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Abstract. Understanding the Earth’s climate and predicting its future behavior is, first and 
formost a problem in Physics. A historical overview of the main ideas and views on the 

greenhouse effect and its impact on the climate system is given. Those fondations of our 

understanding is almost two centuries old. Modern interpretation of the climate change and 
its antropogenic contribution is reviewed with its key ingredient-the greenhouse effect. 

Accuracy, uncertenities, boudaries and sensitivity of models, from basics to complex one are 

analysed.  New basic experiments for more quanitaive estimation of greenhous effect is 

proposed. 
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INTRODUCTION 

Nowadays, society and scientists face two basic problems: the problem of energy and 

the problem of the environment. Both problems are highly interdisciplinary and 
multidisciplinary. Physics, as a basic science, occupies a central place, especially when it 

comes to climate change and global warming. Underlining that, The Intergovernmental 

Panel on Climate Change (IPCC), the United Nations body for assessing the science related 

to climate change, changed the title of their reports from ‘Scientific Assessment’ to 

‘Physical Science Basis’ in 2007 [1]. 

The knowledge about the composition and structure of the atmosphere and ocean and 

their coupled behavior, together with new global measurement systems like remote sensing, 

and numerical computer models, make possible quantitative studies and predictions of 

issues such as global warming and climate change. For example, only IPCC Sixth Report-

Climate Change 2021 was based on an assessment of over 14,000 scientific publications 

and in IPCC Fifth Report stated, with high confidence, that human-induced warming 

reached approximately 1°C (likely between 0.8°C and 1.2°C) above pre-industrial levels in 

2017, increasing at 0.2°C (likely between 0.1°C and 0.3°C) per decade [2]. 

The main tasks for physicists are to calculate the state of the climate from an 

understanding of the physical laws that govern it, knowing some basic boundary conditions. 

We need to understand how stable it is, and how it may change in response to external or 

internal forcing, like solar variability as an example of external forcing or  changes in the 
minor constituent concentration  in the atmosphere, popularly named ‘greenhouse’ effect, 

as internal one [3]. 
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In this work is analyzed increasing greenhouse effect due to increasing ‘greenhouse’ 

gases in the atmosphere as the consequences of volcanism, or to pollution by industrial and 

other human activities. The anticipated global warming has generated a strong demand for 

development of improved techniques for the early detection of the predicted climate change 

signal. Accuracy, uncertenities, boudaries and sensitivity of models, which describe 

greenhouse effect, from basics to complex one, are reviwed in a sense of historical 

development and the current state. 

A SHORT HISTORY OF CLIMATE PHYSICS 

To date, it has become clear which works were the main ones in reaching today's level 

of understanding of such a complex system as the Earth's climate and its main process - the 

greenhouse effect [4-9]. Usually, the starting point is connected to J. Fourier’s study of the 

Earth’s energy budget (1827), with an important conclusion that prevailing Earth’s energy 

source is solar radiation. Also, he noted that the existence of the atmosphere must raise the 

temperature of the Earth's surface, and called it 'un effet de verre'. 

The experimental foundations for future studies of greenhouse effect was done by J. 

Tyndall (1861), measuring the absorption of infra-red (IR) radiation by the cool gas, and 
the emission of IR by the gas when it is heated. Gases in his study that absorb also emit a 

principal now known as Kirkhoff’s law. The most impressive implication of his study was 

that  essentially all of the greenhouse activity of the atmosphere is due to a few trace gases 

such as water vapor and carbon dioxide. Tyndall realized an easy way to change the climate 

of the Earth through time. Instead of waiting for the entire size or mass of the atmosphere 

to change, all that needs to change is the concentration of a few trace gases. 

S. Arrhenius, (Nobel Laureate in chemistry 1903), made major advance in understanding 

greenhouse effect in his paper, published 1896, and practically started modern climate 

physics. Having the data in that time, Arrhenius calculated the warming that would result 

from doubling the CO2 concentration of the atmosphere, a quantity that modern climate 

scientists call the climate sensitivity. The result he’s gotten was 6℃ (modern estimation is 

in the range of (2.5 ÷ 4℃)), but more important was his approach. Basically, what 

Arrhenius had to do was invent the field of climate modeling, which had never before been 

done quantitatively for planets with atmospheres. About Arrhenius one-layer model of the 

greenhouse effect we will discus in more details in next section. 

Modelling  

Models are simplified representations of reality, usually very complex phenomena like 

our climate system. Mathematical formulation of a model reduces system under 

investigation to one of more set of time dependent differential equations that can be solved 
either analytically or numerically, thus giving a chance to see time-evolution and prediction 

of the system behavior.  Simple models provide useful insight into the physics involved, 

while complex models are necessary to obtain the greatest possible accuracy and to attempt 

to incorporate all of the feedback process. All models are based on energy balance budget 

between heating the Earth with solar shortwave radiation and the Earth’s cooling with long-

wave IR radiation: 
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𝐹𝑖𝑛 = 𝐹𝑜𝑢𝑡 , 
 

(1) 

 

where are 𝐹𝑖𝑛 −incoming energy flux and 𝐹𝑜𝑢𝑡 −outgoing energy flux. 

 

The zeroth order model 

 
 

Figure 1. Energy diagram for Earth with no atmosphere  
 

In equilibrium of incoming and outgoing fluxes, one can easily calculate the mean 

temperature of Earth surface as: 

 

𝑇𝐸𝑎𝑟𝑡ℎ = √
(1− 𝛼)𝑆

4

4

≈ 255𝐾 = −18℃, 

 

(2) 

 

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

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

or sometimes radiometric and is of course far away from the real Earth’s temperature, so 

emphasizes the role of the atmosphere in the one-layer model. 

 Arrhenius one-layer model  

In this model a single pane of glass is taken for the atmosphere, simulating a case of 

transparency of solar radiation and trapping of IR (Fig. 2.). Detailed calculation is given in 

[10]. If we mark the temperature of Earth without atmosphere with 𝑇𝐵𝑃  , 𝐵𝑃 −‘bare planet’ 

then the calculated new Earth’s temperature is increased 21/4𝑇𝐵𝑃 ≈ 303𝐾 = 30℃. The 

overestimated temperature ( 15℃−is approx., the average Earth’s temperature) is due to 

great simplification of the model. 

Generalizing this to an N-layer atmosphere one can find  that the Earth’s temperature 

increases following the relation (𝑁 + 1)1/4𝑇𝐵𝑃 with the top of the atmosphere radiating to 

space at 𝑇𝐵𝑃 , with the clear implication of a runaway greenhouse effect.This is  a pioneering 

study of how absorption by CO2 would influence the temperature of Earth’s surface and 
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how Arrhenius built the scientific framework central to the atmospheric column models 

used in successively more complex treatments that have developed since then. This was 

done by Manabe and Wetherlad  in their groundbreaking work 1967 [11]. 

 

 
 

Figure 2. Energy diagram for Earth with atmosphere 

Manabe’s climate model ( convection in the layer model)  

Syukuro Manabe was the first scientist who used the state of energy balance when both 

radiation and convection are taking place, that is, the so-called radiative–convective 

equilibrium. 

 

 
 

Figure 3. Schematically representation of Manabe’s climate model 
 
In this model, the entire atmosphere is treated as a single one-dimensional column with 

a given profile of relative humidity and greenhouse gas concentration. Convection carries 

heat vertically in the atmosphere, supplementing the heat carried by radiation. This process 

constitutes a parameterization of the vertical dynamics as follows. If a column evolves 

solely from radiative transfer, the lapse rate is ∼ - 15 ◦C /km, far greater than observed. 
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Now, the adiabatic lapse rate is ∼ - 10 ◦C /km, but as air rises in a real atmosphere the 

condensation of water releases latent heat, which is largely responsible for the observed, or 

“moist”, lapse rate of ∼ - 6 ◦C /km. 

To understand how it influence the ground temperature (Earth’s surface temperature), 

imagine increasing the concentration of CO2 in an atmosphere. This has the effect of raising 

the altitude in the atmosphere where light on average escapes to space (Fig.4). Let’s call 

that altitude the skin altitude. 

 

 
 

Figure 4. A demonstration of the effect of the lapse rate on  

the strength of the greenhouse effect 

 

 To be in equilibrium with incoming radiation, the outermost part of the atmosphere, the 

part that radiates directly to space, always had the same temperature in all of those different 

model configurations. We called that the skin temperature, and it was always 255 K as we 

calculated it earlier. To meet that requirement and constant ‘moist’ adiabat the ground 

temperature must arise (see Fig. 4). To understand such a complex system S. Manabe got 

Nobel Prize in Physics in 2021. 

General Circulation Model 

The most sophisticated numerical climate models are known as general circulation 

models (GCMs). It including the fluid dynamical equations that represent the circulation of 
the atmosphere in a realistic way. Nowadays we have ocean GCMs as well, and advanced 

climate models include atmospheric and oceanic GCMs that are coupled together. They 

consist of a large number of inter-related, time-dependent mathematical equations requiring 

a massive supercomputer to run. 

DISCUSSION  

Usually the extensive work with a model leads to renewed extensions, which turn simple 

models into complex ones almost as a rule. Not all models are improved by doing this. 

Jørgensen (1994) [12] envisages the connection between model complexity and knowledge, 
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gained by the model, as shown in Fig. 6. Simple models can be improved by extensions, 

but there is a certain peak position after which further extensions do not add to the 

knowledge – rather quite the contrary. An improved model design increases the quality of 

the model (let’s take gained knowledge as a quality measure), but further extensions of the 

improved model may finally lead to a situation in which the increase of model complexity 

is counter-productive. 

 

 
 

Figure 5. Model evaluation: knowledge gained vs. complexity 

 
The major drawback of complex models is the increased number of parameters, 

sometimes to a drastical extend. The situation may be worsened by the fact that many new 

parameters are usually difficult to obtain or have to be determined by parameter estimation 

runs with the model. Another drawback may appear, if the model becomes very sensitive 

to one or more parameters, i.e. that relatively small changes of a parameter induce a 

tremendous effect on the output results. A complex model which depends sensitively on 

numerous unknown parameters can surely not be used as a predictive tool. However, 

complex models have their justification. 

It is not the aim of modeling to set up complex models. The opposite of that statement 

is a more suitable goal: the aim of modeling is to find simple models that explain some 

aspects of a real system. Moreover, if a system is complex, a simple model can explain a 

few aspects at the most and that may not be enough to solve a real problem. 

Instability and nonlinearity underlie multiscale complexity and stochasticity The 

emergence of disorder from order, and with it multiple scales in space and time, is a 

characteristic of complex systems. Understanding the nature of that disorder presents an 

enormous scientific challenge. 

Despite of the problems listed above the scientific level of understanding climate system 
is impressive. In order to assess whether climate models are faithfully reproducing the 

signal from the natural variability, Klaus Hasselmann (Nobel Laureate in Physics 2021) 

paid attention in stochastic climate dynamics and made a framework to systematically 

compare climate models and observations. He found statistically the optimal detector of 

climate change, clearly prooving how to separate stohastic weather as „noise“, from the 

climate change signal. This is variable that has the maximal  signal-to-noice ratio, and  

consist of a weighted linear combination (the „fingerprint“) of all variables. 
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CONCLUSION 

If we take it as facts that the Earth is heating up and densities of “greenhouse” gases in 

the atmosphere increase, claims that these are not natural phenomena but due to 

anthropogenic influence can be taken only with high probabilities. The reason for above 
statement lies in the fact that each model is only a representative of reality and not proof. It 

means that basic physical processes which govern the climate system must be proved 

experimentally.  Hope that we are now in better position relating to experimental equipment 

than J. Tyndall in nineteen century. 

As second open question, as Hasselmann stated, is a task of identifying the most 

sensitive climate index, from a large set of potentialy available indices, for which the 

anticipated antropogenic climate signal can be most readily distingwished from the natural 

climate noise. Global mean surface temperature, vertical temperature differences, sea ice 

extent , sea level change, and integrated deep ocean temperatures are examples of indices. 

Whether  the global mean surface temperature is really the most suitable variable for 

detection of climate change? 

    I will try to answer this question on the example of the temperature of a moon that 

has neither an atmosphere nor is inhabited. 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: 𝑇𝑚𝑜𝑜𝑛 = 270𝐾. Now, taking into account 

that the average daytime moon’s temperaure is 380K and the average nighttime moon’s 

temperaure is 120K, surprisingly, we get that the outgoing flux corresponds to a uniformly 

warmed moon at a temperature of 320K! I call it „Pardox of mean temperaure“. With this 

non-uniform distribution of moon’s temperature we got that outgoing flux is almost two 

times higher than in a case of uniform temperature distribution. Such big discrepancy we 

got due to non-linear effect, because the outgoing flux is prportional to forth power of the 

temperaure. Something is very wrong! 
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Abstract. In the framework of the International Cooperative Programme on Effects of Air 
Pollution on Natural Vegetation and Crops under the spices of the United Nations Economic 
Commission for Europe (UNECE-ICP Vegetation) Convention on Long-Range 

Transboundary Air Pollution (LRTAP), in 2002, 2005, 2010, 2015 and 2020 a moss 
biomonitoring technique was applied to air pollution studies in Macedonia. In every survey 
year 72 samples of the terrestrial moss samples were collected over the territory of Macedonia, 
using the same sampling network grid. Using Neutroin activation analysis (NAA), inductively 
coupled plasma - atomic emission spectrometry (ICP-AES) and atomic absorption 
spectrometry (AAS), contents of more than 40 elements in the moss semples were 
determinedtra. To reveal hidden multivariate data structures and to identify and characterize 
different pollution sources Multivariate analysis was used. Distributional maps were prepared 
to point out the regions that were the most affected by the pollution and to be related to known 

sources of contamination. The largest anthropogenic impact of air pollution with heavy metals 
was establish nearby a smelter for ferronickel near Kavadarci (with Ni and Cr) and lead and 
zinc mines in the vicinity of Probistip, Makedonska Kamenica and Kriva Palanka (with Cd, 
Pb and Zn). 

Keywords: Moss; biomonitoring; air pollution; potentially toxic metals; Macedonia 
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Abstract. From 2004, radon measurements are being performed in more than 20 caves of 
Croatia, simultaneously with other geochemical and geophysical parameters and are still 
going on. Track etched radon detectors were exposed mostly during speleological expeditions 
in the Velebit and the Žumberak regions. The obtained results are presented and significant 
difference in radon concentrations between those two regions are discussed. The correlation 
between radon and partial pressure of carbon dioxide, which is an important factor in the 
variety of geochemical processes occurring in caves, are presented in the case of Modrič Cave. 

Continuous monitoring of radon variations was performed in several touristic caves in 
southern Velebit mountain (Manita peć and Modrič Caves) as well as in the Dubrovnik region 
(Đurovića Cave) and risk assessments for touristic guides and visitors were conducted. The 
obtained results are discussed regarding the implementation of new ICRP dose conversion 
factors. 

