurements were 

performed with Airthings radon detectors. It is also expected that the highest radon 

concentration during the year should be in the coldest months of winter. Two-day long 

measurements are done in eight rooms in the basement and ground floor level where  

radon gas is dominantly expected to be present. During the measurements rooms were 

completely closed with no ventilation at all. Charcoal canisters and Airthings detectors 

were placed one near the other, at height of about 1 m above the floor and also far from 

doors, windows and heating bodies. At least twelve hours before the measurement  no one 

was entering the rooms. The obtained results with associated uncertainties at 95% 

confidence level (k=2) are shown in Table 1. The authors estimated Airthings detector 

accuracy for these measurements to be  30%. The maximum measured winter radon 

concentration level was  97 Bq/m3 (charcoal canisters) and 78 Bq/m3 (Airthings). In order 

to evaluate the statistical difference between individual measurement results obtained with 

different types of detectors Z – test was used. This test takes into account the 

measurement uncertainties of the obtained results. Z was calculated using the equation (1) 

 

                                                  𝑍 =
𝐶𝐸𝑃𝐴520−𝐶𝐴𝑖𝑟𝑡h𝑖𝑛𝑔𝑠

√𝑢𝐶𝐸𝑃𝐴520
2 +𝑢𝐶𝐴𝑖𝑟𝑡𝑖𝑛𝑔𝑠

2
  ,                                               (1) 

 

where CEPA520 and CAirthings denote radon concentration measured by charcoal canisters and 

Airthings detector, respectively, while u denotes the uncertainty of a corresponding 

measured concentration. Confidence interval of α = 0,05 (Critical value |Z0,05| < 1,96) was 

applied [5]. 

 
Table 1. Radon concentration level measured with charcoal canisters (EPA520) and with Airthings 

radon detectors during winter at TCAS in Zrenjanin.  

 

Room 
Radon Concentration (Bq/m3) 

Z-score 
EPA520 Airthings 

Printing press office 

(basement) 

33(6) 19(6) 1,65 

Storage for technical 

equipment (basement) 

72(8) 57(19) 0,73 

Lab. for welding 

(basement) 

12(7) 10(3) 0,26 

Lab. for hybrid 

engines and vehicles 

(basement) 

12(7) 9(3) 0,39 

CIRT (ground floor) 53(6) 39(13) 0,98 

Creativity studio 

(ground floor) 

97(8) 78(26) 0,70 

Classroom 111 

(ground floor) 

24(6) 17(6) 0,82 

Library (ground floor) 29(5) 24(8) 0,53 
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For all measurements calculated Z values are below 1,96 (Table 1) and it could be said 

that there is a good agreement between the two set of values obtained with charcoal 

canisters and Airthings detectors. Also, as expected winter measurements also show 

higher values of radon concentration compared to spring [6], summer [7,8] and autumn 

[8], measurements. 

CONCLUSION 

Intervention levels of radon concentration given in our legislation [9], are 1000 Bq/m3  

for working places, 200 Bq/m3 for new and 400 Bq/m3 for old dwellings. These values 

should be harmonized with the international recommendations given in the European 

Union regulations [10], which require less than 300 Bq/m3 for work and living spaces. 

World Health Organization proposes even more severe recommended reference limit of 

less than 100 Bq/m3 in residental dwellings and gives the recommendation that national 

reference level should not exceed  300 Bq/m3 [11]. 

In the presented study the maximum radon concentration during winter measured with 

both active type Airthings radon detectors and passive type detectors (charcoal canisters) 

is below the national intervention levels. We can conclude that it is safe to stay at TCAS 

for both students and employees. There is no reason to do any space remedies at TCAS 

building, apart from regular ventilations. Also, obtained result showed the good agreement 

between results obtained with two detector types. 
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Abstract. This paper presents the results of the  radon concentration measurements at 

Technical Faculty ''Mihajlo Pupin'' in Zrenjanin (Serbia). Radon concentration 

measurements were done during spring 2023. at the basement and groundfloor levels with 

offices, labs and classrooms situated there. Airthings Correntium Home Radon Detector  

(active type detector) was used for the measurements. It is capable of performing both short-

term and long-term measurements and  is based on alpha spectrometry. We did short-term 

two-day-long (48 h) measurements in rooms with no ventilation and the doors and windows 

were closed. These rooms were also not ventilated for at least 12 h before the 

measurements. Radon concentrations ranged from 13 to 140 Bq∙m-3 and were within safe 

limits according to our National Reference Level. 

 

Keywords: radon, environmental radiation protection 

INTRODUCTION 

Radiation is all around us and comes from different natural and artificial sources. It 

comes from outer space, from the ground, from within the human body, from X-rays. 

More than half of the total amount of radiation from the natural sources originates from 

radon [1]. Radon (Rn) is a noble gas without color, smell and taste. In nature it is 

produced by the decay of uranium's decay products, like radium 226Ra.  All radon isotopes 

are radioactive. Only 222Rn and 220Rn, which comes from uranium and thorium series 

respectively, are important [1]. Radon dominantly diffuses through soil and rocks and 

enters the houses through cracks and holes. It can also be found in building materials. 

Uranium found in soil worldwide is varying in concentration. The same is the case with 

radon in the building materials. Therefore, the dose of radon in indoor spaces varies from 

place to place.  Radon's daughters can be attached to aerosol particles in the air and then 

can be inhaled by humans. Its effects on humans' health are hazardous as radon is the 

second leading cause of the lung cancer. Its effects multiplicate if the person is a smoker.  

There is no danger of radon on open spaces. However, radon can accumulate in indoor 

spaces in large amount. It is important to check indoor radon levels everywhere. It can 

also vary from room to room inside the same apartment. We performed measurements of 

mailto:iris@ipb.ac.rs
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indoor radon concentration (activity per cube meter [2]) at Technical Faculty ''Mihajlo 

Pupin'' Zrenjanin (TFZR) during spring 2023. As the amount of 220Rn in the environment 

is much less (apart from some specific cases)  than that of 222Rn, our studies refers to 
222Rn. 

DETECTORS 

We used Correntium Home Radon Detector [3] produced by Airthings. It is active type 

radon detector, presented on Figure 1.   

 

 
Figure 1. Photo of Correntium Home Radon Detector by Airthings. 

 

This detector uses alpha spectrometry [4], to measure radon concentration level. Inside 

detector there is a passive diffusion chamber which allows air to enter into it. Inside the 

chamber, a photo diode counts the number of radon daughter particles in the air. Fresh air 

(25 cm3) flows into the chamber every half an hour. Chrome is used inside the chamber as 

a kind of cage which prevents unwanted particles to enter. The Airthings team developed 

special algorithm that can make a difference between radon and noise events. The 

detectors work continuously and every hour they make a data point that contributes to the 

average result. It can provide an average radon concentration after 24 h, 48 h or larger 

number of days (up to one year). Detector precision at 200 Bq/m3 is 10 % for short-term 

(seven-days-long) measurements and 5 % for two-months-long measurements.  