Keywords: radon, cave, Croatia 

INTRODUCTION 

Radon is produced by the radioactive decay of radium (226Ra) along with the emission 

of α particle inside mineral grains that contain uranium. Although most of radon never 

leaves the mineral crystal lattice in which it is created until its own radioactive decay (half-

life of radon is τ1/2 = 3.825 days), smaller amounts of radon manage to escape and travel 

through the Earth`s crust guided by various transport mechanisms (by diffusion, advection, 

convection or trapped by geogases (CO2, CH4, …) [1]. 
Caves in a karstic area are formed by a special chemical dissolution process due to 

infiltrated water is taking place in the carbonaceous rock matrix. The result of this chemical 

process is the formation of an interconnected set of larger openings and fractures which 

further leads to the collapse of large volume rocks. The consequence of these processes is 

a cave formation [2]. Carbonate rocks (dolomites, limestones, and their impurities) usually 

have a low level of 238U (16 - 31 Bq/kg) [3,4]. However, in surrounding rocks, occasionally 

feldspar and mica, uranium can be found in structural positions. Radon generated in these 
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rocks may migrate in the subsoil penetrating this carbonate due to its greater permeability 
causing high radon concentration inside caves. In general, radon concentration in caves 

depend on different parameters and the dominant ones are: radon exhalation from the cave 

surfaces, shape and size of the cave, air flow and air exchange rate from inside to outside 

the cave and vice versa (mixing governed by meteorological parameters inside and outside 

the cave). The temperature difference between the air inside and the air outside of the cave 

is the principal mechanism of air exchange in horizontally structured caves, while in vertical 

caves the same mechanism is governed by the pressure difference between the upper and 

lower part of the cave [5]. According to this, in horizontal caves maximum radon 

concentrations are expected during summer period because of the constant air temperature 

in the cave during the year; during winter the air temperature in the cave is higher than the 

outside temperature and due to this temperature gradient, air from the cave is extracted and 
fresh air flows into the cave reducing the radon concentration. 

During the last fifty years, radon concentrations were measured in caves throughout the 

world [6-11], as well as in our neighboring countries [12-19]. Hakl et al. [4] systematized 

radon concentrations in more than 330 caves in Hungary, Italy, Slovakia, Luxembourg, 

England, Mexico and the United States of America. They took into consideration Only 

radon measurements that covered a full year were taken into consideration by them. The 

distribution of analysed data was log-normal, with arithmetic mean of 2.8 kBq m-3 and 

values were in range of 0.1 and 20 kBq m-3. 

MATERIALS AND METHODS 

Radon measurements 

The measurement of radon concentration is performed by a passive method by using the 

solid state nuclear track-etched detectors LR 115 type II (manufacturer Dosirad, France). 

The top of the cylindrical plastic vessel (cup with 11 cm in diameter and height of 7 cm) is 

covered with filter paper (surface density 0.078 kg/m2). Inside the vessel, on the bottom, a 

LR115 type II detector (with dimensions 2.4x3 cm2), that is called diffusion detector, is 

placed. The diffusion detector records only tracks left by alpha particles emitted from radon, 

because radon progeny cannot penetrate through the filter paper [20]. After being exposed, 

LR115 type II detectors were chemically etched in 10% aqueous solution of NaOH at a 
temperature of 60 °C for 120 minutes. Tracks were counted visually (when track densities 

were rather low) and automatically by using the optical microscope Olympus BX51, digital 

camera Olympus c5050 and software for image analysis. Radon concentrations were 

determined as the product of track densities on the diffuse detector and sensitivity 

coefficient (30.0 ± 2.0 (visually counted) or 31.7 ± 3.2 Bq m-3 / tr cm-2 d-1 for automatically 

counting) which was determined during the calibration process at reference radon chambers 

(NRPB in England, PTP BEV in Austria and Bureau of Metrology in Montenegro in 2021). 

The quality control of detectors has been continuously monitored in the radon chamber of 

the Physics Department in Osijek, Croatia. 

Continuous measurements of radon and its short-lived progeny concentrations, as well 

as certain meteorological parameters (air temperature, barometric pressure, relative 

humidity) were performed by the AlphaGUARD measuring unit (manufacturer: Genitron 
Instruments GmbH, Germany). The central part of this measurement system is the 
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AlphaGUARD PQ 2000 PRO which detector is a radon pulse ionization chamber with 

active volume 0.56 dm3. The instrument was working in the diffusion mode with the 

measurement time interval of 60 minutes. Determination of equilibrium equivalent 

concentrations of radon progenies as well as equilibrium factors were performed by the 

Radon WL Meter TN-WL-02 (manufacturer: Thomson Nielsen, Canada) which is 

connected to the AlphaGUARD measuring system and uses its internal memory to store 

recorded data. Since 2018, the TSR3 detectors (manufacturer: Tesla company, Czech 

Republic) have been used for continuous measurements in radon monitoring of caves. 

Radon diffuses into the detection chamber with a semiconductor detector inside. The 

measurement interval is 60 minutes. 

Location of caves and local geomorphology 

Since 2004, radon has been extensively measured in pits and caves in the Republic of 

Croatia. Detectors were set up during speleological research expeditions with the purpose 

of exploring physical and chemical properties of the karst underground. Until today, radon 

concentrations have been measured in more than twenty caves and pits in the Velebit and 

Žumberak mountains (Figure 1.). 

 

 
 

Figure 1. Location of the selected caves in Croatia in which radon measurements were performed. 

 

Velebit is a mountainous region in Croatia between the Adriatic Sea and Ličko-Gacko 

polje. This karst area is conducive to the formation of deep pits, three of them are deeper 

than 1 km - Lukina jama Cave (-1392 m, #R04 in Fig.1), Slovačka jama (-1320 m) , and 

recently discovered Velebita (-1026 m, #R06 in Fig.1). So far, 259 pits have been 

discovered in the Northern Velebit area that covers some 25 square kilometers [21]. This 

area is composed of lithostratigraphic units ranging from Middle Triassic to Paleogene Age.  
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The largest part of Northern Velebit is composed of Jurassic sediments which contain 
carbonate rocks only. Limestone prevails in the composition of deposits, but dolomites are 

also present. Jurassic deposits are approximately 2,850 m thick. However, speleological 

explorations have revealed a more complex geology of Northern Velebit. [22]. Žumberak 

and Samobor mountain area is a mountainous region in western part of Croatia near the 

border with Slovenia. Geological and lithological maps of this area show that limestone 

(from Upper Cretaceous to Jurassic), dolomites (from Upper Cretaceous to Upper Triassic) 

and flysch-like series of rocks from Upper Cretaceous dominate [23]. 

RESULTS AND DISCUSSION 

The obtained results of radon measurements are presented in Table 1. The highest radon 
concentration among the deep pits of Velebit mountain was measured in Lubuška pit (3.8 

kBq m-3) [24]. In the Žumberak mountains the highest radon concentration was measured 

in the Dolača cave (21.8 kBq m-3), 250 meters from the entrance during summer period 

[25]. Furthermore, a radon monitoring was performed in three caves (R01, R02, R20 from 

Table 1). The highest radon levels were measured in Đurovića cave, located near the control 

tower of Dubrovnik airport, which makes it very interesting for tourists. Detectors were 

exposed in late autumn 2008 and during spring and summer 2009, and the obtained average 

radon concentrations were 9.5, 17.9 and 25.0 kBq m-3, respectively [26]. These preliminary 

data, according to dose conversion factors based on epidemiological approach and valid at 

that time [27] (radon exposure of 1 Bq h m-3 is equivalent to the effective dose of 3.108·10-

6 mSv) gave dose rate in Đurovića cave of 28 Sv/h. Radon monitoring in Manita peć Cave 

(R02, located in NP Paklenica) as well as in Modrič Cave (R20) also showed that visitors 

received the highest doses from radon and its short-lived progenies during summer months. 

For the Manita peć Cave, dose rates were 3.7 Sv/h in 2010 and 3.4 Sv/h in 2011 while 

for the Modrič Cave they were 11.4 and 14.1 Sv/h in 2020 and 2021, respectively when 

the epidemiological approach and dose conversion factors was applied. By applying dose 

conversion factors derived from biokinetic model [28] the dose rates were 4.17 times higher. 

Continuous radon measurements in the Modrič Cave are still going on as a part of an 
extensive project with the goal to determine ventilation patterns of the cave, which governs 

the carbon dioxide concentration as a key factor in calcite corrosion/precipitation in the 

cave. The obtained results so far, showed a similar spatial and temporal pattern between 

radon and CO2 and a strong linear correlation has been found. 

 
Table 1. Average radon concentrations with its standard deviations (c ± c / kBq/m3), number of 
detectors exposed (N), information of year, seasons, and duration of measurements (in days) in 
selected caves in Croatia where radon measurements were performed. 

 

Label Cave Location Year 
Duration 

/ days 
Season // 

Months 
N 

c ± sc / 

kBq/m3 

R01 
Đurovića 

špilja 
Cavtat 

2008 55 
Autumn // 
Oct – Dec 

11 9.5 ± 1.7 

2009 63 
Spring // 
Apr - Jun 

11 17.9 ± 1.9 
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2009 73 
Summer // 

Jun - Aug 
13 25.0 ± 2.8 

R02 Manita Peć 
NP 

Paklenica 

2010 91 
Summer // 
Jun - Aug 

24 1.11 ± 0.19 

2010 91 
Autumn // 
Sep - Nov 

16 0.26 ± 0.07 

2010 / 

2011 
91 

Winter // 

Dec - Feb 
16 0.03 ± 0.01 

2011 91 
Spring // 

Mar - 
May 

16 0.14 ± 0.03 

2011 91 
Summer // 
Jun - Aug 

26 1.07 ± 0.13 

R03 
Špilja pod 

Zubom 
Buljme 

NP 
Paklenica 

2009 99 
Summer // 
Jun - Oct 

2 2.20 ± 0.29 

2009 / 

2010 
245 

Autumn - 
Spring // 
Oct - Jun 

2 1.17 ± 0.07 

R04 
Jamski sustav 
Lukina jama - 

Trojama 

NP Sjeverni 

Velebit 

2010 11 
Summer // 
Jun - Aug 

7 0.59 ± 0.08 

2011 7 
Summer // 
Jun - Aug 

14 0.63 ± 0.28 

R05 Lubuška jama 
NP Sjeverni 

Velebit 

2006 11 
Summer // 

Aug 
5 0.67 ± 0.34 

2009 5 
Summer // 
Jul - Aug 

3 0.94 ± 0.05 

R06 
Jamski sustav 

Velebita 

NP Sjeverni 

Velebit 

2004 9 
Summer // 

Aug 
10 0.26 ± 0.15 

2007 11 
Summer // 

Aug 
13 0.61 ± 0.38 

2011 / 
2012 

210 
Autumn - 
Spring // 

Oct - May 

5 0.45 ± 0.19 

2012 161 
Spring - 

Autumn // 
May - Oct 

6 0.27 ± 0.07 

2012 7 
Summer // 

Aug 
10 1.06 ± 0.38 

R07 
Jama 

Varnjača 

NP Sjeverni 

Velebit 

2014 / 

2015 
360 

All 

seasons 
3 0.7 ± 0.4 

R08 Jama Sirena 
NP Sjeverni 

Velebit 
2013 / 
2014 

360 
All 

seasons 
8 0.52 ± 0.25 

R09 

Jamski sustav 
Kita Gaćešina 
- Draženova 

puhaljka 

PP Velebit 

2006 120 
Summer - 
Autumn // 
Jun - Oct 

3 0.91 ± 0.02 

2013 / 
2014 

350 
All 

seasons 
6 0.87 ± 0.15 

R10 
Špilja 

Munižaba 
PP Velebit 2004 7 

Summer // 
Jul 

9 1.39 ± 0.23 

R11 Špilja Dolača 
PP 

Žumberak - 
2004 49 

Autumn // 
Oct - Dec 

5 4.4 ± 1.3 
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Samoborsko 
gorje 2006 120 

Summer -
Autumn // 
Jun - Oct 

5 14.2 ± 4.4 

R12 Špilja Provala 

PP 
Žumberak - 
Samoborsko 

gorje 

2004 49 
Autumn // 
Oct - Dec 

7 7.6 ± 3.3 

2006 105 
Summer // 

Jun - Sep 
6 8.7 ± 1.5 

R13 Jama Bedara 

PP 
Žumberak - 
Samoborsko 

gorje 

2004 / 
2005 

161 
Winter - 
Spring // 

Dec - May 
3 0.27 ± 0.05 

2007 / 
2008 

210 
Summer – 
Winter // 
Jun -Jan 

3 0.71 ± 0.21 

R14 Dakina jama 

PP 
Žumberak-

Samoborsko 
gorje 

2009 139 
Summer - 
Autumn // 
Jul -Nov 

1 2.93 ± 0.30 

2009 / 
2010 

239 
Autumn - 
Summer // 
Nov - Jul 

1 0.73 ± 0.08 

R15 Židovske kuće 

PP 
Žumberak-

Samoborsko 
gorje 

2009 143 
Summer - 
Autumn // 
Jul -Nov 

1 2.07 ± 0.22 

2009 / 
2010 

234 
Autumn - 
Summer // 
Nov - Jul 

1 0.58 ± 0.06 

R16 
Vugrinova 

špilja 

PP 
Žumberak-

Samoborsko 
gorje 

2009 141 

Summer - 

Autumn // 
Jul -Nov 

1 6.67 ± 0.68 

2009/

10 
234 

Autumn - 
Summer // 
Nov - Jul 

1 2.95 ± 0.31 

R17 
Gornja 

Baraćeva 
špilja 

Rakovica 

2014 143 

Summer - 

Autumn // 
Jun -Nov 

5 2.0 ± 1.1 

2014 / 

2015 
217 

Autumn - 
Summer // 
Nov - Jun 

5 0.90 ± 0.39 

R18 
Donja 

Baraćeva 
špilja 

Rakovica 

2014 143 
Summer - 
Autumn // 

Jun -Nov 

2 14.04 ± 0.31 

2014 / 
2015 

217 
Autumn - 
Summer // 
Nov - Jun 

2 4.2 ± 1.3 

R19 
Nova 

Baraćeva 

špilja 

Rakovica 

2014 / 
2015 

360 
All 

seasons 
1 4.59 ± 0.49 

2014 / 
2015 

217 

Autumn - 

Summer // 
Nov - Jun 

1 2.11 ± 0.23 

R20 Špilja Modrič Rovanjska 2009 101 
Summer - 
Autumn // 
Jun -Oct 

2 2.00 ± 0.20 
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2009 / 
2010 

245 

Autumn - 

Spring // 
Oct - Jun 

2 0.63 ± 0.06 

2018- 
Integrated and continuous radon 

measurements are ongoing 

R21 
Cerjanska 

špilja 
Ravna gora, 

Kralji 
2012 / 
2013 

377 
All 

seasons 
1 2.59 ± 0.28 

R22 
Špilja 

Debeljača 
Kamenolom 

Lovinac 
2009 / 
2010 

532 
May 2009 
- Oct 2010 

2 4.4 ± 1.2 

R23 
Špilja 

Rogovac 

PP 
Žumberak-

Samoborsko 
gorje 

2004 48 
Autumn // 
Oct -Dec 

3 0.43 ± 0.47 

2006 105 
Summer // 
Jun – Sep 

2 0.9 ± 1.1 

2007 / 
2008 

210 
Summer - 
Winter // 
Jun - Jan 

3 0.95 ± 0.30 

R24 Pogana jama 

PP 
Žumberak-

Samoborsko 
gorje 

2007 187 

Spring - 
Autumn // 

May - 
Nov 

3 0.68 ± 0.36 
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Abstract. The largest share of households' energy consumption presents heating and cooling 

of houses to maintain certain thermal comfort. Therefore, it is of importance to optimize the 
thermal balance of buildings. One possibility is using phase change materials (PCMs) to 
decrease room temperature oscillation. PCMs accumulate or release the latent heat 
accompanying the phase transition. Given the growing energy requirements, it is sensible to 
address the topic of PCMs in schools within the science subject. In this contribution, we first 
present the basic properties of PCMs and requirements for their use as heat and cooling 
storage in different applications. With a focus on introducing PCMs in teaching Physics, we 
present the basics of PCMs thermodynamics. Based on the analysis of the high school Physics 
curriculum, we propose how to implement PCMs in the physics classroom. 

Keywords: phase change materials, thermal stabilization, physics, teaching 

INTRODUCTION 

Economic development, population growth, and consumer habits lead to an increase in 

energy demands. Countries strive to rationalize energy consumption, not only from an 

economic but also from an environmental point of view. According to Eurostat [1], almost 

two thirds of all energy consumed in the households sector is for space heating (63,6 %) 

and cooling(0,4 %) purposes. Therefore, improvements in the energy balance of buildings 

are of constant interest to researchers. To improve the energy balance of buildings, one 

needs to understand the mechanisms of heat transfer and the thermal properties of materials. 

Concerning the rising demand for energy-efficient, passive and sustainable buildings, the 

development of new methods and innovative materials is needed. 

Recently, many studies [2-9] suggest phase change materials (PCMs) could be efficient 
as innovative insulation materials. PCMs undergo the phase transition, during which the 

latent heat accumulates or releases to the surroundings. The ability to store or release the 

latent heat means PCMs can minimize day-night room temperature fluctuations and 

improve the energy balance of buildings. Experimental studies confirm the incorporation of 

PCMs into lightweight building materials compensates for small heat storage capacity. The 

optimal properties of PCMs vary depending on the intended use. In this contribution, we 

focus on the thermal stabilization of buildings, which reduces the need for additional 

heating or cooling. However, PCMs are of interest in the textile and medical sectors [10-

12]. 
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Despite the novelty of PCMs and challenges in the research and development of such 

materials, concepts of PCMs can be introduced in physics class. It is necessary children 

become aware of the impact of their actions on the environment and the contribution of 

science in solving such problems. Introducing real-life problems can also increase their 

interest in science. One of the goals of education should be to educate and raise competent 

people that will be able to solve challenges they will face in the future. 

In this contribution, we first present the theoretical background of phase change 

materials on the level suitable for secondary education. Next, we analyze curricula in 

primary and secondary schools in Slovenia. We use a qualitative documentary method to 

find possibilities to introduce PCMs within formal education. Then, we present the 
experimental approach to introduce PCMs in physics classroom. The experiment is simple 

but illustrative to understand the concept of incorporation of PCMs in building composites. 

THEORY BEHIND PHASE CHANGE MATERIALS 

Phase change materials (PCMs) are materials that undergo a first-order discontinuous 

phase transition at the phase transition temperature 𝑇𝑐 or in the narrow temperature range 

[𝑇𝑐 , 𝑇𝑐 + ∆𝑇𝑐]. During the first-order phase transition, PCM accumulates the latent heat (𝐿) 

from its surroundings or releases it. Therefore, PCMs can store additional heat, which is the 
reason they are also known as latent heat storage materials. The most common PCM is 

water. To change the phase from liquid water to solid ice at the phase transition temperature 

0 °C, latent heat (334 kJ/kg) is released to its surroundings (Figure 1a). When melting ice 

into water, the same amount of latent heat is absorbed (Figure 1b). 

 

 
 

Figure 1. Schematic representation of PCMs (water) during phase transition when the latent heat 
is a) released and b) stored.  

 

The efficiency of PCMs strongly depends on the phase transition temperature 𝑇𝑐 and 

large latent heat. At temperatures much higher or lower than the phase transition 

temperature, PCMs are inefficient. The optimal value of 𝑇𝑐 varies for different applications. 

In the application of PCMs for the thermal stabilization of buildings, the phase transition 
should occur near the desired room temperature. Therefore, water is not suitable for such 

use, despite the large latent heat. Other physical properties are also important in the 

optimization of energy balance. In the case of conventional thermal insulators, we want low 

thermal conductivity 𝜆 to reduce heat conduction. On the other hand, we want to store or 

release as much latent heat as possible during one period of outdoor temperature 

fluctuations. For that reason, the system needs to be responsive, which means the higher 

(a)       (b) 
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thermal diffusivity 𝛼 = 𝜆/(𝜌 𝑐) is required. Here, 𝜌 stands for the density and 𝑐 for the 

specific heat of the PCM. In general, 𝜆, 𝜌, 𝑐 and 𝛼 are temperature dependent. These are all 

problems that researchers and engineers face in the development of new PCMs and 

incorporation of them in building composite materials. In addition, PCMs must be 

chemically stable with sufficiently long service life, affordable and cost-effective, as well 

as recyclable. We can already find building composites with PCMs on the market from 

various manufacturers [13-15]. Table 1 presents essential parameters of representatives of 

organic and inorganic PCMs that could be used for the thermal stabilization of buildings. 
We focus on the solid-liquid phase transitions due to smaller volume changes. 

 
Table 1. Phase transition temperature and latent heat of PCMs 

PCM Phase transition 
temperature (melting) [°C] 

Latent heat 
[kJ/kg] 

Mirabilite - hydrous sodium sulfate mineral 
(inorganic) 

18 286 

Paraffin C-17 
(organic) 

22 215 

Polyethylene glycol 600 
(organic) 

20 146 

Glycerol 
(organic) 

18 191 

 

We can describe the contribution of PCMs to the energy balance of buildings 

mathematically using different methods. In one dimension, the heat equation in terms of 

enthalpy ℎ = 𝑐 𝑇 is expressed as [16]: 

 

 𝜌
𝜕ℎ

𝜕𝑡
= 𝜆 

𝜕2𝑇

𝜕𝑥2. (1) 

 

Here, we assume specific heat is constant in this temperature range. During hot days, 

heat transfers from the outside through the wall (Figure 2a), and the room temperature (𝑇𝑟) 

increases. Next, let us see what happens if PCMs are incorporated in the wall composites. 

As the heat transfers from the outside through the wall, some heat is stored due to the 

thermal capacity. If the wall temperature increases to 𝑇𝑐, PCMs undergo the phase 

transition. The used for the phase transition is stored inside the composite (Figure 2b).  

We calculate the enthalpy as: 
 

 ℎ = 𝑐 𝑇 +  𝜔 𝑟 𝐿, (2) 

 

where 𝜔 is the relative amount of PCMs in the building composite and 𝑟 describes the 

proportion of the disordered (liquid) phase. It equals zero in the solid phase, and equals one 

in the liquid phase. Usually linear approximation is used to determine value of 𝑟(𝑇): 

 

 𝑟(𝑇) =
𝑇−𝑇𝑐

∆𝑇𝑐
. (3) 

 

When all PCMs change phase to liquid, additional heat is stored within walls. By 

combining Eq. (1), Eq. (2), and Eq. (3), heat equation in the presence of PCMs is: 



Robert Repnik, Damjan Osrajnik, Eva Klemenčič 

22 

 𝜌 𝑐
𝜕𝑇

𝜕𝑡
+ 𝜌 𝜔 𝐿 

𝜕𝑟

𝜕𝑇

𝜕𝑇

𝜕𝑡
= 𝜆 

𝜕2𝑇

𝜕𝑥2. (4) 

 

We obtain the additional term, which indicates the contribution of PCMs. 

 

 
 

Figure 2. The schematic representation of the heat transfer through the planar wall. a) Due to the 
thermal capacity, heat is stored within a “classic” wall, and the room temperature increases in time. 
b) For composites with PCMs, PCMs undergo the phase transition, during which latent heat is 

absorbed. Consequently, room temperature remains constant. When all PCMs are in the disordered 
(liquefied) phase, the room temperature increases. 

INTRODUCTION OF PHASE CHANGE MATERIALS IN SCHOOLS 

We analyze curricula of primary and secondary education of Slovenia school systems to 

find opportunities to introduce the concept of PCMs from an environmental aspect. 

Concerning the theory behind PCMs, science-related subjects are of focus. It is desired 

students have preliminary knowledge of heat transfer, aggregate states, phase transitions, 

and thermal properties of materials. 

In primary education, students first learn about those qualitatively. In the Natural science 

and technology curriculum [17], related learning outcomes are: students 1) describe states 

of water and describe their properties, 2) prove heat transfers from warmer to colder, 3) 

show heat transfer differs for different materials, 4) describe types of insulation materials, 

their use and importance. In last two years of primary school, students have the subjects 

Physics. Based on the curriculum [18], students learn about the structure of solids, liquids 
and gases, temperature and heat, and heat conduction. One of the learning content section 

is Physics and environment. Teachers can freely choose interesting topics to show students 

how physics can make our life easier. Students also have two elective subjects: 

Environmental education and Projects in physics and ecology. The latter [19] acquaints 

students with basic laws of physics, explains phenomena in nature, and presents some 

environmental problems we face today. The curriculum includes ideas for simple 

experiments aiming to increase students’ interest in science and raise their awareness of the 

human impact on the environment. In our opinion, this course is suitable to introduce 

novelty materials such as PCMs and their potential to improve the energy balance. Based 

on the elementary education’s curricula analysis, we can conclude students have some basic 

knowledge about phase transitions and heat transfer. 

 

(a) 

 

 

 

(b) 
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In secondary education, we focus on Physics curriculum [20]. Students learn about 

different states of matter on the microscopic level and describe the phase transitions. They 

know that temperature difference leads to the heat transfer between bodies (conduction) or 

between the body and its surroundings (emission and convection). Convection is introduced 

only qualitatively. They calculate the conduction heat flux through the planar surface area 

𝑆 with thickness 𝑑: 𝑃 = 𝜆 𝑆 Δ𝑇/𝑑. They understand that some materials are thermal 

insulators, and some are thermal conductors. Students also know thermal properties such as 

specific heat, heat capacity, thermal conductivity, thermal resistance, and latent heat 

(melting, evaporating, and combustion). Therefore, we believe introducing PCMs in 
secondary education is possible, especially on the qualitative level. In the following section, 

we present the idea to introduce the concept of PCMs in Physics using an experimental 

approach. 

Experimental approach 

The goal of the experiment is to illustrate application of PCMs for the thermal 

stabilization of buildings. The best way to perform this experiment is in small groups of 3 

to 5 students. However, a demonstration by a teacher is also possible regarding the material 

constraints and students’ competencies.  

We need three glass containers of different sizes, an electric heater with a magnetic 
stirrer, three temperature sensors, a computer with an interface and software to collect data, 

water, and paraffin wax (Figure 3a). In our case, we use Vernier temperature sensors, 

LabPro interface, and collect data in LoggerPro software. Paraffin wax is affordable PCM 

that is widely available on the market. We use paraffin wax with the melting temperature 

between 54 °C and 56 °C. The container filled with paraffin represents building walls, the 

inner container is indoors (room), and the outer container is outdoors. 

Measurements 

First, we melt paraffin wax in the middle-sized container using a water bath. When 

paraffin is liquid, we insert a smaller container filled with water. In this stage, we have to 
insert one temperature sensor in the paraffin (Figure 3b). When the paraffin becomes solid, 

we set both containers in a larger container filled with water, set the temperature sensors, 

and start heating. We monitor and collect temperature data until all paraffin liquefies. Then, 

we turn off the heating but leave on the stirring and wait until paraffin is in a solid state. 

The experiment setup is shown in Figure 3c. For reference, we repeat the experiment using 

water in all three containers. 
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Figure 3. a) Experiment equipment, b) Paraffin wax preparation, and c) Experiment setup. 

Results 

First, we present reference results when all three containers are filled with water (Figure 

4). The indoor temperature (blue curve) increases in time following the outdoor temperature 

(red curve). Similarly, when heating is turned off, the indoor temperature decreases in time 

with respect to the decrease of the outdoor temperature. 

 

 
 

Figure 4. Temperature time dependency for heating. All three containers are filled with water. 
 

Next, we present results with paraffin as PCM in the middle container. Figure 5 shows 

the time variation of temperature in the outer, middle, and inner container. We can see 

temperature increases with time in all three containers. For the middle container with 

paraffin wax (black curve), we notice regions where the temperature is more or less 

constant. The latter is the result of paraffin’s phase transition, during which the latent heat 

is stored. When paraffin is in the liquid phase, heat transfer to the inner container continues, 

increasing room temperature. If we look closely at slopes of temperature increase (blue 

curve) and compare them for solid and liquid phases of paraffin, we see differences. When 

paraffin is in the solid phase, heat conduction is present. However, for the liquid state of 
paraffin, heat transfers mainly by convection. It is prominent heat transfer is more efficient 

for convection than conduction, which results in the change of the slope of the room 

temperature. 

(a)                                      (b)                                                (c)  
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Figure 5. Temperature time dependency for heating. Middle container is filled with paraffin wax 
with phase transition temperature between 54°C-56°C. 

 

By comparing our experimental results with theoretical expectations, we find 

differences. Theoretically, we expect the temperature at the inner container to be constant 

during the paraffin’s phase transition. Furthermore, we expect a linear increase in 

temperature until the melting point is reached. In our case, we notice a jump in temperature, 

followed by the phase transition of paraffin. We suspect a few reasons behind these 
differences. In the experiment, we used only one compartment of paraffin. In addition, 

paraffin is not melting uniformly throughout the volume and has phase transition within the 

temperature range and not at a single temperature, which is in accordance with the 

specification with the tested material. However, other experimental studies [21-23] found 

similar results. Still, we believe that the suggested experiment can successfully show the 

principle of PMCs. In the future, some modifications are necessary to improve the 

conduction of the experiment in terms of clarity. 

CONCLUSION 

Nowadays, we face different environmental problems, for example, global warming, 
deforestation, exploitation of non-renewable energy sources, and increased energy 

consumption. From our experience, students show interest in such problems, so it is sensible 

to use them as a basis for acquiring knowledge and skills. The main disadvantage is the 

complexity and time demand of authentic problems, which result in avoiding them in 

informal education. Nevertheless, to raise responsible and competent individuals, it is 

crucial to provide opportunities to students to learn about real-life problems and methods 

for problem-solving. 

One opportunity to include real-life problems related to the environment presents PCMs. 

PCMs are relatively new materials that are also used to improve the energy balance of 

buildings. Unlike conventional insulation materials, PCMs reduce heat transfer by storing 

(or releasing) latent heat, which contributes to the thermal stabilization of buildings. 
Consequently, the energy balance of buildings is improved, which helps in reducing energy 
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consumption in space heating and cooling. Based on the qualitative analysis of Slovenian's 

elementary and secondary education curricula, we can conclude the concept of PCMs can 

be introduced in physics at secondary schools. We present a simple, illustrative experiment, 

using paraffin wax as PCMs. The suggested experiment indicates how PCMs reduce 

temperature fluctuations in the room. 

For further investigation, we could test different modifications and conduction of the 

experiment to gain good agreement with theoretical expectations. In addition, it would be 

reasonable to conduct empirical research to test students' prior knowledge and the 

effectiveness of the suggested experimental approach. 
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Abstract. The last decade is characterized by the term "digital transformation" or "Industry 

4.0", which is announced as the 4th phase in the industrial economy. Lack of clear boundary 

between the virtual and the real, comprehensive networking, and artificial intelligence are just 

some of the determinants of digital transformation. The paper analyzes the technological 
assumptions that enabled this transformation. Contrary to the first three phases, the fourth one 

is unrelated to some specific invention. Based on the definition of Industry 4.0 adopted by the 

European Parliament, its specific technological innovations have been detected. Thus, the 

WWW (World Wide Web), IoT (Internet of Things), AI (Artificial Intelligence), and 5G are 
marked as the main technological inventions responsible for digital transformation. The 

previous three revolutions have enabled significant productivity increase and higher standards 

and have produced many problems. These problems are reflected in excessive electricity 

consumption and excessive CO2 emissions, generating enormous waste. As the fastest 
growing waste, electrical and electronic waste (ee-waste) is of particular concern. The paper 

gives a brief analysis of the problem of disposal of ee-waste in Bosnia and Herzegovina 

(B&H). 