Correntium Home Detector's range is from 0 Bq/m3 to 9999 Bq/m3. It operate on 

temperatures between 4 0C and 40 0C and at relative humidity levels below 85 %. 
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MEASUREMENTS AND RESULTS 

In houses and buildings radon usually accumulates in lower spaces like basements and 

ground floor levels because of its high density. The indoor radon concentration level 

varies daily and seasonally as the weather affects it [2]. In ideal case radon measurement 

should last one year. In order to get fast insights into radon levels, we did few days long 

measurements. If high radon levels would have been found in some of the rooms, then 

long-term (few months long) measurements would be done in those places. 

We choose 4 rooms in the ground floor and 4 rooms in the first floor at TFZR to do the 

measurements. The total surface of the ground and first floor spaces is about 1300 m2. 

There are offices, labs, classrooms. We performed two-day-long measurements in rooms 

with closed doors and windows all the time. Detectors were put at fixed place, 1 m above 

the floor, far from doors and windows. The heating system was not in use. Rooms were 

not ventilated for at least 12 h before the start of the measurement. The obtained data of 

radon concentration levels are summarized in Table 1. The estimated error for this 

measurements is shown, too.   

 

Table 1. Radon concentration levels measured at TFZR. 

 

Measurement location/office number Radon concentration (Bq/m3) 

First floor, office number 22 13(4) 

First floor, physics laboratory 46(15) 

First floor, office number 23 41(14) 

First floor, office number 30a 39(10) 

Ground floor, office number 5 127(20) 

Ground floor, old library room 140(22) 

Ground floor, office number 1 109(20) 

Ground floor, office number 2 43(11) 

 

The maximum value of radon concentration measurement is 140 Bq/m3, while the 

minimum value is 13 Bq/m3. 

CONCLUSION 

Most countries, Serbia as well [5], have adopted a radon concentration of 400 Bq/m3 

for old buildings (200 Bq/m3 for new ones) for indoor air as an Action or Reference 
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Level. The World Health Organization (WHO) recommends for these spaces to keep 

radon concentration below 100 Bq/m3.  

Frequent daily ventilations are always recommended for closed spaces. For high radon 

indoor levels there are also measures of mitigation of radon that can be performed in 

homes in order to significantly reduce the presence of radon.  

Radon concentration level measured at TFZR during spring 2023. are below National 

Reference Level. It is safe to stay and work there. There is no need to do any remedies at 

the TFZR. We also plan to repeat these measurements during colder months. 
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Abstract. Sulphur oxides are air pollutants that have multiple negative effects on the 

environment. The subject of this paper is the prediction of sulphur oxides emissions at the 

national level using artificial neural networks (ANN). Industrial, economic and traffic 

indicators were used as input parameters for the development of the ANN model, as the 

sectors that were assumed to contribute the most to the emissions of sulphur oxides. Prediction 

of emissions of sulphur oxides by the ANN model showed very good results with the value 

of the model performance indicator R2-0,976. In order to compare the results of the ANN 

model, a multiple linear regression (MLR) model was developed with the same data. The 

predictions of the MLR model are worse with a value of R2-0,95. 

Keywords: sulphur oxides, air pollution, ANN, MLP, MLR  

INTRODUCTION 

Sulfate acid  deposition due to the emission of anthropogenic pollutants, primarily the 

emission of sulpfur oxides, is a subject of global concern [1,2]. The Paris Agreement, signed 

by more than 195 countries in 2016 and the Convention on Long-Range Transboundary Air 

Pollution entered into force on March 16, 1983 are global efforts to reduce the emission of 

air pollutants. Due to the negative effects on the environment and human health, the 

monitoring of SOx emissions is very important both at the global and local levels. In order 

to monitor the emissions of pollutants into the air, according to the assumed international 

obligations, states are obliged to submit annual reports on the inventory of pollutant 

emissions. One of the pollutants whose emissions are evaluated is SOx. The assessment of 

national emissions of air pollutants is prepared according to the methodology EMEP/EEA 

Air Pollutant Emissions Inventory Guidebook. According to this methodology, emission 

sources are classified into 12 sectors and emissions are estimated using emission factors 

and activity rates [3].  

The existence of alternative models for estimating SOx emissions is important in order 

to make the estimated emissions as accurate as possible. As one of the alternative models 

for estimating SOx emissions at the national level, this paper proposes the application of 

artificial neural networks (ANN). According to literature data, prediction of SOx emissions 

using ANN was mainly performed for a specific sectors [4–6]. The literature data results 

show a very good performance of the ANN models. In this paper, the ANN model was 

mailto:lidija.stamenkovic@akademijanis.edu.rs
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applied to predict SOx emissions at the national level using industrial, economic and traffic 

indicators.

ANN MODEL DEVELOPMENT 

Artificial neural networks are mathematical models that imitate the functioning of the 

biological nervous system in a simplified way. Information processing in artificial neural 

networks is performed with the help of a parallel distributed architecture composed of 

several simple processors (artificial neurons) that are connected to each other. An artificial 

neural network is formed by connecting a number of independent neurons in layers. ANNs 

observe a relationship between a given number of solved examples of the problem they are 

solving. The ANN structure is divided into three main layers: input, hidden and output. The 

training process is an extremely important segment in building ANN-based models. The 

training process is based on the input and output data being given to the network, whereby 

the network tends to obtain the corresponding output value, i.e. a value that approximates 

the expected value. In order to obtain the desired output during training, the weighting 

coefficients are changed through the training algorithm, until the network learns to function 

appropriately [7]. More information on the functioning of neural networks can be found in 

the relevant literature [8–10]. 

One of the most important steps in ANN model developing is the selection of appropriate 

input parameters. In this sense, in this paper, those input parameters that were assumed to 

contribute the most to the SOx emissions were used. It turned out that the sector of 

electricity and heat production, industry, individual combustion plants and in a slightly 

smaller percentage other sectors contribute the most to the emissions of SOx in the air. In 

this paper, seven input parameters from the industry, economy and traffic sectors were 

selected for the ANN model development: Energy productivity (EP), Final energy 

consumption-total (FEC), Final energy consumption - transport sector (FECT), Final energy 

consumption in households (FECH), Modal split of passenger transport (PT), Primary 

energy consumption (PEC) and Gross domestic product (GDP). Available data for 22 

European countries for the period from 2010 to 2019 were used for the development of the 

ANN model. The input and output data for every European country included into this study 

has been published by Eurostat and OECD [11,12].  

After selecting the input parameters, the selection of neural network parameters was 

applied: architecture, number of hidden layers of neurons, activation functions. The 

standard three-layer neural network (multilayer perceptron-MLP) was used. During the 

development of the ANN model, 68.6% of the data was used for training the network, while 

31.4% of the data was used for testing the network. Standardized rescaling method for 

inputs and output was used. Hyperbolic tangent activation function for hidden layer and 

Identity activation function for output layer was used. Number of hidden layer was one and 

the number of neurons in hidden layer was 4. 

In order to compare the results of the ANN model, a multiple linear regression (MLR) 

model was developed. A regression MLR model was developed with the same data that was 

used in the development of the ANN, with the aim of comparing the results. ANN and MLR 

models were created using IBM SPSS 19 Statistics software.  
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SOx emissions = 2.048 + 3.491EP − 11.647FEC − 42.948FECT − 0.035FECH −
                                  0.055PT + 20.460PEC − 0.001GDP                                                    (1)  

The obtained MLR coefficients are represented by Equation 1.                                      

To evaluate the performance of the created models, a statistical indicator of model 

performance, the coefficient of determination (𝑅2), was used. The values of the coefficient 

of determination range from 0 to 1, and the higher the value of the coefficient of 

determination, closer to 1, the better the results of the created model.  

𝑅2 =
[∑(𝐶𝑝−�̄�𝑝)(𝐶𝑜−�̄�𝑜)]

∑(𝐶𝑜−�̄�𝑜)2 ∑(𝐶𝑝−�̄�𝑝)
2                                              (2)     

The value of this indicator is determined according to Equation 2, where 𝑐𝑝 represents 

the value predicted by the model, while 𝑐𝑜 represents the measured value of the observed 

variable.                                           

RESULTS AND DISCUSSION  

Figure 1 shows a comparison between actual and ANN model predicted values of SOx 

emissions for training dataset. While the results of the created MLR model are shown in 

Table 1. Based on the results shown in Figure 1 and Table 1, obtained by the created models 

in the training phase, it can be seen that the ANN model showed better prediction results 

compared to the regression MLR model with values of the coefficient of determination 

ANN-0.976 and MLR-0.950. Therefore, it can be said based on the results, that the ANN 

based model shows very good results. 

 

Figure 1. Comparison of actual and ANN model predicted SOx emissions for the 

training dataset 
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Table 1. The results of the created MLR model 

Model 𝑅 𝑅2 Adjusted 𝑅 Square Std. Error of the Estimate 

MLR 0.975 0.950 0.949 9.324 

 
In order to test the capabilities of the created ANN model, new data were presented to the 

network. The capacity of the ANN model for one-year forecasting of SOx emissions for 

each country is presented in Figure 2. As can be seen, the ANN model gave very good 

forecasting results. Somewhat larger deviations between the measured and model-predicted 

emissions values for individual countries can be attributed to the fact that the values of some 

input parameters were estimated as well as a break in the time series data. 

 

Figure 2. Comparison of actual and ANN model predicted SOx emissions for the test dataset 

CONCLUSION 

The main goal of the research in this paper was the development of a model for 

predicting SOx emissions into the air. The developed model is based on artificial neural 

networks (ANN) and the application of available industrial, economic and traffic indicators 

as input variables for model development. Since the model based on the ANN approach 

showed very good results in predicting the SOx emissions, a regression (MLR) model was 

also developed to compare the results. The prediction results showed that the ANN model 

gives significantly better prediction results compared to the MLR model. Based on the 

obtained results and in comparison with existing models, it can be concluded that the created 

ANN model provides good and reliable predictions of SOx emissions. 
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Abstract. The dependence of atmospheric pressure 𝑃 on altitude 𝑧 (barometric formula) 𝑃 ∝
𝑒− 𝑐𝑜𝑛𝑠𝑡∙𝑧 is derived from the static equilibrium condition in the atmosphere. In this derivation, 

it is assumed that the atmosphere is isothermal and the Earth’s gravitational field is 

homogeneous. Both of these assumptions are approximations. The non-zero vertical 

temperature gradient of the atmosphere is the main criterion for introducing and separately 

considering different layers of the atmosphere. Thus, at low altitudes, the temperature gradient 

is constant and negative in its lowest layer – the troposphere, which contains approximately 

80% of the atmospheric mass. The paper first presents how the temperature gradient is 

obtained and then uses it to derive the barometric formula for a non-isothermal troposphere. 

Keywords: barometric formula, troposphere 

INTRODUCTION 

Barometric formula 

𝑃(𝑧) = 𝑃(0)𝑒
−

𝑚𝑎𝑣𝑔𝑧

𝑘𝐵𝑇 ,    (1) 

shows the dependency of atmospheric pressure 𝑃 on the altitude 𝑧. In this case, 𝑔 represents 

the acceleration due to Earth’s gravity, 𝑇 is the air temperature, 𝑘𝐵 is the Boltzmann 

constant, 𝑚𝑎𝑣 is the average molecular mass of the air (considering that Earth’s atmosphere 

consists of different molecules). Having in mind that 𝑘𝐵 can be represented as the quotient 

of the universal gas constant 𝑅 and Avogadro’s number 𝑁𝐴, the barometric formula can be 

given in the following way 

𝑃(𝑧) = 𝑃(0)𝑒−
𝑀𝑎𝑣𝑔𝑧

𝑅𝑇 ,      (2) 
 

where 𝑀𝑎𝑣  is the average molar mass of air. 

mailto:darko.radovancevic@tfzr.rs


Correction of the Barometric Formula at Low Altitudes Due to a Non-Zero Temperature Gradient 

209 

 

Figure 1. An equilibrium layer of air [2]. 

This relationship is typically derived [1,2] based on the vertical equilibrium of air 

layers (Figure 1), leading to the following 

𝑑𝑃 = −
𝑃

𝑅𝑇
𝑀𝑎𝑣𝑔𝑑𝑧                 (3) 

from which, by integration, equation (2) is obtained.  

Before the time of GPS, the barometric formula was used to determine the 

aircraft’s altitude. A barometer scale can be calibrated to display the altitude immediately 

at which a given pressure is measured. Instruments designed to measure altitude are called 

altimeters. 

Another method for deriving the barometric formula is based on the Boltzmann 

distribution and the ideal gas law equation (known as the Mendeleev-Clapeyron equation). 