Keywords: digital transformation, Industry 4.0, IoT, ee-waste, decarbonisation 

INTRODUCTION 

The development of science and technology in the last 300 years has enabled the 

accelerated development of humanity in all aspects: GDP growth, population growth, 

democratization, public access to education, general health care, liberalization, all of which 

resulted in a better quality of life. In addition to evident and significant scientific discoveries 
that are the basic premise of this progress, the achieved standard of modern civilization is 

due to the excessive use of natural resources: energy, minerals, and the natural environment. 

Excessive use of natural resources has led to many ecological, economic, and political 

problems. 

CO2 is considered the main culprit for increasing the average temperature on Earth [1]. 

Excessive emissions of this gas are due to excessive combustion of fossil fuels, burning 

forests, and organic matter. All this leads to the greenhouse effect that causes the 

temperature on Earth to rise. In the last 70 years, there has been: an increase in annual CO2 
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emissions of approximately six times (from 6 billion tons to 34.8 billion tons), an increase 

in energy consumption six times (from 28516 TWh to 173340 TWh), an increase in 

population three times from 2.54 billion to 7.79 billion), an increase in the average 

temperature of the Earth's surface by close to 1°C. Of concern is the linear trend of rising 

temperatures over the last 50 years, which, if not stopped, could lead to a 4°C rise in 

temperature in 2100 [2]. These black climate change forecasts have led to a series of 

concrete steps in international agreements to limit CO2 emissions. The goal is to complete 

the decarbonisation of industry in the EU by 2050 [3]. 

Table 1 shows the trends: the number of inhabitants on Earth, CO2 emissions, changes 

in the average annual surface temperature of the Earth, the annual gross domestic product 

on Earth (GDP), and total energy consumption. The period 1950 to 2020 is covered based 

on the Our World in Data database [2]. The 12.2-fold increase in GDP results from an 
increase in population (3.06 times) and energy consumption (6.07 times). The rise in energy 

consumption twice as much as the increase in the number of inhabitants is a consequence 

of the use of energy to operate machines in business processes and an increase in 

consumption per capita. 

 
Table 1. Population trends, CO2 emissions, temperature rising, GDP and energy consumption 

on Earth from 1950-2020. 

Year Number of 

citizens, x 109 

CO2 emissions,  

x 106 tons 

Temperature 

rising, °C 

GDP,  

x 1012$ 

Energy 

consumption, 
x 103 TWh 

1950 2.54 6.00 -0.21 9.80 28.516 

1960 3.03 9.39 -0.15 14.62 41.713 

1970 3.70 14.90 0.01 23.87 66.378 

1980 4.46 19.49 0.35 37.73 87.599 

1990 5.33 22.75 0.38 47.04 106.161 

2000 6.14 25.23 0.56 63.10 122.073 

2010 6.96 33.34 0.63 91.33 152.249 

2020 7.79 34.81 0.89 119.56 173.340 

PHASES OF INDUSTRIAL ECONOMY 

The terms Industry 1.0, 2.0, and 3.0 treat changes in industrial production that have led 

to leaps in productivity. The steam-powered loom reduced the required number of workers 

and increased production. The conveyor belt in the meat industry, and later in the 

automotive industry, enabled skilled workers who performed only one operation, making 

them more productive and cheaper due to the lower demand for expertise. The 

programmable logic controller (PLC) enabled flexibility in the production phases, which 

allowed the production of several different products on the same production line in a way 

that only changed the program in the PLC. Hence, 1784 (Loom), 1870 (Meat Production 
Line), and 1969 (Programmable Logic Controller, PLC) are used for zero years in these 

terms [4]. The terms Industrial Revolution 1, 2, and 3 denote the impact of industrial change 

on the radical changes of society as a whole. These changes did happen, but a change in 

industrial production did not just cause them. There are a lot of important events that have 

led to these changes. The terms Industry 4 and Industrial Revolution 4 have been used in 

the last ten years. Neither the zero date nor the basic technological invention is mentioned. 



Abdulah Akšamović, Senad Odžak 

30 

Instead, there is a need to make a radical change in industrial production to become more 

productive (fewer workers, less energy consumption, fewer materials, etc.), denoted by 

Industry 4.0. On the other hand, the term Industrial Revolution 4 includes apparent changes 

that have taken place in the last 20 years in the whole society for which causes are still being 

sought, and the possible consequences are being discussed. 

DIGITAL TRANSFORMATION 

Digital transformation is the process of introducing new digital techniques in all social 

flows (economy, administration, education, health, etc.) with the aim of more efficient 

action, all with the aim of improving the quality of life [5]. This process is characterized by 

infrastructure, regulation, implementation, and consumption. The infrastructure relies on 

communication and information technologies that enable the creation, collection, storage, 

and transmission of data. Given that telecommunications and the Internet, due to their 

primary purposes, are at a desirable infrastructural level, we are currently working on the 

part of the system in terms of developing an efficient way to collect data (for example, 

Internet of Things (IoT), automated scanners, etc.). The level of the regulation defines the 

rules for the use of data in terms of legal assumptions about the meaning, use, and generation 
of data (public disclosure, protection of personal data, digital signature, electronic payment, 

etc.). Implementation is a process by which appropriate software solutions enable the use 

of data by end-users (information systems, e-commerce, electronic diary, etc.). 

Consumption is the process of using the services of implemented software solutions. 

Consumers based on these services save time, energy, resources and increase efficiency in 

their core businesses. 

The European Parliament, 2015, accepts the definition of the term Industry 4.0 as 

follows: Industry 4.0 is a digital industrial transformation with an emphasis on automation, 

data exchange, cyber-physical systems, robots, artificial intelligence, Internet of Things 

(IoT), 3D printing, nanotechnology, biotechnology, materials science, energy storage, 

autonomous vehicles and autonomous industrial techniques to achieve smart industry and 

production goals [6]. 

Based on quantitative indicators that determine the 4th phase of business, an analysis of 

global economic entities emerged due to the application of business models characteristic 

of the period of digital transformation. Figure 1 shows the analyzed financial entities. 

Selected global economic systems represent dominant domains: search engines, social 

networks, internet sales. 
Figure 2 shows the financial achievements of global economic systems characteristic of 

the 4 phases of the business: railway and steel industry (phase I), automotive industry, oil 

industry, electronics industry (phase II), semiconductor industry, software industry (phase 

III), search engines, social networks, internet sales, the solar industry, electric cars (phase 

IV). The available data are based on financial operations given in [7].  
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Figure 1. The most important global economic systems emerged on the wave of digital 
transformation 

 

 
 

Figure 2. Trends in financial achievements of global economic systems for the period 2005-2020. 

 

In the profit analysis, the following companies were analyzed: Union Pacific (84), 

Canadian Pacific Railway, Siemens (90) for I1.0, Diamler General Motors, Ford, China 

Petroleum & Chemical PetroChina, IBM, Philips, Sony Group (96), Texas Instrument (64) 

for I2.0, Apple, Microsoft, Intel, Microchip, Analog Devices for I3.0 and Alphabet 

(Google), Amazon, Alibaba, Meta platforms (Facebook), Tesla, Twitter, JinkoSolar 

Holding, Canadian Solar for I4.0. The diagram shows that the financial share of phase IV 

economic entities is approaching the lead in an exponential trend. When analyzing the 

technological assumptions that have enabled the positioning of phase IV economic entities 

at the global financial level, they are WWW, IoT, AI, 5G. 

WWW (World Wide Web) 

The WWW was initiated by Tim Berners-Lee in 1989, who proposed and later 

demonstrated the use of hypertext documents via the Internet while working for CERN [8]. 
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Unlike a standard text document, a hypertext document contains text, diagrams, images, 

sound, video, etc. Such a document becomes dynamic by changing its content according to 

new data or user requirements. Also, various software tools are used to create and use these 

documents. 

IoT (Internet of Things) 

IoT (Internet of Things) first appeared as a term in 1985 by Peter T. Lewis [9], where a 

new concept of connecting consumer devices to the Internet is defined. These devices 

perform their existing function, and with the connection to the Internet, the possibilities of 

application are expanding, and new appliances with entirely new functions also appear. 

Unlike pre-existing devices with an Internet connection (PC and mobile phone), these 
devices can communicate via the Internet without operator intervention, consume much less 

energy and are cheaper. These three features have imposed the definition of entirely new 

design concepts for such devices and the development of new protocols. The complete 

concept is based on the need to automate data input from the environment in real-time. This 

data can be used efficiently, which are the basic assumptions of digital transformation. 

However, the concept of IoT itself is not reduced exclusively to the parameters of physical 

systems that are automatically collected through sensors and made available to users via the 

Internet. Currently, the architecture where sensors are the data source is predominantly 

considered. Figure 3 shows the concept of IoT. It relies on the rapidly evolving Internet 

infrastructure and enables data exchange between devices located in a wide area of human 

activity via wireless communication. 

To allow the connection of many new devices, the existing IPv4 IP address format has 

been extended to IPv6 [10]. IoT draws its beginnings from Radio Frequency Identification 

(RFID) technology as automatic identification of products in production or sale by radio. 

The RFID identifier consists of memory, processor, and wireless communication system. 

The memory capacities of RFID identifiers can be different: from 20 bits to 32KB. In terms 

of communication, low and medium frequency bands (50-500kHz and 13.5MHz) with a 
range of 2.5cm to 72.5cm and a microwave band (0.9 to 2.5GHz) are used. Active RFID 

can have a range of up to several hundred meters [11]. Historically, the principle of radio 

identification dates back to before World War II, when used in aviation, and modern RFID 

is linked to Mario Cardullo's 1973 patent [12]. The number of devices connected to the 

Internet in 2020 exceeded 50 x 109. 

AI (Artificial Intelligence) 

Large amounts of data collected in digital transformation are becoming a problem in 

terms of algorithms for processing such data and access to information that will increase 

the system's efficiency. Expert systems based on artificial intelligence (AI) are used as one 

of the solutions [13]. AI bases its algorithms on imitating biological systems. Basically, 

instead of standard data processing methods in AI, the outputs are formed by iterative 

adjustment of the system coefficients. In doing so, the outputs are closer to the solutions 

offered in the existing practice (learning) to offer outcomes based on new input data, which 

we assume are in the domain of desirable (application). 
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Figure 3. The concept of IoT 

5G 

Many different sources simultaneously generate large amounts of data due to the 

application of the IoT concept, which imposes the need for significant improvements in the 

communication system. This improvement is implemented in higher transmission speeds, 

lower transmission delays, and greater space coverage. The development of mobile 

communications from analog (G1) through digital transmission (G2, G3, G4) leads to the 

G5 being the fastest transmission in the mobile network. The G5 uses frequencies up to 

30GHz, allowing real-time systems applications to require minor delays. A particular 

application of the G5 is expected in terms of the development and application of 

autonomous vehicles. The first installations of the G5 network were performed in 2019 in 

the USA (Chicago and Minneapolis) [14]. In some applications, the G5 is used only locally 

(WiFi), while the connection to the Internet is based on the infrastructure for the G3 or the 

G4. 

ELECTRONIC WASTE 

The development of the electronics industry (phase 2 and phase 3), the semiconductor 

industry (phase 3), and the mass application of devices for the collection, transmission, 

storage, and use of digital data (phase 4) have led to enormous amounts of electronic devices 

in use. Due to technological obsolescence, these devices are quickly put out of use, 

producing large amounts of electronic waste. It is the fastest-growing waste [15]. Such 
waste contains over a hundred different substances, some of which are very harmful to the 

environment (mercury, lead, chromium, beryllium, etc.), and some are important raw 
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materials (aluminum, copper, gold, etc.) [16]. Based on the research on the problem of 

electronic waste disposal for the Sarajevo Canton (KS) presented in [17], an estimate of the 

quantities and composition of this waste for B&H was made. This waste comes from 

industry, the public sector, and households. This analysis covers only consumer e-waste 

generated by households. Due to the lack of initial data for applying some of the methods 

used to estimate the amount of e-waste, the method used here is based on population data 

and the assessment of habits and survey results regarding the time of use of the device. 

According to the 2013 census, there are 3166570 inhabitants in B&H, in 1143329 

households, with 1508981 declaring themselves computer literate [18]. We can assume with 

sufficient reliability that all residents from the first grade of primary school onwards have 

a mobile phone, that every household has a TV, and that every resident who declared 

himself computer literate has a PC. It provides 2570012 mobile devices, 1143329 TV sets 
and 1508981 PCs. Technological progress requires that TV be changed after 12 years, PC 

after five years, mobile device after three years. Here are the average values obtained by 

surveying a sample of 350 students and high school students in KS. The values are slightly 

higher than the world average because the standard is such that it conditions the stated 

amounts. 

Based on the above data, we can calculate the annual decommissioning of the following 

devices: 95270 TVs, 301585 PCs, and 856665 mobile devices. Up to 30% of the stated 

amount ends in second-hand use (on the second-hand goods market, gifts, etc.). Ultimately, 

we have: 66685 TVs, 211253 PCs, 599662 mobile devices. If we take the average mass of 

the TV, PC, and mobile device: 25kg, 20kg, 135g, respectively, we get 5967 tons of spent 

e-waste per year in B&H. By recycling, this amount of e-waste can be obtained: 1,612 tons 

of glass (27%), 1612 tons of plastic (27%), 1367 tons of mild steel (23%), 476 tons of hard 

steel (8%), 176 tons of copper (3%), 176 tons of aluminum (3%), 476 tons of other materials 

(8%) and 53 tons of toxic substance (1%). These data were obtained by mapping the results 

for KS to the whole B&H with a scaling factor of 0.9. This factor is due to the higher 

standard in the Sarajevo region than the rest of B&H. 

CONCLUSION 

Given the realized development trend and the fact that we are approaching the extreme 

limits of available natural resources, there is a change in the basic paradigm of modern 

business. Instead of increasing the exploitation of mineral resources, increasing energy 

production, market growth, increasing industrial production, which in the previous period 
were the main features of development, now the central paradigm can be represented by the 

following features: energy efficiency, energy transition, environmental protection, 

decarbonisation, sustainable development, optimization, smart cities, circular economy. 

The technological basis of all these features is digital transformation. 

The impossibility of further raising the standards at the expense of the use of natural 

resources has imposed the need for more rational use of existing ones. Therefore, digital 

transformation cannot be seen as a new paradigm that will enable progress in new 

technology but as a necessity to overcome the problems of lack of energy, lack of raw 

materials, environmental and climate issues. 
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Abstract. Atmospheric aerosols are considered as one of the major uncertainties in climate 
forcing and atmospheric processes due to their short lifetime and the large variability. Lidar 
(LIght Detection And Ranging), an active remote sensing technique, represents the optimal 

tool to provide range-resolved aerosol optical parameters and information on the atmospheric 
structure and its dynamics. In order to create a quantitative, comprehensive, and statistically 
significant database for the horizontal, vertical, and temporal distribution of aerosols on a 
continental scale the European Aerosol Research Lidar Network (EARLINET) has been 
established. In this study the capacity of Belgrade Raman lidar system and the activities of 
lidar station within EARLINET will be presented together with the experience from 
measurement campaigns aiming to provide near real time (NRT) data products and study the 
changes in the atmosphere during the COVID-19 lockdown period. 

Keywords: atmospheric aerosol, optical properties, remote sensing, lidar, air quality 

INTRODUCTION 

Aerosols in the atmosphere play an important role in numerous atmospheric processes. 

Despite being a minor component of the atmosphere, they have a significant impact on the 

Earth's radiation budget, the water cycle and atmospheric chemistry, playing a crucial role 

in climate change and air quality. Due to their short lifetime and the large variability in 

space and time atmospheric aerosols are considered one of the major uncertainties in 

atmospheric processes [1]. As a result, vertically resolved studies of particle physical and 

optical parameters such as particle surface area concentration, volume and mass 

concentrations, mean particle size, and volume extinction coefficient are of particular 

interest. Long-term height-resolved measurements of atmospheric aerosol optical 
parameters can be carried out using lidar (Light Detection And Ranging), an active remote 

sensing technique. The observational lidar stations network called EARLINET (the 

European Aerosol Research Lidar Network) [2] was founded in 2000 to provide the long-

term measurement series needed to build a climatology of aerosol optical properties at the 

continental scale. The main objectives of EARLINET are the establishment of a 

comprehensive and quantitative statistical data base of the horizontal and vertical 

distribution of aerosols at the European scale using a network of advanced laser remote 

sensing stations, and the use of these data for studies related to the impact of aerosols on a 

variety of environmental problems. In this paper the characteristics of Raman lidar system 
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at the Institute of Physics Belgrade (IPB) [3], an EARLINET joining lidar station, is 

presented together with several quality tests in order to demonstrate the performance of a 

lidar system. In addition, preliminary findings and experience from a dedicated EARLINET 

measurement campaign organized in May 2020 in order to monitor the atmosphere’s 

structure during the COVID-19 lockdown period in Europe is discussed. 

Methodolgy 

Raman lidar 

Raman lidar system at the IPB (44.860 N, 20.390 E) is bi-axial lidar system with 

combined elastic and Raman detection designed to perform continuous measurements of 

aerosols in the planetary boundary layer and the lower free troposphere (Figure 1). 

Transmitter unit is based on the third harmonic frequency of a water cooled, pulsed 

Nd:YAG laser, emitting pulses of 65 mJ output energy at 355 nm with a 20 Hz repetition 

rate. The optical receiving unit consists of two sub-units, a receiving telescope and 

wavelength separation unit. The optical receiver is a Cassegrain reflecting telescope with a 

primary mirror of 250 mm diameter and a focal length of 1250 mm. Photomultiplier tubes 

are used to detect elastic backscatter lidar signal at 355 nm and Raman signal at 387 nm 
(nitrogen vibrational scattering). The detectors are operating both in the analog and photon-

counting mode and the spatial raw resolution of the detected signals is 7.5 m. Averaging 

time of the lidar profiles is of the order of 1 min corresponding to 1200 laser shots. The 

Licel transient recorder comprises a fast transient digitizer with on board signal averaging, 

a discriminator for single photon detection and a multichannel scaler combined with 

preamplifiers for both systems. For analog detection, the signal is amplified according to 

the input range selected and digitized by a 12-Bit-20 MHz A/D converter. At the same time 

the signal part in the high frequency domain is amplified and a 250 MHz fast discriminator 

detects single photon events above the selected threshold voltage. 

 

 
 

Figure 1.  Raman lidar at IPB (left) and components of a lidar system (right) 

COVID-19 Campaign 

The lockdown period provided a unique opportunity to examine the effects of reduced 

anthropogenic activities on changes in the atmospheric environment. As a part of the 

ACTRIS initiative for studying the changes in the atmosphere during the COVID-19 

lockdown period in May 2020 a dedicated EARLINET measurement campaign was 



Zoran Mijić, Maja Kuzmanoski, Luka Ilić 

38 

organized in order to monitor the atmosphere’s structure and to identify possible changes 

due to decreased emissions by comparison to the aerosol climatology in Europe. During the 

campaign the near real time (NRT) operation of the EARLINET was demonstrated. The 

Belgrade lidar station participated in the campaign together with 21 EARLINET stations 

providing vertical aerosol profiles twice per day (minimum two hours measurements at 

noon, and minimum two hours after sunset). The measurements were submitted and 

processed by the Single Calculus Chain (SCC) in the near-real time. The SCC is a tool for 

the automatic analysis of aerosol lidar measurements developed within EARLINET 

network [4,5]. The main aim of SCC is to provide a data processing chain that allows all 

EARLINET stations to retrieve, in a fully automatic way, the aerosol backscatter and 
extinction profiles (measures of the aerosol load) together with other aerosol products. The 

first analysis was based on the data processed by the SCC and directly published on the 

THREDDS server in NRT. 

RESULTS AND DISCUSSION 

A quality assurance scheme for both hardware and retrieval methods has been built 

within the lidar network. System alignment is one of the fundamental setup tests because 

the incomplete overlap between the laser beam and the receiver field of view has a 

substantial impact on lidar observations of particle optical characteristics. Thus, quality 

assurance of lidar measurements needs testing the lidar system's alignment following 
Freudenthaler's procedure [6]. It consists of a series of measurements with a partly covered 

telescope (four sectors labeled N, E, W, and S), such that each measurement represents a 

collection of backscattered light at a specific sector of the telescope. The variation of each 

sector signal from the average of all signals of less than 10% is required. 

The Rayleigh fit method, which is based on normalizing of the lidar signal to the 

calculated Rayleigh backscatter coefficient in a range where we assume clean environment 

and where the calculated signal matches the lidar signal sufficiently well, can be used to 

ensure lidar alignment in the far range. As seen in Figure 2. IPB lidar system was accurately 

aligned up to 14 km. Once properly aligned, the device could be utilized for systematic 

aerosol measurements. 

 

 
 

Figure 2. Deviations of signals collected with four telescope sectors compared to the mean signal 
(left) and Rayleigh fit for 355 nm elastic channel, Raman lidar at IPB, May 8th, 2020 
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Figure 3.LIDAR range corrected signal (above) and dust load over South Europe estimated by the 
DREAM model (below) on 10th and 15th May, 2020 

 

The preliminary analysis made on aerosol lidar data shows that by simply comparing 

the observed backscatter values with the climatological values from 2000-2015 was not 

sufficient to extract a clear conclusion on how much the COVID-19 lock-down has 

impacted the aerosols over Europe, but a certain effect for low troposphere was observed 

[7]. Generally, during the week of 15 – 21 May 2020, the aerosol backscatter coefficient 

values in both upper and lower troposphere were very close to the climatological values. 

On 15th of May, a certain tendency of higher than climatological values is observed because 
of the dust intrusion over the Southern Europe. Aerosol backscatter was significantly higher 

than in North and Central Europe, both in the low and high troposphere. Clear skies and 

high temperatures were observed in southern Europe accompanied with Saharan dust in the 

Balkans. In Figure 3 time evolution of lidar range-corrected signal at IPB, Belgrade on May 

10th and 15th is shown indicating the presence of Saharan dust in lower troposphere that was 

also confirmed by the forecast of Dust Regional Atmospheric Model (DREAM) [8]. 

CONCLUSION 

Basic characteristics of Raman lidar system at IPB together with the results of few 

quality checks are presented showing the capacity for detection and monitoring aerosol 
layers’ intrusion in Serbia. The action organized by EARLINET/ACTRIS (NRT delivery 
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of the data and fast analysis of the data products) proved that aerosol lidars are useful for 

providing information not only for climatological purposes, but also in emergency 

situations. A more quantitative analysis based on re-analyzing additional data products is 

expected to be availabe soon in order to consolidate the conclusions on how much the 

COVID-19 lock-down has impacted the aerosols in the atmosphere. 
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Abstract. We are witnessing major changes in the environment due to anthropogenic factors. 
Global climate change, extreme weather events, pollution of the atmosphere and drinking 
water sources, decline in biodiversity, radioactive waste storage, and exposure to ionizing 

radiation are some examples of these changes and the problems they cause. Developed 
countries have recognized the role of physics and physicists in reducing negative 
anthropogenic impacts on the environment and in mitigating and adapting to climate change. 
The training of physicists specializing in environmental studies includes the study of physical 
laws, the application of quantitative models, their testing, and their use in predicting 
environmental impacts. The study of the environment requires an interdisciplinary approach, 
and therefore it is necessary to supplement traditional training in physics with specific skills 
and knowledge. The environmental physicist should be trained in the fundamentals of 

ecology, should understand the environmental impacts for which prediction methods are 
being developed, should have a basic knowledge of the management of the commons, must 
be familiar with environmental regulations, and must have the ability to communicate 
effectively with the public. Over the past three years, physicists from four Croatian 
universities have worked together on a project aimed at modernizing physics curricula and 
adapting them to the needs of the labour market. One of the outcomes of the project was the 
development of an occupational standard for graduate engineers in environmental physics. In 
this paper I will discuss the results of the project in the context of the development of the 

standard and present the study program in Physics and environmental science at the 
Department of Physics of the University of Rijeka. 

Keywords: anthropogenic impact, environmental changes, environmental physics, occupational 
standard, study programs 

INTRODUCTION 

The ability to actively participate in the development and implementation of new 

technologies is critical for the effective and sustainable development of modern society. 
This is particularly evident in the increasing challenges of environmental protection. 

Climate change, pollution of water, air and soil, as well as the expansion and construction 

of new roads/highways are just some of the elements that have made environmental 

protection one of the world's leading problems and a topic of scientific and professional 

debate. 

Environmental research, climate change mitigation, and the green and blue economy are 

among main European Union's research goals. Horizon Europe until 2027, for example, 
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deals directly with environmental issues in Pillar II clusters 5 and 6. Cluster 5: Climate, 

Energy, and Mobility, in particular, aims to combat climate change by improving 

“understanding of its causes, evolution, risks, impacts, and opportunities, and by making 

the energy and transport sectors more climate and environment-friendly, more efficient and 

competitive, smarter, safer, and more resilient” [1]. Cluster 6: Food, Bioeconomy, Natural 

Resources, Agriculture, and Environment, on the other hand, aims to reduce environmental 

degradation, halt and reverse biodiversity loss, and better manage natural resources through 

transformative economic and societal changes. Through knowledge, innovation, and 

digitalisation in agriculture, fisheries, aquaculture, and food systems, it aims to ensure food 

and nutrition security, as well as “steer and accelerate the transition to a low-carbon, 
resource-efficient circular economy and sustainable bioeconomy” [2]. 

The University of Rijeka demonstrates its understanding of the importance of nature 

protection and environmental issues not only through the funding of scientific projects 

addressing environmental research, but also through its educational component. The 

University of Rijeka, in particular, provides a physics degree with a focus on environmental 

physics. The University of Split is the only other university in Croatia that offers graduate 

studies in environmental physics. 

Furthermore, the European Social Fund financed the project "Development of physics 

studies with the implementation of the Croatian Qualifications Framework - FizKO" at the 

University of Rijeka [3]. The project brought together physicists from four Croatian 

universities: the University of Rijeka, the University of Zagreb, the University of Split, and 
the University of Osijek, as well as representatives from potential employers. One of the 

project's goals was to create an occupational standard for graduates in environmental 

physics. 

Graduates in environmental physics  

Graduates in environmental physics are expected to apply the knowledge from physics 

in general, as well as from classical and quantum mechanics, electromagnetism, 

thermodynamics, optics, electrodynamics, and statistical, atomic, and nuclear physics to the 

analysis and modelling of atmospheric and oceanographic processes, processes in inland 

waters and soil, as well as processes in urban areas. They plan and conduct environmental 
monitoring and analysis, create and use new, environmentally friendly materials and 

innovative technologies, and participate in the processes of planning sustainable natural 

resource management and assessing the environmental impact of planned actions. An 

environmental physicist should not only have basic technical knowledge, but also basic 

managerial and economic as well as legal skills in order to successfully fit into an 

interdisciplinary team. 

Several policy documents of the Republic of Croatia, as well as the European Union, 

highlight the necessity for graduate courses in environmental sciences. In the 2014 Croatian 

Education, Science, and Technology Strategy, for example, the relevance of education and 

science in overcoming challenges such as the application of new technologies and 

environmental protection was underlined [4]. According to the Strategy, priority 
occupational standards and qualifications, as well as corresponding education programs, 

should be defined and developed in new areas of economic activity, such as the acquisition 

of skills and technologies for environmental protection, recycling, and biodiversity 

conservation.  
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The Republic of Croatia's Nature Preservation Strategy and Action Plan for the years 

2017 to 2025 emphasizes the development of technical knowledge and skills in order to 

effectively implement nature protection. It also promotes better understanding as well as an 

increase in the number of issues connected to environmental protection in the educational 

system, as well as stronger collaboration with the education sector [5]. 

In the strategy document “Healthy and sustainable environment for future generations”, 

the European Commission envisages the creation of 400,000 jobs for the full 

implementation of existing EU regulations in the field of environmental protection, 

indicating a considerable need for experts in this field [6].  

Three priority areas in the Danube Region Strategy deal with environmental challenges 
(Water Quality, Environmental Risks, and Biodiversity, Landscapes, and Air & Soil 

Quality) and two deal with knowledge society and people and skills [7]. The EU Strategy 

for the Adriatic and Ionian Region highlights environmental quality and a sustainable 

economy as key challenges and potential [8]. Croatia belongs to both regions, and 

significant parts of the mentioned strategies relate to environmental quality, water 

protection, biodiversity conservation, risk management and sustainable economy. As a 

conclusion, we can infer that the aforementioned action plans also necessitate the 

involvement of environmental experts. 

By developing occupational standard for graduates in environmental physics that is 

tailored to the needs of employers, we aimed to improve the quality and attractiveness of 

physics study programs, as well as their relevance to the labour market. 

Competencies of graduates in environmental physics 

Graduates in environmental physics should be able to plan, organize, and carry out 

environmental monitoring, as well as analyse the state of various environmental 

components. They may be involved in working in areas such as environmental research, 

development, and innovation, quality assurance, health and environmental protection, 

various administrative and commercial engagements, education, and so on.  

Graduates in environmental physics can expect to work in interdisciplinary and 

international teams. Students must obtain basic competencies through graduate degree 

programs in order to be well prepared for the labour market, i.e. to be productive members 
of such teams. With this in mind, the following sets of competencies have been identified 

as necessary for this specific profile of physics graduates. 

Knowledge, analysis and modelling of atmospheric processes 

This group of competencies includes: knowledge, formulation and application of laws, 

models and theories of atmospheric physics. The graduate is expected to know the 

composition of the atmosphere and climatic processes, the processes of cloud formation and 

precipitation, as well as the basics of dynamic meteorology. After completing the study, the 

student should know the basic structures of numerical models of weather and climate, know 

the basic forms of motion at the synoptic and global scale and understand the laws of 
transport and dispersion of atmospheric pollutants. An environmental physicist should 

know and use basic experimental equipment in meteorology, as well as to encode and 

execute computer programs for research, simulation or modelling of physical phenomena 

in the atmosphere.  



Diana Mance 

44 

Knowledge, analysis and modelling of oceanographic processes 

Environmental physicists should be able to understand, formulate, and apply laws, 

models, and theories of marine physics. The fundamentals of dynamic oceanography must 

be understood, as well as the various types of wave motion in the sea. This set of 

competences includes the formulation of simple mathematical models of tides, 

understanding of marine transport systems and pollutant dispersion mechanisms, as well as 

understanding of marine climatic dynamics. In addition, after finishing the graduate study 
in environmental physics, the student should know and utilize basic oceanographic 

experimental equipment, as well as encode and execute computer programs for research, 

simulation, or modelling of physical events in the sea.  