According to the Boltzmann distribution, air concentration decreases with altitude 

according to the following expression 

𝑛(𝑧) = 𝑛(0)𝑒
−

𝑚𝑔𝑧

𝑘𝐵𝑇 = 𝑛(0)𝑒−
𝑀𝑎𝑣𝑔𝑧

𝑅𝑇 .    (4) 

By substituting the expression (4) into the ideal gas law equation , 𝑃 = 𝑛𝑘𝐵𝑇, the 

barometric formula (1), that is, (2), is obtained.1 

In both derivation methods, it is assumed that the air temperature is constant, the 

atmosphere is in an ideal gas state and has a homogeneous composition, and the Earth’s 

gravitational field is homogeneous. None of these assumptions are entirely accurate, with 

the most significant error being introduced by assuming atmospheric isothermality. 

It is commonly considered that the atmosphere is ''composed'' of the following 

layers: troposphere (first 10 km), stratosphere (10–50 km), mesosphere (50–85 km), 

thermosphere (85–500 km), and exosphere (500–1000 km). The main criterion for this 

division of the atmosphere is the trend of temperature change with altitude, as depicted in 

Figure 2. 

 

 

 

 
1Due to paper length limitations, the intriguing analysis of the origin of atmospheric pressure will 

not be addressed here. 
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Figure 2. Variations in atmospheric temperature with altitude [2]. 

 

It can be observed that the temperature is not only constant, but it also changes 

through the layers of the atmosphere in very different ways. At this point, it is significant 

to consider only the troposphere for at least two reasons: 

- people live within that layer of the atmosphere and move through it (excluding 

space travel), and 

- about 80% of the total mass of the atmosphere is located within the troposphere.  

TEMPERATURE GRADIENT IN THE TROPOSPHERE 

   Air in the atmosphere, at low altitudes, i.e., in the troposphere, is primarily heated 

from below, meaning from the Earth’s surface. To get an expression describing the vertical 

temperature gradient, a parcel of dry air2 that rises convectively will be considered, 

expanding and cooling in the process. Since the speed of the observed convection is of the 

order of decimeters per second [3], the heating of the air parcel due to solar radiation can be 

neglected. Furthermore, since air is a poor conductor of heat, the thermodynamic processes 

that occur with the parcel will be considered adiabatic.  

 

 

 

 
2 The influence of water vapour in the air will be considered later. 
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Figure 3. Air parcel convective movement [2]. 

According to the first law of thermodynamics, the amount of heat ∆𝑄 exchanged 

between the system and the surroundings is related to the change in its internal energy ∆𝑈 

and the action ∆𝐴  as follows 

∆𝑄 = ∆𝑈 + ∆𝐴                                                           (5) 

The change in internal energy of an air parcel is given by ∆𝑈 = 𝑚𝐶𝑉∆𝑇, where 

𝑚 is the mass of the parcel, and 𝐶𝑉 is its specific heat capacity at constant volume. The 

work done by the system is ∆𝐴 = 𝑃∆𝑉. As for adiabatic processes ∆𝑄 = 0, the equation 

(5) becomes 

𝑚𝐶𝑉∆𝑇 = −𝑃∆𝑉                                                           (6) 

or in the differential form 𝑚𝐶𝑉𝑑𝑇 = −𝑃𝑑𝑉. By differentiating the adiabatic equation,  𝑃 ∙

𝑉𝛾 = 𝑐𝑜𝑛𝑠𝑡, 𝛾 =
𝐶𝑃

𝐶𝑉
, one gets 𝑃𝑑𝑉 = −𝑉𝑑𝑃/𝛾, which, upon substitution into equation (6), 

gives 

   𝑚𝐶𝑉𝑑𝑇 =
𝑉𝑑𝑃

𝛾
                                                               (7) 

Since the pressure gradient is ∇𝑃 = −𝜌𝑔𝑒𝑧, the pressure differential is 𝑑𝑃 =
−𝜌𝑔𝑑𝑧. As a result, the relation (7) transforms into 

   𝑚𝐶𝑉𝑑𝑇 = −
𝐶𝑉

𝐶𝑃
𝑉𝜌𝑔𝑑𝑧.                                                      (8) 

After simplifying the expression, one gets 

 
𝑑𝑇

𝑑𝑧
= −

𝑔

𝐶𝑃
 .                                                                (9) 

Where the required temperature gradient is 

   ∇𝑇 = −
𝑔

𝐶𝑃
𝑒𝑧.                                                           (10) 
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The ratio 
𝑔

𝐶𝑃
= Γ𝑑  is called the adiabatic temperature gradient of a dry atmosphere. Based on 

the values 𝑔 = 9,81 
m

s2
 and 𝐶𝑝 = 1,0035 

kJ

kgK
, one gets Г𝑑 = 9,78

K

km
≈ 10

K

km
. If the 

temperature were to decrease at this rate, at an altitude of about 10 km (top of the 

troposphere), the temperature would be around 100 K lower. However, the actual 

temperature decrease at this altitude is about 50–60 K. This difference results from water 

vapour in the atmosphere, which releases latent heat that warms the air upon cooling and 

condensation.  

BAROMETRIC FORMULA FOR NON-ISOTHERMAL TROPOSPHERE 

Integrating (9), one gets 
 

   𝑇(𝑧) = 𝑇0 − Γ𝑑𝑧.                                                       (11) 
 

It can be observed that the temperature of the troposphere decreases linearly with 

altitude. After substituting (11) into (3) and performing integration, the barometric formula 

is obtained 

   𝑃(𝑧) = 𝑃0 (1 −
Γ𝑑

𝑇0
𝑧)

𝐶𝑃
𝐶𝑃−𝐶𝑉,                                          (12) 

derived under the condition of a linear temperature gradient. 

 

Figure 4. Comparison of two models and measured data [2]. 

Figure 4 depicts graphs of the barometric formula’s dependency for the isothermal 

and non-isothermal troposphere with solid lines, while the measured pressure values are 

shown with a dashed line. Since the dashed line is between the solid lines, neither model is 

entirely accurate. However, given that the dashed line is closer to the line corresponding to 

the non-isothermal troposphere model, it can be concluded that this model better describes 

the real situation. 
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CONCLUSION 

Starting with the assumption of a homogeneous gravitational field of the Earth and 

considering the existence of a vertical temperature gradient in the troposphere, the 

barometric formula (12) is derived in the study. Measurements show deviations from (12) 

that result from other effects not considered here (such as the presence of water vapour in 

the atmosphere, non-homogeneity of the Earth’s gravitational field, non-inertial reference 

frame, variation of the mean molar mass of the atmosphere with altitude...) which forms the 

basis for considering more accurate theoretical models. 
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Abstract. Teaching high-school mathematics could be a challenging experience (both for 

teachers and students) due to lack of real-world problems in mathematical curricula. In this 

paper we give an example of one teaching topic in high-school mathematics were the 

environmental issues could be brought into students’ attention. Namely, we give an alternative 

scenario where students learn about the concept of mathematical modelling that bridges the 

gap between the abstract realm of mathematics and environmental considerations in the real 

world, empowering their mathematical knowledge and illustrating them how the 

environmental issues are important in this vibrant world. 