Knowledge, analysis and modelling of soil processes 

Students should be trained in the formulation and application of soil physics laws, 

models, and theories. They should be able to apply their knowledge of fluid mechanics and 

thermodynamics to soil processes and understand the physical properties of soil and the 

methods used in their research. They should be able to explain how climate change affects 

soil and soil processes, as well as be familiar with the basic experimental equipment used 
in soil physics. They are expected to apply soil characteristics research findings to 

environmental protection and the sustainable use of natural resources. They should also be 

able to encode and execute computer programs written in a programming language in order 

to investigate, simulate, or model physical phenomena in the soil.  

Knowledge, analysis and modelling of processes in the urban environment 

During their studies, students should be introduced to the fundamentals of data science, 

network models, machine learning, and artificial intelligence. Graduates should be able to 

calculate the microclimatic parameters of thermal comfort in residential and commercial 

buildings, as well as the fundamentals of noise and vibration protection. They should also 
be able to apply their knowledge of environmental radioactivity, dosimetry, and radiation 

protection against both ionizing and non-ionizing radiation. This set of competencies could 

also include topics like traffic analysis and optimization using network models, 

explanations of the effects of external electromagnetic fields on human health, 

fundamentals of epidemiological modelling and social physics, and models of competition 

and human cooperation.  

The use and maintenance of environmental monitoring equipment 

Students should learn how to plan, organize, and carry out fieldwork in order to collect 

samples and data. They should be involved in the planning and execution of instrumental 
analyses as well. It would be preferable if they knew how to maintain and optimize the use 

of experimental equipment for environmental sample analysis. They should be able to use 

measuring equipment and assess the quality, accuracy, and reliability of measurement 

results. Students should become acquainted with standard laboratory instruments used in 

experimental physics during their studies, as well as conduct and evaluate measurements of 

various physical quantities. A graduate in environmental physics should be able to read 
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manuals and understand laboratory equipment specifications. He or she should be familiar 

with the standard methods of recording laboratory activities and storing data, as well as the 

safety principles and the equipment and regulations of a standard physics laboratory. 

Processing of environmental data 

Graduates of environmental physics should be familiar with scientific research 

methodology as well as how to maintain project documentation, records, and data storage. 

They should be able to perform statistical analyses on environmental data and interpret the 
results. They ought to be able to interpret the cause-and-effect relationships on a given piece 

of content, as well as understand the physical laws associated with specific measurements 

and measurement results. Physicists must be able to analyse and express conclusions from 

observations and experiments using physics concepts and mathematical formalism, as well 

as solve multidisciplinary problems that link physics to other scientific disciplines.  

Health and environmental protection 

Students should understand the fundamentals of both ionizing and non-ionizing 

radiation protection, as well as noise and vibration protection. Environmental physicists 

who have completed their studies should be able to monitor the state of the environment, as 
well as apply physical and mathematical models for public health protection and 

occupational safety rules. They should also be able to contribute to the development of 

policies that aim to prevent or mitigate the negative effects of waste on human health and 

the environment.  

Dissemination of project results in environmental physics 

Students should be taught how to analyze the interaction of physics and society, as well 

as the impact of physics and modern technological development on the environment. 

Graduate in environmental physics should be able to demonstrate improvements in living 

standards as a result of physics work and discoveries, describe and explain the role of 
physics in modern technology, and analyze the major factors influencing physics' historical 

development in the context of society and technological development. They should also be 

capable of applying physical laws to explain everyday life phenomena, describing various 

examples of physicists' actions affecting health, the environment, and/or society, and 

explaining the effects of climate change on people and the environment. Students should be 

concerned with the application and promotion of socially responsible behavior, as well as 

the organization and implementation of scientific, professional, and popularization 

activities in the field of environmental physics (from early childhood to lifelong learning). 

Scientific communication 

Knowledge of the main features of the information and communication process, 

knowledge of scientific communication methods, and knowledge of science popularization 

are all part of this set of competencies. A graduate physicist should use standard criteria to 

select reliable scientific information and communicate using a variety of methods (scientific 

and professional journals, books, newspapers, video, web, etc.). He or she must be able to 
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organize and present ideas using words, mathematical equations, tables, graphs, pictures, 

animations, diagrams, and other visual aids. Graduate physicists should be able to present 

scientific and technical concepts both orally and in writing, in standard Croatian and 

English, in a concise and comprehensive manner. 

Addressing environmental issues by applying fundamental knowledge from the 

natural, technical, and social sciences. 

Environmental research necessitates an interdisciplinary approach. As a result, students 

should be taught how to apply fundamental chemistry knowledge to environmental 

problems, with a focus on pollutant structure and chemical and photochemical reactions. 

They should also be able to apply basic biology and ecology knowledge to environmental 

problems, with a focus on environmental migration methods and pollutant effects on 

humans and wildlife. Knowledge of the fundamentals of geology and seismology, as well 

as the fundamentals of waste management, is preferable. Students should also be familiar 

with the fundamentals of managing common goods, analyzing economic and social 

environmental impacts, and comprehending basic environmental laws, regulations, and 

ordinances. 

Personal and professional development 

A graduate in environmental physics is expected to understand the opportunities for 

pursuing a career in environmental physics at the regional, national, and global levels. He / 

she must be able to plan and manage his / her own career, as well as encourage, advise, and 

supervise subordinate employees' careers. This set of competencies also includes the ability 

to evaluate the impact of technological and broader social changes on one's own career 

while keeping one's own abilities and competencies in mind. A graduate physicist should 

be able to create a personal portfolio, network within the profession, participate in lifelong 

learning programs, and understand the standards for effective presentation of their 
knowledge and skills relevant to the job via appropriate CV, job interview, and professional 

appearance and behavior. He / she should be aware of the relevant competencies and 

qualifications required to continue academic / professional development, as well as his / her 

own strengths and weaknesses, knowledge, skills, and attitudes, and their impact on future 

career opportunities. 

Graduate studies in Physics and environmental sciences 

Incorporating all of the aforementioned competencies into the study program is a major 

challenge. We live in a world that is constantly changing and moving onward incredibly 

fast. On a daily basis, we are enthralled by innovations, but also shocked by irresponsible 
and negative actions toward the environment and society. Under these conditions, an 

education program that adequately prepares students for the labour market must be 

adaptable while also providing a clearly defined set of competencies. 

At the University of Rijeka's Faculty of Physics, we decided that, in addition to 

traditional physics courses, compulsory courses in our graduate study in Physics and 

environmental sciences would focus on physics of three basic components of the 

environment: atmosphere, oceans and soil. In the courses Physics of the atmosphere, Marine 
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physics, and Soil physics, students acquire the outcomes of knowledge required to achieve 

the competencies from the first three sets of competencies listed in the previous section.  

Students gain other competencies through a series of elective courses led by professors 

from the Faculty of Physics, associates from other faculties and departments of the 

University of Rijeka, and professors from other Croatian and international universities. A 

large number of elective courses allow students to pursue competencies based on their 

personal interests. 

At the University of Rijeka, we understand that education does not end with a diploma. 

It is permanent and lasts for the rest of a person's life. In this ever-changing world, there is 

a constant need to learn new things and improve one's skills. Micro-qualifications (or micro-
credentials) have emerged as a new route in open personalized education. The Faculty of 

Physics, in collaboration with the Faculty of Economics at the University of Rijeka, is 

currently developing a joint micro-qualification "Recognition of environmental changes 

and risk management," which will provide students with solid economic knowledge, 

specifically on the management of common goods that include natural resources. The 

micro-qualification will be delivered in English, allowing for interdisciplinarity and 

internationalization. 

CONCLUSION 

The environment and society are undergoing significant transformations. In such 
challenging times, there is a need for a graduate study profile that allows for the study of 

environmental and social phenomena from the standpoint of natural sciences. This type of 

profile is ideal for a physicist whose competencies are supplemented by skills from other 

disciplines. Environmental physicist education should be designed to ensure the acquisition 

of traditional physicist competencies while also presenting open and personalized digital 

age education. This was the driving force behind the creation of the graduate program in 

Physics and environmental sciences at the University of Rijeka's Faculty of Physics. 
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Abstract. Fine particulate pollution (PM2.5) has been a subject of intense research, due to 
its strong negative impact on the human health. Epidemiological links have been established 
between the concentrations of PM2.5 fraction and increase of morbidity and mortality in urban 

areas. The samples of PM2.5 fraction in Rijeka (Croatia), collected on stretched Teflon filters, 
were analysed by X ray fluorescence and Ion Beam Analysis techniques and concentrations 
of 22 elements were determined from Na to Pb. Concentrations of black carbon (BC) were 
determined by Laser Integrated Plate Method. The concentrations of PM2.5 fraction in the air 
were statistically evaluated by means of Positive Matrix Factorization. Results show that 
during calm periods in Rijeka when air pollution is steadily increasing, from all anthropogenic 
sources such as vehicles, secondary sulphates, smoke, heavy oil combustion, road dust, 
industry Fe and port activities only secondary sulphates from thermal power plant and heavy 

oil combustion from oil refinery were significantly higher, 40% and 50%, respectively.  

Keywords: PM2.5 fraction, Ion Beam Analysis, Positive Matrix Factorization, calm weather  
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Abstract. The greenhouse effect is a vital phenomenon for the living world on Earth because, 

without it, the planet’s temperature would be about 39 K lower. It is often identified with 

“global warming” in everyday life, although these are not the same terms. The greenhouse 

effect is complex and is related to the absorption and emission of infrared radiation by 

greenhouse effect gases and heat transfer processes at the fundamental level, and as such, it 

needs to be included in school and university physics curricula. The paper presents the basics 

of the mechanism of the greenhouse effect, which can be modelled, and dealt with at different 

complexity levels depending on whether it is primary, secondary, or university education 

level. 

Keywords: environmental physics, greenhouse effect, global warming, physics education 

INTRODUCTION 

It is believed that the Irish physicist John Tindall was the first to demonstrate 

experimentally in 1859 that carbon dioxide and water vapour can absorb and emit heat 

transmitted by infrared radiation, which is the physical basis of the greenhouse effect. Gases 

with this feature are called greenhouse gases. Due to their presence in the Earth’s 

atmosphere, the average temperature on the surface of our planet is about 39 K higher than 

it would be if there were no greenhouse gases in the atmosphere [1–4]. Several years before 

Tyndall, an American called Eunice Foote was the first to carry out such measurements. 

However, she did not differentiate between the energy transmitted by solar radiation from 

the entire spectrum and infrared radiation, nor did she manage to explain the phenomenon 

observed. On the other hand, not only did Tyndall notice that the focus was on infrared 

radiation, but he also took specific measurements and explained them. Our present 

understanding of the greenhouse effect is also based on the work of Joseph Fourier, who 

named the effect in 1820, and Svante Arrhenius, who in 1896 calculated how much the 

Earth’s temperature would change if the concentration of carbon dioxide in the atmosphere 

doubled. In 1938, Gui Callendar highlighted that human activities could increase the 

concentration of carbon dioxide. Today, many scientists in the world deal with this 

fundamental issue. The Nobel Prize in Physics 2021 was awarded jointly to Syukuro 

Manabe and Klaus Hasselmann “for the physical modelling of Earth’s climate, quantifying 

variability and reliably predicting global warming.” 
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THE GREENHOUSE EFFECT AND GLOBAL WARMING 

The very wording of the greenhouse effect is a metaphor indicating that both the Earth’s 

atmosphere and a greenhouse let radiation go through and then trap some of the heat. 

However, the mechanisms of heat transfer or its retention are different. Inside the 

greenhouse, heat is transferred by convection, and the mere existence of a physical barrier, 

i.e., the side of the greenhouse, prevents the heat from escaping (Fig. 1. a) [5]. Infrared 

radiation is retained in the Earth’s atmosphere due to its absorption by greenhouse effect 

gases (Fig. 1. b), which can be found in the atmosphere (carbon dioxide, water vapour, 

methane, nitrous oxide, ozone…) [6]. If we imagine the atmosphere (greenhouse gases) 

divided into layers, each absorbs infrared radiation from the lower layer and then re-emits 

it both up and down. As will be said below, this effect leads to an increase in the average 

surface temperature of our planet. The speed at which the Earth loses heat is determined by 

the median temperature of the highest layer of the atmosphere participating in these 

processes as it gives off the heat into the universe. 

On the other hand, global warming increases the Earth’s temperature due to the 

greenhouse effect, increasing the concentration of greenhouse effect gases in the 

atmosphere due to human activities (predominantly burning fossil fuels). Long-term 

changes of this type in the Earth’s climate system have been observed since the pre-

industrial period (between 1850 and 1900). 

 

 
 

Figure 1. a) A greenhouse does not allow heat transfer by convection; b) Atmospheric greenhouse 

effect [5] 

GREENHOUSE EFFECT MECHANISM 

Greenhouse gases absorb and emit radiation energy within the thermal infrared range 

causing the greenhouse effect. The primary greenhouse gases in the Earth’s atmosphere are 

carbon dioxide, water vapour, methane, nitrous oxide, and ozone. Interestingly, the gases 

that mostly make up the Earth’s atmosphere, i.e., nitrogen (78%), oxygen (21%), and argon 

(0.9%), are not greenhouse gases. How come? 

To answer this question, one should start from the general structure of energy levels in 

molecules. Namely, considering the structure, molecules being polyatomic systems allow 

for oscillations of atomic nuclei. The energy of these oscillations is quantized. Molecules 
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can also rotate, and this energy of rotation is quantized too. In that sense, the energy levels 

in molecules can be: electronic, vibrational and rotational (Fig. 2). 

 

 
 

Figure 2. A general outline of the energy scale of vibrational and rotational levels of molecules [2] 

 

Rotational levels are about a thousand times denser than vibrational levels on the energy 

scale, and vibrational levels are about a thousand times denser than electronic ones. Simple 

diatomic molecules (N2, O2…) can only change the chemical bond length established 

between two atoms. More complex molecules with more bonds (H2O, CH4…) have more 

possibilities of changing both shape and size. Therefore, they have a more complex structure 

of vibrational and rotational energy levels in the part of the thermal infrared range, which 

allows them to absorb and emit IR radiation. 

The primary source of IR and other electromagnetic radiation in our solar system is the 

Sun. The flux of energy of electromagnetic radiation that reaches the upper layers of the 

Earth’s atmosphere from the Sun is called the solar constant and is: 𝐹𝑠 = 1380 W/m2. In 

the zero-order model (Fig. 3), which does not take into account the existence of the 

atmosphere, the total energy received by the Earth per second of time will be: (1 − 𝑎)𝐹𝑠𝜋𝑟2 

where 𝑎 is the Earth’s albedo (the ratio of the intensity of the reflected and the intensity of 

the incident radiation). 

 

 
 

Figure 3. Zero-order model [2, 3] 

 

By absorbing electromagnetic radiation, the Earth is heated to a temperature 𝑇𝑝 and 

radiates, following this model as a black body, according to Stefan-Boltzmann’s law, energy 

per second: 4𝜋𝑟2𝜎𝑇𝑝
4. Starting from the fact that the absorbed energy is equal to the emitted, 

i.e., that (1 − 𝑎)𝐹𝑠𝜋𝑟2 = 4𝜋𝑟2𝜎𝑇𝑝
4, the Earth’s temperature (Planck’s temperature) is 
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 𝑇𝑝 = (
𝐹𝑠(1−𝑎)

4𝜎
)

1/4

≈ 249 Κ ~ - 24 ℃ (1) 

 

 

According to Wien’s displacement law, this temperature corresponds to the maximum 

emission of electromagnetic radiation at a wavelength of 𝜆𝑚𝑎𝑥  = 0.0029 K∙m/249 K=11.6 

μm, which corresponds to the IR part of the spectrum. In the absence of the Earth’s 

atmosphere (zero-order model), the energy emitted by the Earth at a temperature of 249 K 

would go into space irreversibly. Thanks to the Earth’s atmosphere, i.e., the greenhouse 

effect, the Earth’s temperature is higher by an average of 39 K and is 288 K ~ 15 °C. 