Keywords: teaching high-school mathematics, enviromental 

INTRODUCTION 

The fact that the environment secured its place in the highest legal act of the Republic 

of Serbia speaks most profoundly about its significance for the whole society. In the 

Constitution of the Republic of Serbia, there is an Article 74 dedicated to the healthy 

environment. More precisely, it stipulates that “Everyone shall have the right to healthy 

environment and the right to timely and full information about the state of the environment” 

[1]. In this way, problems involving environmental issues were moved from faculties and 

laboratories, being now problems for the state and society as well. In the National 

Environmenal Protection Program, problems that contribute to the environmental 

degradation were identified. Among others, there were “inadequate  formal educaton in 

environmental sciences”, as well as “insufficient informal education regarding 

environmental issuses, as a consequence of the limited access to the appropriate 

information” [2].  

Pieces of information from the media dealing with environmental issues tucked in 

headlines if these issues are “not so bad”. On the other hand, news regarding environmental 

issues appearing on cover pages or headlines are apocalyptic ones, where there is too late 

for prevention. Moreover, in public discourse there are so many buzzwords related to 

environmental problems, e.g.  “greenhouse effect” of “global warming”  floating without 

meaning. Our aim is to present a scenario were students learn about the environmental 

issuses during the mathematic classes.  The purpose of this short paper is to illustrate, 

through the example, how the importance of environmental conservation could be brought 

closer to high school students, particularly within the context of mathematics education in 
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gymnasium, and how it could help fighting two causes of environmental degradation listed 

in the National Environmental Protection Program. 

IS THERE A PLACE FOR NATURE IN THE HIGHSCHOOL 

MATHEMATCS ?  

The implicit answer to the question posted in the (sub)title will be provided by the 

Mathematics Curriculum for high school [3]. Namely, students should develop “abstract 

and critical thinking”,  “the ability to communicate in mathematical language”,  as well as 

“to apply acquired knowledge” and “to solve real-life problems” (emphasized by Đ.V.). On 

the other hand, the language of the curriculum goals significantly differs from the language 

of the teaching topics and teaching units that are fragmented in the teaching program. The 

program only provides guidelines and outlines for the lesson, without entering into every 

classroom. Therefore, the teacher is not merely an administrator who studies one set of 

tables to fill in another - teachers have the freedom (but also the responsibility!) to, in 

accordance with their own experience, personal sensibilities, and awareness of the social 

responsibility, choose topics of significance for the broader community (and the topic of a 

healthy environment, woven into the Constitution of this country, certainly merits this), and 

present them in mathematics classes, establishing their importance for society. 

The earliest example of “solving real-life problems” that a student encounters in 

mathematics education are known from elementary school, where the problem is first 

formulated in mathematical language (often as an equation), then solved in a calm 

environment without the hustle and bustle of real life, and, finally, the result from the 

abstract world of mathematics is translated into real world. Further education will bring 

changes - more complex problems requires more complex equations, so these simple 

problems eventually lead to the concept of mathematical modeling. 

In the sequel, we will find a place for topics related to students' awareness of a healthy 

environment that surround us, in high school mathematics education, in the second year of 

gymnasium.  

TEMPERATURE RISES  

The content in the second year of high school in mathematics is quite demanding; 

students acquire concepts they have not encountered before. During just one year, they will 

systematically study elementary functions: powers, exponential, logarithmic, trigonometry. 

The laws and rules that govern these elementary functions (many of which appear unnatural 

to students and are often memorized by heart) will be practiced through complex identities, 

equations, and inequalities. In this dense forest of non-intuitive rules, it is difficult to see 

trees. All these functions have their place in STEM curricula, where the idea of functional 

dependency is crucial. Hence, it is important to grasp the significance of elementary 

functions property. For this purpose, it is best to start from the simplest ones. 

In Figure 1, taken from [4], the dependency of the change in the average annual Earth’s 

temperature before 1960 is shown, depending of the year of measurement. 
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Figure 1. Earth temperature rises  
 

In mathematics education, students generally find the coordinate system as an abstract 

framework where depended and independent variables are dimensionless or, in the case of 

physics, relationships like distance vs. speed. In the given example, students have the 

opportunity to attempt to interpret functional dependency; it is evident that the temperature 

increases with the year of observation. If we simply the problem and look at the dependence 

of the average annual temperature with respect to a decade, we get a curve that resembles a 

line. The approximate dependence is  

 

 𝑡(𝑥) = 0.1 𝑥 + 0.05 (1) 

 

In the given equation, 𝑡 is the temperature in degrees Celsius (℃), and 𝑥 is the number 

of decades after 1960, e.g., for the period 1960–1970, 𝑥 = 0. Students are certainly familiar 

with the linear function 𝑦 =  𝑘𝑥 +  𝑛; it  is necessary to discuss what 𝑛 =  0.05 represents 

in this specific example. How much temperature change during 'our' decade does this model 

predict? It is also crucial to explain to students what the coefficient of slope k represents, 

prompting them to precisely formulate that such a slope means that the Earth's temperature 

will increase on average by 0.1 degree over a decade. If we ask ourselves  what happens if 

we use Kelvin or Fahrenheit (℉) instead of Celsius, how this unit change would  affect the 

coefficients? There are just a few of the numerous questions that guide students on how to 

approach a model in front of them.  

Gifted students could be provided with an outline of the method that calculates the 

mentioned coefficients; the least squares method is a powerful tool of mathematical 

modeling and, as such, at least a flavor of it deserves a place in high school mathematics.  
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WHY THE TEMPERATURE RISES 

 During the second year of mathematical education, new elementary functions will be 

introduced, along with a new opportunity to delve into the previously mentioned problem. 

Students will encounter themselves with Arrhenius' law [5] 

 
∆𝐹 = 𝛼 ln

𝐶

𝐶0

 
(2) 

 

In the latter, ∆𝐹 suggests temperature change, α is the constant, while 𝐶 и  𝐶0    are 

concentration 𝐶𝑂2  in the atmosphere at the observation moment and “time zero”, 

respectively (such unconventional symbols for dependent and independent variables might 

confuse students, but they need to be directed to expect such surprises when delving into 

science). Logarithms are often abstract to students, so it's possible to provide a numerical 

value for: ∆𝐹 = 𝛼 ln 𝐶 − αln 𝐶0 ; on the other hand, change from base e (“why we choose 

this complicated number as the base of logarithm?” - students might inquire) to the base 10 

could be done. Then the most important question can be posed - if the concentration of 

𝐶𝑂2  doubles, how much does the Earth's temperature change? 

This problem, without numerical values,  demands new variables 𝐶1  and 𝐶2 = 2𝐶1  

Now we have 

 

 
∆𝐹1 = 𝛼 ln

𝐶1 

𝐶0

, ∆𝐹2 = 𝛼 ln
𝐶2 

𝐶0

 
(3) 

 

and therefore 

 

 

∆𝐹2 − ∆𝐹1 = 𝛼 ln
𝐶2 

𝐶0

− 𝛼 ln
𝐶1 

𝐶0

= 𝛼 ln

𝐶2 

𝐶0

𝐶1 

𝐶0

 

(4) 

 

meaning 

 

 ∆𝐹2 − ∆𝐹1 = 𝛼 ln 2 (5) 

 

Therefore the model suggest that the case of doubling the concentration of carbon 

dioxide will result in increasing ∆𝐹 for the value of 𝛼 ln 2.  The graph of the mentioned law 

could be presented; students should compare logarithmic and linear growth.  Moreover, 

increase in carbon dioxide concentration in the atmosphere is significant, data from [6], 

could be presented. 
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Figure 1. Increase in carbon dioxide concentration in the atmosphere 

CONCLUSION 

Provided examples, which would not occupy more than two teaching unit, aligned with 

the spirit of the curriculum and the topics that are about to be learned, help students 

developing conceptual understanding   of a function whose model is obtained. Then, in a 

unique visa-free regime, the transition occurs from mathematics to a natural phenomenon 

that is modeled and vice versa. In the first example, a student gains insight into the rise of 

Earth’s temperature, while in the second one, such an increase is connected to the 

concentration of carbon dioxide in the atmosphere. In this way, student learns about the 

elementary function whose properties are far from intuitive and may not be entirely natural 

for the average student. Finally, the student is given the opportunity to explore the rise of 

carbon dioxide in the atmosphere, based on data. Despite the fact that delving into the 

physical aspects of greenhouse effect is not possible (nor necessary) during math classes, 

much is achieved – mathematical knowledge is deepened, mathematical modeling is 

practices through a very illustrative example, the model of one complicated process is 

interpreted, and the Constitution says it affects the entire society. Is there much more than 

that? 
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Abstract. One of the most important air pollutants is particulate matter, small particles 

suspended in the air. Industrial production plays a major role in air pollution, and therefore it 

is important to understand its impact on air quality. PM2.5 (particulate matter with an 

aerodynamic diameter smaller than 2.5 µm) samples were collected in the vicinity of an oil 

refinery during the period from December 1, 2017 to December 11, 2019. Sampling was 

performed with two cyclone samplers on thin polytetrafluoroethylene filters and was 

conducted every other day for 24 hours. Using the XRF (X-Ray Fluorescence) technique, 

samples were analyzed to obtain concentrations of 17 elements from Na to Pb. Concentration 

of PM2.5 was determined from gravimetric analysis, and the average PM2,5 concentration was 

11.2 µg/m3. 

Keywords: particulate matter, XRF, oil refinery  

INTRODUCTION 

Particulate matter (PM) is a mixture of solid and liquid particles suspended in the 

atmosphere. These particles are usually divided into coarse particles with an aerodynamic 

diameter greater than 2.5 µm and fine particles with an aerodynamic diameter less than 2.5 

µm. The source of coarse particles is mostly natural substances such as sea salt, volcanoes, 

and plant particles. Fine particulate matter, on the other hand, is mainly anthropogenic, i.e., 

it is produced by industry, fuel combustion, and wood burning. 

Why are particulate matter so important to human health? Because of their size, they 

can enter the human respiratory system and affect human health, especially the respiratory 

and cardiovascular systems [1]. 

Fine particulate matter (PM2.5) has been monitored for several years in the city of Rijeka, 

Croatia, where an overall characterization of urban pollution was assessed. The main 

pollution sources such as traffic and secondary sulfates were identified at this site [2]. 

However, in order to characterize some specific pollution sources such as certain industries, 

metal processing technologies, or waste disposal, pollution should be monitored in the 

immediate proximity of the source. For this purpose, PM2.5 sampling in the vicinity of an 

oil refinery started in 2016 and some of the results were summarized in [3].  

The aim of this study was to extend the sampling and characterization of PM2.5 by 

elemental characterization using the X-Ray Fluorescence (XRF) technique. 
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EXPERIMENTAL 

PM2.5 sampling was performed using a homemade cyclone sampler based on the 

ANSTO APS sampler [4]. With this sampler, particles with an aerodynamic diameter less 

than 2,5 μm are captured on thin stretched polytetrafluoroethylene membrane filters (d = 25 

mm). At the same time, the air flow is measured. The average air flow was 18,98 L/min 
 and the average filtered air volume was 27,33 m3. 

 

Samples were collected every other day for 24 hours. Sampling started on December 1, 

2017 and ended on December 11, 2019. Due to some technical problems, there were several 

pauses in sampling, so we collected a total of 199 PM2.5 samples.  

To determine the total PM2.5 concentrations, each filter was weighed before and after 

sampling. Gravimetric analysis was performed at the Laboratory for Macromolecular 

Research at the Centre for Micro and Nano Sciences and Technologies, University of 

Rijeka. It is very important to minimize the influence of humidity, so, for this reason, the 

filters were stored for at least 24 hours under stable conditions of 22 °C and 20% relative 

humidity before weighing with the Mettler Toledo XA105 Dual range balance (readability 

10 μg). 

Besides the total PM2.5 concentrations, elemental analysis of the samples was done by 

means of X-Ray Fluorescence technique (XRF) at the Laboratory for Elemental 

Microanalysis at the Faculty of Physics, University of Rijeka. For this purpose, a low-power 

Rh X-ray tube was used for excitation at 50 kV and 1 mA. The beam collimated to a 

diameter of 2 mm was directed perpendicular to the sample. A silicon drift detector was 

used to detect the characteristic radiation, placed at an angle of 45° to the sample. In this 

way, each sample was scanned with 7×7 pixels, giving an area of about 8 mm2. The sum 

spectrum for each sample was then used for analysis. Scanning was performed in air.  

The spectra were analyzed using QXAS software [5], which uses the Voigt profile to fit 

a spectral line. K-alpha lines were used for quantitative analysis of all elements except for 

Pb, for which L-lines were used. System efficiencies for each energy were determined using 

mono- and poly-elemental thin standards. With the given setup, we were able to determine 

the concentrations of the following elements: S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, and 

Pb.  

RESULTS 

The sampling site near a refinery (approx.100 m) is in an area with low population 

density, relatively low traffic, and no other significant local pollution sources. The total 

PM2.5 and elemental concentrations determined with XRF are very similar to those 

measured at an urban site in the city of Rijeka [2,3]. Nevertheless, the concentrations of 

some elements such as sulfur, vanadium, and nickel were higher than the usual levels 

measured in the near urban site.  