Arrhenius’ one layer model provides a solid prediction of the measured average Earth 

temperature of 288 K. This model takes into account the Earth’s rotation and takes into 

account the Earth’s atmosphere as its single-layer “mantle” that absorbs, transmits and emits 

electromagnetic radiation. Taking into account the rotation of the Earth within this model, 

the flux of short-wave radiation coming from the Sun is: 𝐹0 =
1

4
(1 − 𝑎)𝐹𝑠. The atmosphere 

absorbs part of the flux and the remaining part of 𝑡𝑘𝐹0 reaches the Earth’s surface (Fig. 4). 

The 𝑡𝑘 is the transmission coefficient of the Earth’s atmosphere for short-wave IR radiation 

coming from the Sun. By absorbing this radiation, the Earth’s surface is heated to a 

temperature of 𝑇𝑧 . Аccording to Stefan-Boltzmann’s law, it emits electromagnetic radiation 

of total flux: 𝐹𝑧 = 𝜎𝛵𝑧
4. The atmosphere absorbs part of this flux while letting go the part 

𝑡𝑑𝐹𝑧. Here 𝑡𝑑 is the coefficient of atmospheric transmission for long-wave IR radiation 

coming from the Earth’s surface, the absorption of which heats the atmosphere to a 

temperature 𝑇𝐴, emitting radiation into space and towards the Earth (Fig. 4) with the flux of 

𝐹𝐴 = 𝜎𝑇𝐴
4, according to Stefan-Boltzmann’s law. 

 

 
 

Figure 4. One layer model [2] 

 

Obviously, in the state of thermal equilibrium, according to Fig. 4., 𝐹0 = 𝐹𝐴 + 𝑡𝑑𝐹𝑍 (for 

the atmosphere layer) and 𝐹𝑧 = 𝐹𝐴 + 𝑡𝑘𝐹0 (for the Earth’s surface). Eliminating 𝐹𝐴 results 

in 𝐹𝑍 = 𝐹0
1+𝑡𝑘

1+𝑡𝑑
, which combined with 𝐹0 =

1

4
(1 − 𝑎)𝐹𝑠 gives the Earth’s temperature 

within this model 
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 𝑇𝑧 = (
𝐹0(1 + 𝑡𝑘)

𝜎(1 + 𝑡𝑑)
)

1 4⁄

 (2) 

 

The absence of the atmospheric layer results in 𝑡𝑘 = 𝑡𝑑 = 1 (no absorption), so the result 

of the zero model is that 𝑇𝑧 = 𝑇𝑝 = 249 K.  

The atmosphere transmits short-wave radiation from the Sun well. However,  it is poorly 

permeable to long-wave IR radiation from the Earth’s surface due to the greenhouse gases 

present. For the values of the transmission coefficients 𝑡𝑘 = 0.9 and 𝑡𝑑 = 0.1, (2) results in 

𝑇𝑧 ≈ 285 K, which agrees with the measured average temperature of 285 K. 

Thanks to the greenhouse effect, the temperature of our planet is, therefore, higher by 

39 K and amounts to an average of 15 °C, which certainly makes our planet, generally 

speaking, a more pleasant place to live. In the same way, the greenhouse effect affects the 

increase of temperatures on other planets in the solar system that have an atmosphere and 

greenhouse gases (Table 1.). 

 
Table 1. Greenhouse Effect on inner planets of the solar system 

 

Mercury Venus Earth Mars 

No atmosphere 90 % CO2 0.03 % CO2; 1 % H2O 90 % CO2 

0 K 497 K 39 K 5 K 

GREENHOUSE EFFECT IN THE CLASSROOM 

The process is very complex and challenging to thoroughly explain at the school level, 

which requires using models of various complexity levels. Before processing it, it is 

necessary to determine students’ ideas about the greenhouse effect and their exactness [7]. 

Students’ ideas about a phenomenon are the basis for further building on their knowledge 

and abilities. Since the greenhouse effect is closely related to radiation, it is also necessary 

to check what students already know about electromagnetic radiation (their preconceptions) 

[8, 9]. 

At the primary school level, a complete understanding of heat retention on the Earth 

cannot be achieved because students lack knowledge related to EM radiation, thermal 

processes and the carbon cycle. With this in mind, it is unnecessary to insist on the 

difference in heat transfer mechanism in a real greenhouse and the atmosphere at this level 

of education. The consequences of the existence of this effect can only be explained in 

principle by understanding its consequences and developing the correct terminology, which, 

at the following levels of education, shall serve as the basis for acquiring further knowledge 

in this area. An analysis of the greenhouse effect can begin with the questions such as: Have 

you heard of the greenhouse effect? Is it a good or a bad “thing”? Next, students can be 

shown how IR radiation can be “seen” by a mobile phone camera. The goals of processing 

these contents are: a) demonstration of the existence of the effect of the actual greenhouse 

and b) determination of the influence of greenhouse effect gases on the increase of air 

temperature. 

Within grammar school education and in most other secondary school physics curricula 

(except for some profiles in secondary schools of economy, music schools…), students will 

be introduced to the properties of electromagnetic radiation, heat transfer mechanisms, 
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black body radiation laws and basics of quantum mechanics. Therefore, at this level of 

education, students can be introduced to the greenhouse effect and its consequences 

satisfactorily, or at least at the level of the approach presented in this paper. 

As far as higher education institutions are concerned, the possibilities are even more 

comprehensive and depend on the level of study at which this issue is studied. In bachelor’s 

academic studies, it can be dealt with in a similar way as in high schools, while if taught in 

master’s studies, then it is possible to do it in a much more comprehensive way. There has 

been an increased interest in presenting these topics in university-level Environmental 

Physics courses [1–3]. 

CONCLUSION 

The paper offers a brief overview of the mechanism of the greenhouse effect and its 

consequences. Given the importance of the impact of this effect on life on Earth, introducing 

students to this topic is extremely important. The paper highlights the specifics of the 

approach in studying the greenhouse effect at education levels. Understanding the 

greenhouse effect and global warming also results in understanding their impact on the 

climate on our planet. 

The greenhouse effect is a complex phenomenon, and this paper only deals with its 

basics. There are upgrades to the models for dealing with the greenhouse effect presented 

here. Namely, more elaborate models also consider non-radiative energy transfers from the 

Earth to the atmosphere (evapotranspiration, heat conduction, convection, etc.). 

Understanding the thermal effects in which the atmosphere participates will help shape the 

right attitude of students to the issues related to the pollution of the atmosphere and the 

change of its properties driven by human activities. 
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Abstract. This paper presents a new approach to the application of  Newton 's second law to 

a non - mechanical system. A force that satisfies Newton's second law acts on a point in the 

data space. Artificial and real time series, which describe chaotic-stochastic oscillations, are 

transformed into time-dependent force parameters. A large nonlinear force, in a short time 

interval, causes a delayed increase in uncertainty time series, due to sensitivity to initial 

conditions. The length of the delay depends on the level of stochastics. By calculating the 

nonlinear force parameter, the increase in amplitude and frequency can be predicted. By 

applying this model it is possible better understanding of global temperature trend. 

Keywords: Newton 's second law, real time series, global temperature trend 

INTRODUCTION 

It is not surprising that there has been a great interest of scientists in the application of 

the laws of physics in various spheres of life. There are many attempts to implement the 

laws of physics in explaining various phenomena in the field of climate sciences [1-6]. It 

is also a well-known fact that many laws of physics can explain phenomena in nature, so 

the environmental physics is expanding. Scientists are striving to develop as adequate 

models as possible with the increasing development and advancement of technology, 

which could serve as a possible prediction of climate change. This paper presents a new 

approach to the implementation of the Newton 's second law in the field of environmental 

physics, i.e. in the calculations related to the average annual temperature and the very 

current issue of global warming. 

METHOD 

The climate system is a very complex system that is out of thermodynamic 

equilibrium. We can say that it is also a nonlinear, heterogeneous system in which we 

have a combination of chaos and stochasticity. The system is affected by both internal and 

external forces, and its behavior depends on natural and anthropogenic factors. 
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We observe artificial and real series that describe chaotic-stochastic oscillations, and 

we transform them into time-dependent force parameters [7]. Force satisfies Newton's 

second law consists of the part representing the elastic force, the part representing the 

nonlinear part, damping and coercive force. 

The force is given in the form (1): 

 

 
𝐹 = 𝑎(𝑥𝑛+𝑗 − 𝑆) + 𝑎2(𝑥𝑛+𝑗 − 𝑆)

2
+ 𝑎3(𝑥𝑛+𝑗 − 𝑆)

3
+ 𝑏𝑣𝑛+𝑗 + 𝜔 + 

∑ 𝑐𝑖 cos
6.28(𝑛+𝑗)

𝑖

6
𝑖=2   

(1) 

  

The time series 𝑥𝑛 (𝑛 = 1,2,3, … ) represents the value of the coordinate of particle 

unit mass, and the expression (2): 

 

 𝑣𝑛+𝑗 = 𝑥𝑛+𝑗 − 𝑥𝑛+𝑗−1;   (𝑛 = 2,3,4, … ,12; 𝑗 = 0,1,2, … ) (2) 

 

the particle velocity. It is assumed that force affect a particle at the moment 𝑛 + 𝑗. 

The term S is co called sliding average value given by (3) 

 

 𝑆 =
1

12
∑ 𝑥𝑛+𝑗

12
𝑛=1 ;  (𝑗 = 0, 1, 2, … )  (3) 

 

In the case of data obtained from real systems, there is a generalization of the second 

Newton's law, that is, we have one mechanical picture in the data space. 

As already mentioned, the oscillations of this system are nonlinear and occasionally 

damped, amplified and unstable. 

The first term in the expression (1) represents the elastic force. In the general case 

expression for elastic force is 𝐹⃗ = −𝑘∆𝑦⃗, where k is force constant  (spring constant) and 

sign (-) present tendency of the elastic force to act in opposite direction to applied force 

(∆𝑦 is displacment). 

In case  𝑎 < 0 , it is an elastic force, and it tends to return the system to equilibrium. 

However, when 𝑎 > 0  then the amplitude increases and the system moves further and 

further away from equilibrium (equilibrium in S is not a stable). The second and third 

terms in (1) represent nonlinearity. It is known that in nonlinear systems the response of 

the system to the influence of force is not completely proportional  to the magnitude of the 

force, and they show chaotic properties. In this paper, special attention will be focused on 

parameter 𝑎3 and its impact on the behavior of the system at some delayed moment. 

The fourth term represent a damping force, if 𝑏 < 0. If 𝑏 > 0 this is  amplifying force. 

The force parameter 𝜔 is a constant in a short time interval. The sixth term represents 

driving force.  If we include 𝑛 = 3, 4, … , 12 in (1), we get a system of 10 linear equations, 

whose solution gives us the force parameters: 𝑎, 𝑎2, 𝑎3, 𝑏, 𝜔, 𝑐2, 𝑐3, 𝑐3, 𝑐5, 𝑐6. By examining 

these parameters, something significant can be concluded about that system. 
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RESULTS 

Artificial time series 

In order to better understand the results obtained by including data from real systems, 

artificial time series have been created. Several examples of artificial time series are 

presented below. Figure 1 presents the results obtained by solving the equations (4): 

 

 

𝑑

𝑑𝑡
𝑥(𝑡) =

8.7𝑥(𝑡) − 26

17.53 + 17.52𝑠𝑖𝑛(4.4𝑦(𝑡) + 4.9𝑓(𝑡))
 

𝑑

𝑑𝑡
𝑦(𝑡) =

3 − 8.3𝑦(𝑡)

18.15 + 18.14𝑐𝑜𝑠(4.7𝑥(𝑡) + 4.9𝑓(𝑡))
 

𝑦(0) = −2.6; 𝑥(0) = 3.155201, 3.155202, … , 3.155209  

(4) 

 

The parameter 𝑎3was calculated using relations (1) and (3), and 𝑥(𝑡)is obtained from 

(4). In Fig.1 in cases a) and b) different realizations of the fluctuating function 𝑓(𝑡) were 

used. It can be seen clearly here that high value of the parameter |𝑎3| announces the large 

uncertainty of 𝑥(𝑡).That means that as the nonlinear force increases, the sensitivity to the 

initial conditions increases too. 
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a)      b) 

 
 

c)      d) 

 
Figure 1. Force parameter 𝑎3 (red) and 𝑥(𝑡) (blue) in two realization of fluctuatin function 𝑓(𝑡). 

In c) and d) time series generated by equations obtained by substitutions in (4): 4.9𝑓(𝑡) → 3.5𝑓(𝑡) 

and 4.9𝑓(𝑡) → 3.0𝑓(𝑡), respectively. 

 

Another example of time series obtained from relations (5) is shown in Figure 2: 

 

 

𝑑

𝑑𝑡
𝑥(𝑡) =

23.6𝑥(𝑡) − 41

128.63 + 128.62𝑠𝑖𝑛(1.3𝑦(𝑡) + 5.2𝑓(𝑡))
 

𝑑

𝑑𝑡
𝑦(𝑡) =

9.7𝑦(𝑡) − 17

249.35 + 249.34𝑐𝑜𝑠(1.8𝑥(𝑡) + 5.2𝑓(𝑡))
 

𝑦(0) = 1.8; 𝑥(0) = −2.465231, − 2.465232, … , −2.465239  

(5) 
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a) 

 

b) 

 
 

Figure 2. Force parameter 𝑎3 (red) and 𝑥(𝑡) (blue); a) Time series generated by equations (5): b) 

Time series generated by equations (5) after substitution: 5.2𝑓(𝑡) → 5.19𝑓(𝑡). 

 

The previous examples illustrate the relationship between the high value of the 

parameter 𝑎3 and the increase in uncertainty of 𝑥(𝑡). Now, look at an example without high 

maxima of parameter 𝑎3 (Figure 3.). 

 

a) 

 

b) 

 
 

Figure 3. Force parameter 𝑎3 (red) and 𝑥(𝑡) (blue); a) Time series generated by equations (6): b) 

Time series generated by equations (7). 

 

 

𝑑

𝑑𝑡
𝑥(𝑡) = 0.3𝑦(𝑡) + 6cos (2.9𝑡 + 0.001𝑓(𝑡) 

𝑑

𝑑𝑡
𝑦(𝑡) = 0.05 cos(𝑥(𝑡)) − 8sin (3.7𝑡 + 0.001𝑓(𝑡) 

𝑦(0) = 1.8; 𝑥(0) = −2.4651, − 2.4652, … , −2.4659 
𝑑

𝑑𝑡
𝑥(𝑡) = −0.75𝑦(𝑡) + 7.3cos (3.2𝑡 + 0.002𝑓(𝑡) 

𝑑

𝑑𝑡
𝑦(𝑡) = −0.06 cos(𝑥(𝑡)) − 4.4sin (4.3𝑡 + 0.002𝑓(𝑡) 

 

(6) 

 (0) = −0.4; 𝑥(0) = 1.4451, 1.4452, … , 1.4459 (7) 
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From the previous examples to conclude that there is a connection between the force 

parameter 𝑎3which represents the nonlinearity and the delayed action of system (increase 

in uncertainty of 𝑥(𝑡)). 