An example of a time series of elemental concentrations can be seen on Figure 1, which 

shows sulfur concentrations during the sampling period.  
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Figure 1. Time series of sulfur concentrations measured in the vicinity of an oil refinery. 

CONCLUSION 

During the period from December 1, 2017 to December 11, 2019, a sampling campaign 

of fine particulate matter was conducted near the oil refinery to estimate the concentration 

of S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, and Pb. The concentrations of the observed 

elements are comparable to the concentrations in the city of Rijeka, but some elements are 

measured in higher concentrations. Additional statistical analysis should be performed to 

estimate the extent of the oil refinery's impact on overall air quality at this location.  
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Abstract. In this paper, we present a simple experiment illustrating the influence of carbon 

dioxide (CO2) on the greenhouse effect and its role in global warming. By employing a simple 

and engaging activity using two glass jars – one filled with regular air and the other with air 

containing an increased level of CO2 – we aim to enhance children's understanding of the 

greenhouse effect and its role in climate change. Using experiments like this could lead to 

increased environmental awareness and improve children’s understanding of this complex 

phenomenon. 

Keywords: CO2, global warming, greenhouse effect, climate change, environmental education 

INTRODUCTION 

Global warming and climate change are pressing issues that require comprehensive 

understanding and collective action. Educating children about these topics is crucial for 

developing awareness of these issues. A key factor in global warming is the presence of 

carbon dioxide (CO2) in the atmosphere. This paper presents a pedagogical experiment 

designed to illustrate the influence of CO2 on global temperatures. 

The greenhouse effect is a natural process that enables life to thrive on Earth by trapping 

the heat from the sun within the atmosphere. This process involves the interaction of various 

greenhouse gases, including CO2. Carbon dioxide, although present in trace amounts, plays 

a vital role in the greenhouse effect due to its ability to absorb and re-emit thermal radiation. 

However, human activities, such as burning fossil fuels and deforestation, have significantly 

increased the concentration of CO2 in the atmosphere, leading to an enhanced greenhouse 

effect and subsequent global warming. 

THE PEDAGOGICAL EXPERIMENT 

The experiment demonstrates the impact of CO2 on global warming by comparing the 

temperature changes in two identical glass jars – one filled with regular air and the other 

with air containing increased levels of CO2. The origins of this experiment go back as far 

as 50 years [1]. Some of the experiment variations used open [2,3] or closed containers 

[4,5]. However, using open containers had been criticized [6–8] because the temperature 

change can be explained by reduced convection (since CO2 is denser than air), and not by 
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the greenhouse effect of CO2. We used both approaches because it can be argued that the 

atmosphere can be modelled as both an open and a closed system. 

In our experiment, the CO2 was produced by mixing vinegar and baking soda in a small 

bottle and capturing the vapor with a rubber balloon. Both jars were placed next to each 

other in a location exposed to the sun. The temperature rise of the air inside the jars was 

monitored with an affordable XK-W1088 digital dual thermometer. The digital 

thermometer had been previously calibrated using a Roth analogue thermometer with 0.1 ℃ 

precision. 

The experiment setup is shown in Figure 1. 

 

    
Figure 1. Two identical jars were put in the sun (left), one containing regular air, and the other containing 

increased CO2 levels. The experiment had two variations – the jars were open and closed. The picture on the 

right shows a close-up of the thermometer probes. 

MEASUREMENT RESULTS 

To verify that the measurement conditions were identical, we placed two jars in the sun 

and measured the temperatures in thermal equilibrium. Because of the constantly changing 

atmospheric conditions, we considered the temperature to be established if it remained 

constant for two minutes.  

In our initial tests, the two seemingly identical jars were in fact different. The probes in 

the two jars registered different temperatures of 46.3 ℃  and 45.6 ℃. When the jars were 

closed, the temperature was different again – 52.7 ℃ and 51.6 ℃. This led us to suspect 

that the two jars were made of different glass. 

After repeating the tests with a new pair of jars, we have obtained equal temperatures of 

48.3 ℃ for both probes with open lids. Thus, we could examine the effects of CO2, since 

the jars were identical. 

We have first injected CO2 into one of the jars, while leaving the jars open. The results 

are shown in Figure 2. At that time, the atmosphere temperature was dropping, so both jars 

were cooling off. However, the cooling effect was more noticeable in the jar with plain air. 

With time, probably due to concentration gradient, the CO2 escaped the enriched jar, with 

temperatures levelling.  

After this, we tested the closed jar model of the atmosphere. The results are shown in 

Figure 3. At this time, the jar temperature was rising. As expected, the rise was steeper in a 

CO2 enriched jar, and the final temperature was higher. 
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Figure 2. Temperature comparison of two identical open jars. One jar contained air, and the other one contained 

air with increased levels of CO2. 

 

 
Figure 3. Temperature comparison of two identical closed jars. One jar contained air, and the other one 

contained air with increased levels of CO2. 

DISCUSSION 

Based on the observations and results, the students can be involved in a discussion about 

the role of CO2 in trapping sunlight heat and causing the greenhouse effect. Implications of 

global warming, such as rising sea levels, extreme weather events, and the impact on 
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ecosystems and human societies could further be discussed. The children can reflect on their 

individual and collective behaviour and its contributing to the CO2 emission. 

Similarly, the students can be involved in a discussion about subtleties of temperature 

measurements. The probe temperature was affected by atmospheric conditions, shadows 

(even the slightest ones), jar orientation towards the sun, jar positioning (horizontal, 

vertical), our distance from the jars, etc. All these phenomena can be used to illustrate 

physics of heat transfer. 

CONCLUSION 

The pedagogical experiment presented in this paper offers an engaging method to 

educate children about the influence of CO2 on global warming. It is simple, affordable, and 

relatively quick. By providing obvious and tangible evidence, this experiment enhances 

children's comprehension of the greenhouse effect and fosters environmental awareness.  
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Abstract. The oil and gas industry faces challenges of low carbon and net-zero future. 

Combustion of fossil fuels negatively affects the environment. It is evident that humanity 

still needs oil and gas as one of the main sources of energy, but can they be sustainable? In 

this paper the global demand for energy will be presented. Moreover, alternatives and 

possible solutions to reducing emissions of carbon-dioxide will be discussed. 

Keywords: energy, carbon-dioxide, sustainable development, net-zero, oil and gas 

INTRODUCTION 

Achieving a net-zero future is a highly challenging task, especially in the modern 

world where the main sources of energy are still fossil fuels. During the past several 

decades the oil and gas industry has had the biggest impact on meeting the global energy 

demand [1]. Global warming, rising of the sea level and climate change are tightly 

connected with anthropogenic greenhouse gases emissions. The combustion of fossil fuels 

accelerates these processes, which can provoke a lack of food and fresh water and more 

frequent natural hazards [2]. On average, the sea level rises around 3,2 mm annually, but 

according to the National Oceanic and Atmospheric Administration, the sea level rising is 

dramatically accelerating and it is estimated to rise by 350 mm by 2050 [3,4]. The 

consequences of the rising of the sea level can have a vast impact on the entire planet and 

on humans all over the world [5]. Humanity needs to make great changes in the habits of  

energy consumption and transition to achieve the net-zero concept. This paper aims to 

explore the general demand for energy, as well as potential solutions for a sustainable 

future in the oil and gas industry. 

Energy demand, consumption and efficiency 

The global energy demand is rising rapidly all over the world [6]. It is estimated that 

the global energy consumption will be around 53% higher in the next 10 years [7]. Taking 

this information into consideration, it is evident that humanity needs a new approach to 

the energy management. On the other hand, the global oil production has been increasing 

monthly in 2023. According to [8], the world crude oil production was 82,30 M in 

February 2023, while in January 2023 it was 80,74 M. The production is getting higher, 
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but one of the future’s challenges will be the limitation of fossil fuels supplies [9]. The 

energy efficiency means minimizing the waste of energy. In other words, a 

process/machine that uses less energy has higher energy efficiency than the one that 

consumes more energy to perform the same task [10].  

 

 
Figure 1. Diagram that shows the oil production difference between January and February 2023 

[9]. 

Geological storing of carbon-dioxide 

Carbon capture and storage can be a good transition option when it comes to 

mitigating carbon dioxide emissions from the processes of combustion of oil and gas. This 

process consists of several complex operations. The CO2 can be captured directly in 

industrial facilities or from the atmosphere. In both cases, when captured, it is being 

compressed [11]. Compressed CO2 takes up less volume than the non-compressed, 

making it more suitable for transportation. The methods of transportation can vary and 

depend on the specific needs. Transportation can be done by pipeline, rail, ship, etc. When 

the compressed CO2 is transported to the location of the injection (which can include deep 

coal layers, salt-water aquifers or depleted oil and gas fields), the process can begin [12]. 

Injecting carbon dioxide into underground sites can significantly reduce its concentration 

in the atmosphere. This technology could play a notable role in terms of global energy and 

climate change [11]. 
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Figure 2. Process of geological storing of CO2 [12]. 

CONCLUSION 

The oil and gas industry needs to find its way to a sustainable future. This paper 

presents two possible solutions to solve the problem of the excessive carbon dioxide 

production when it comes to the usage of fossil fuels (oil and gas). The first one is the 

energy efficiency, which is the key to sustainable development in terms of the oil and gas 

industry. This could be achieved by using more efficient machines, industrial processes, 

devices, vehicles etc., that produce less greenhouse gases. The second one is CCUS 

(Carbon Capture, Utilization and Storage). If we use less efficient devices that produce 

more carbon dioxide, we can employ modern technologies to capture and store CO2 in 

underground storages and prevent their emissions into the atmosphere. The best solution 

would be to combine these two approaches, and by implementing them, we will be a step 

closer to accomplishing the net-zero concept. 
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Abstract. Current global demand for the crude oil will be presented in this paper. Moreover, 

the consequences of the oil combustion for the environment will be discussed, particularly 

the release of greenhouse gases. Paper also emphasizes the impacts of global warming on 

the environment and populated coastal areas. 
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INTRODUCTION 

Planet’s ice-covered regions are in danger. Glaciers, permafrost and high mountain 

peaks are facing meltdown that is accelerating from year to year. The consequences of 

these geographically partial changes have far-reaching impacts, affecting the entire planet, 

as well as people in numerous ways [1]. According to the National Oceanic and 

Atmospheric Administration, it is estimated that the sea level will rise by up to 35 

centimeters during the next 3 decades [3]. Humanity needs energy more than ever, so the 

energy consumption and demand are getting higher annually. This paper gives a brief 

analysis of the current situation in the sphere of oil production and climate change, 

focusing on the impact of the oil and gas industry on global warming. 

World’s Oil Production 

The oil and gas industry has experienced fluctuations throughout history. Important 

factors that affect production are demand, prices, politics etc.  On the other hand, oil as 

one of the most important energy resources has a great impact on various sectors, 

economies and geopolitics. Historical chart of crude oil production over the last 15 years 

is shown in the Figure 1. If we exclude the global Covid-19 lockdown period that started 

at the beginning of 2020, where the demand was very low, it can clearly be seen that the 

oil production, as well as demand, was rising through the years, with small oscillations 

that occured due to different global or local events that negatively affected the oil 

industry. The rising trend in oil production is confirmed by the fact that the oil production 

in February 2023 was higher up to 1.93% compared to the average oil production in the 

previous year [2].  
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Figure 1. Crude oil production chart [3]. 

Oil and Carbon 

When we talk about pollution and greenhouse gas emissions, it can be said that the oil 

and gas industry is one of the main contributors to such a high concentration of CO2 in the 

atmosphere [4]. On average, crude oil contains between 82 and 87 percent of carbon [5]. 

When the oil is burning, carbon from the oil combines with the oxygen from the air, 

which forms molecules of CO2. This way combustion of the oil releases carbon dioxide 

and many other greenhouse gases into the atmosphere. These gases provoke the 

phenomenon known as the greenhouse effect. Basically, gases accumulate in the 

atmosphere and act like a blanket that traps the heat and does not allow it to return to 

space and thus overheating of the Earth happens (Figure 2). According to [6], emissions of 

CO2 from oil in 2022 grew by 2.5%, comparing to the emissions in 2021. 

 

Figure 2. Greenhouse effect [7]. 
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Coastal areas affected by global warming 

It is a widely known fact that global warming causes rising of the sea level, as well as 

the fact that the coastal areas are the most endangered regions when it comes to rising of 

the sea level. Global warming dramatically accelerates melting of the polar ice, which 

provokes rising of the sea level. According to NASA, the sea level has risen by 98.5 

milimeters in the last thirty years [8]. Considering the fact that extra 20 centimeters of the 

sea level can lead to significant hazards if a hurricane happens (the water can flood 

several kilometers of land more than it would flood if the sea level was normal), it can be 

concluded that coastal areas are in danger. 

CONCLUSION 

This paper has explored the relationship between crude oil demand, combustion and 

global warming. The increased demand contributes to global warming via the more 

intensive production of greenhouse gases. This does not affect just the environment, but 

also the people who inhabit coastal areas. If the rise of the sea level continues, the near-

coast settlements, as well as the big coastal cities, will be flooded forever. 
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