Average annual global temperature 

We observe data on the average annual temperature for the period from 1881 to 2020 

[8]. We apply the same principle as in the previous paragraph for artificial time series. 

Values of average annual temperatures are observed as coordinates of the point of unit 

mass. We observe the parameter 𝑎3 and the values of temperature over time (Figure 4.). 

 

 
 

Figure 4. Force parameter 𝑎3 (red) and temperature (blue); 

 

It can be clearly seen in Figure 4 that there is an increase in uncertainty which was 

preceded by an increase in parameter 𝑎3. As we have already stated transformation of the 

measured time series 𝑥𝑛 (𝑛 = 1,2,3, … ) in time-dependent force parameters represent 

filtering of information.  A sudden change in the value of nonlinear force parameter 𝑎3 

leads to a large increase in temperature uncertainty in the future. If we look at Figure 4 it 

can be seen that it is possible increase of the average annual temperature even more in the 

future, but there is a possibility of its reduction too. 

CONCLUSION 

During the last few decades there was an expansion of research and description of real 

systems using the laws of physics. In the 1960s, Lorenz dealt with the application of the 

laws of physics to the atmosphere [2-3]. He found that evolution of solution of a simple 

set of nonlinear equations could be changed by small perturbations of initial conditions. 

That means that after certain time there is no longer a single, deterministic solution of the 

nonlinear system of equations, and all forecast must be probabilistic treated. Considering 

artificial time series that are both stochastic and chaotic, it could be found that large 

perturbations in short time interval, causes large uncertainty of amplitude and frequency 

of oscillations in future. By applying the same principle to real time series we can 
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conclude something about the behavior of the system itself. It is known that it annual 

average global temperature is higher now than it has been 1200 years ago [9, 10].  For 

many combinations of chaos and stochasticity, force associated with the first half of the 

time series allows rough, but relevant to the application, predicting the second half of the 

time series. 
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Abstract. Serbia is dependent on imports of oil and crude gas as the main energy sources it 
uses, but an unstable market, rising prices and high environmental pollution are a big problem 
for the country. The solution to these problems is the use of renewable energy sources, which 
Serbia is rich in. However, the use of renewable energy sources in Serbia is at a low level, 
except when it comes to hydropower, while biomass and geothermal energy are almost 

neglected. This paper will present the potential of renewable energy sources and their 
utilization, as well as measures for the development of the use of renewable energy sources 
in Serbia. 

Keywords: energy, renewable sources, potential, development. 

INTRODUCTION 

In recent years, the public in Serbia has been worried about the state of the environment 

in our country. Air pollution, rivers, the emergence of illegal landfills, uncontrolled 

deforestation, the growing need for energy are significant problems of our country. Such 
negative effects affect human health, their productivity, life expectancy, then soil fertility 

and finally climate change [1]. The need for energy is great and has a growing trend. Energy 

resources are classified into: non-renewable/conventional (coal, oil, gas, etc.) and non-

renewable (wind, solar energy, wind energy, biomass, etc.). Due to restrictions on crude oil 

production, changes in prices, environmental pollution and the unstable situation in 

exporting countries, there is a growing interest in the use of renewable energy sources [2]. 

Renewable energy sources (RES) are the main driver and carrier of the energy transition to 

carbon neutral energy and economy. There is a crucial importance of the RES Paris 

Agreement from 2015. Global agreements are not just conventions and memoranda, but 

concrete actions, as shown by the fact that around 170 countries have set national targets 

for achieving the share of renewable energy sources in energy consumption. It is estimated 
that the use of RES, in addition to increasing energy efficiency and electrification of traffic, 

will lead to an effective impact on reducing global warming and environmental pollution. 

The Republic of Serbia is characterized by an ever-growing energy deficit, so the 

country is energy dependent on energy exporting countries. The average annual 

consumption of all types of energy is higher than domestic production, so annual imports 
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are estimated at about 40% [3]. At the same time, it is estimated that Serbia has the potential 

to produce 6 𝑀𝑡𝑜𝑒  yearly from renewable energy sources. In this sense, renewable energy 

sources seem to be one of the most efficient and effective solutions for the development of 

clean and sustainable energy [4]. Some of the basic RES that Serbia can use are: wind 

energy, solar energy, water energy, biomass, biogas, geothermal energy, landfill gas. In 

March 2021, Serbia adopted a new Law on the Use of Renewable Energy Sources, which 

should modernize the incentive system by replacing the administratively allocated feed-in 

tariff model with market premiums and auctions, as a way of allocating incentives. 

POTENTIALS OF RENEWABLE ENERGY SOURCES IN SERBIA 

Renewable energy sources are often called clean energy, because they come from 

natural sources or processes that are fully or partially renewable, such as energy from 

watercourses, non-accumulated solar energy, wind energy, biomass, biogas, geothermal 

energy, landfill gas, etc. [5,6]. Unlike non-renewable energy sources, which are created in 

a process of several tens of millions of years, and which are depleted very quickly (several 

tens or hundreds of years), renewable energy sources are constantly or cyclically renewed 

and they are consumed at a speed that is less than the speed of their creation [6]. Renewable 

energy sources are used for the purpose of producing thermal, electrical, mechanical and 

chemical energy, and their most important characteristic is harmlessness for the 
environment. 

The potentials of renewable energy sources available to the Republic of Serbia are as 

follows: 

 Wind energy - Serbia is an area with significant wind energy potential. The estimated 

technically usable wind potential is 0.103 𝑀𝑡𝑜𝑒. According to research and wind 

measurements conducted by the Hydrometeorological Institute of Serbia, areas 

particularly rich in wind are located in Vojvodina (southern Banat), as well as 

mountainous areas of southern and eastern Serbia. The largest areas with great wind 

energy potential are in the mountains such as: Jastrebac, Stara planina, Kopaonik, Juhor, 

Suva planina, Tupižnica, Vlasina [2]. Wind energy is a cost-effective option in locations 

where the average wind speed is greater than 4 
𝑚

𝑠
 during the weakest windy weather. 

Although there are doubts about wind stability, they can be solved by combining with 

some other renewable sources, such as solar energy and hydropower [7]. So far, eight 

wind farms with a total capacity of 398 𝑀𝑊  have been connected to the Serbian power 
system. The construction of the largest wind farms in Serbia - Kovacica, Alibunar, 

Cibuk1 and Košava - were financed by loans from international institutions, which was 

a signal to many investors to come to Serbia and explore locations for future wind farms. 

The expansion of wind farms was mostly due to the reduction of technology prices and 

increased competitiveness among equipment manufacturers. 

 Biomass is a renewable energy source that can be used as a substitute for fossil fuels in 

the production of heat and electricity. Unlike fossil fuels, combustion does not increase 

the amount of CO2 in the atmosphere, and does not pollute the environment as when 

using non-renewable energy sources. Biomass includes: wood biomass (sawdust, wood 

residues); harvest residues (wheat straw, corn stalks); animal waste; biomass from waste 

(green fraction of household waste, sludge collectors, water purifiers) [8]. According to 
the data of the Energy Development Strategy of the Republic of Serbia until 2025, the 



Use of Renewable Energy Sources in Serbia 

67 

technically usable potential of biomass is 3,4 𝑀𝑡𝑜𝑒, which is more than half of the 

defined national potential of RES [9]. Biomass can be used in plants for the production 

of heat and electricity, as well as raw materials for the production of biofuels, which can 

be used in the industry for the production of fibers and chemicals. According to the 

official register of the Ministry of Mining and Energy, only one biomass power plant 

has the status of a privileged producer of electricity, so it can be said that the potential 

of biomass is very poorly used. Several other relatively small capacity of biomass power 

plants are under development. 

 Solar energy is responsible for the favorable climatic conditions and the existence of 
ecosystems on our planet. Most of the energy available on Earth actually comes from 

this source. With the right technology, we can use this free, ecological and eternal source 

of energy. The use of solar energy can be achieved in two ways: by converting solar 

energy into heat and by converting solar radiation into electricity [7]. The number of 

sunny days in Serbia is more than 2000 hours, which is a higher value than in most 

European Union countries. According to the data of the Energy Development Strategy 

of the Republic of Serbia until 2025, the technically usable potential of solar energy is 

0,240 𝑀𝑊[9]. However, the solar potential is almost completely unused. In Serbia, 107 

solar power plants with a capacity of 8,82 𝑀𝑊were built, which received incentive 

prices (feed-in tariffs). These are low-power buildings on the roof and on the ground. In 
the coming years, investments in the field of solar energy are expected to increase and 

large investors to arrive. 

 Hydropower is energy that comes from water. Hydropower potential is currently the 

most used renewable energy source for electricity production and is registered in the 

Energy Balance of Serbia [2]. The technically usable potential of water energy is 1,679 

𝑀𝑡𝑜𝑒. The largest part of the hydropower potential, of over 70%, is concentrated in the 

flows of the Danube, Drina, Velika Morava, Lima and Ibar with over 10000 𝐺𝑊ℎ  per 

year [10]. According to theoretical estimates, Serbia could build several hundred small 

hydropower plants, with an installed capacity estimated at 500 𝑀𝑊  and an annual 

output of about 1600 𝐺𝑊ℎ. Their construction would save about 400,000 m3 of gas and 

2,3 million lignites per year [2]. However, due to the impact of hydropower plants on 

the environment, the Law on the Use of RES envisages a ban on the construction of 

small hydropower plants in protected areas, unless the Government decides that the 

construction of hydropower plants is in the public interest. 

 Geothermal energy is defined as heat from the Earth, ie it is energy that is mostly due to 

the slow natural decay of radioactive elements in the Earth's crust, so it can be called 

fossil nuclear energy [11, 12]. It is a clean, renewable resource, providing energy around 

the world in a variety of applications. It is estimated that the potential of geothermal 

energy in Serbia is about 2300 𝐺𝑊ℎ, which is about 100 locations with geothermal 
sources [13]. Lands in Serbia are built of hard rocks and due to such favorable 

hydrogeological and geothermal characteristics, there are about 160 sources of 

geothermal water in Serbia (62 artificial geothermal springs in Vojvodina) with a 

temperature higher than 15°C. The hottest springs are in Vranjska Banja, where the 

temperature is around 96°C [8, 14]. In Serbia, only geothermal energy from geothermal 

and mineral water is used, mostly in the traditional way, mostly for spa and sports-

recreational purposes. The use of geothermal energy for heating and other energy uses 

is at an early stage and is very modest compared to the potential of geothermal resources. 
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Legal regulations in the field of energy were changed in April 2021, when the 

Government of the Republic of Serbia adopted: the Law on the Use of Renewable Energy 

Sources (goal: to enable new investments in RES and increase the share of renewable 

sources in total energy produced) [15], Law on energy efficiency and rational use of energy 

(goal: achieving energy savings, reducing the impact of the energy sector on the 

environment and contributing to the sustainable use of natural and other resources) [16]. 

Also, amendments to the Law on Energy were made (goal: enabling harmonization of 

domestic legislation with the legal principles of the European Union, ensuring security of 

supply of energy and energy sources and enabling the introduction of new participants in 

the energy market) [17] and the Law on Mining and Geological research (goal: to create 
conditions for more efficient and sustainable management of mineral and other geological 

resources of Serbia, as well as increase investment in geological research and mining) [18]. 

MEASURES FOR THE DEVELOPMENT OF RES USE IN SERBIA 

In order to improve the quality of life and environmental protection, as well as to 

establish the concept of sustainable development, Serbia should pay special attention to the 

development of the energy sector [19]. The main characteristic of the energy system of 

Serbia is the obsolescence of technology and low energy efficiency, as well as high 

environmental pollution. To overcome this situation, it is necessary to take coordinated 

actions in order to provide energy for further economic development of the country and 
preservation of the environment. This implies the transition from the current energy system 

to a sustainable clean energy system based on the use of renewable energy sources [4]. 

Measures to enable and encourage the development of the use of renewable energy sources 

are [9]: 

 raising the capacity of financial organizations to finance energy efficiency measures, ie 

to finance and develop the production and placement of the best available technologies 

and energy equipment; 

 development of innovative financing mechanisms for the energy services sector; 

 encouraging the development of domestic industry to follow the development of the 

energy sector; 

 analysis of the impact of climate change and making adaptation plans; 

 Systematic capacity building of scientific and educational institutions for work in the 

energy sector; 

 comprehensive and timely informing the public about the situation in the sector; 

 education and raising awareness about the possibilities and benefits of using RES. 

In addition to these measures, investments in activities and projects that would use RES, 

especially biomass, as an energy source that is mostly represented in Serbia, then 

geothermal energy, which is underutilized, would be of graet importance. The 

implementation of projects requires strong support from the Government of the Republic 

and local authorities, both in the legislative sense and in the financial sense. The 

introduction of a guaranteed minimum feed-in tariff for energy produced from RES and the 

exemption from taxes on the production of that energy are extremely positive for creating 
attractive conditions for the development of RES. 
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CONCLUSION 

One of the key problems of many countries in the coming period will be energy security. 

Renewable energy sources should be the backbone of Serbia's energy independence in the 

future. The total potential of renewable energy can satisfy half of Serbia's annual energy 

needs. Currently, about 20% of the energy potential is used, mostly in the form of 

hydropower. Serbia is especially suitable for the use of biomass and geothermal energy as 

renewable energy sources. The government and all other institutions at the state level have 
set the production of energy from RES as a priority, which is regulated by law, as well as 

the allocation of subsidies to investors. The investments made so far are modest, but given 

the decent results, they can be considered as a positive example for all potential investors. 

Special attention should also be paid to raising people's awareness and investing in 

educational systems, which would emphasize the importance of using RES from both 

environmental and economic aspects. 
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Abstract. Modern education aims at building environmental consciousness through general 

and interdisciplinary competencies that pupils and students should acquire after finishing 
secondary school or college. Physics is already an integral part of environmental studies of 
all sorts, that can be learned already in grammar schools. To facilitate that, interactive work 
with PHET simulations is introduced. Expertise in big data treatment is a second vital 
component needed for advances in environmental science. Physics and Modern technologies 
courses today offer an introduction to available tools for data handling. 

Keywords: ecoinformatics, smart cities, climate change, global warming, the virtual physics 
laboratory, modern technologies 

INTRODUCTION 

The development of environmental conscience has recently gained more attention with 

transformations of high school [1] and college curriculums. Pupils and students get to 

learn about physical descriptions of complex phenomena [2-5] and IT solutions for the 

treatment of big data [6], while teachers and professors introduce new approaches to 

teaching [7]. One good example is global warming, which has triggered physicists to 

implement radiation laws to estimate the temperatures of the planets and to use scientific 

software to present a huge amount of data collected over decades daily [4,5]. For example, 

modeling of Earth’s climate is taught at the Faculty of Physics, University of Belgrade, 
and research in this area is realized in collaborations with many partners in this country 

and worldwide. [8] In this paper, we will present how the elective subject Modern 

technologies offered in grammar schools can play a great role in the understanding of 

environmental actions and how The Virtual Physics Laboratory implemented in college 

offers much-needed tools for analysis and proper presentation of big data. In this case, big 

data will only symbolically be collected in the framework of project activities in the final 

year of a grammar school for the subject Modern technologies and then evaluated using 

The Virtual Physics Laboratory taught at college. 
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MODERN TECHNOLOGIES IN GRAMMAR SCHOOLS 

Electives in the Grammar school program 

In the school year 2018/2019 a new reform of the school program for grammar schools 

has started in Serbia. Pupils enrolled in the first grade could choose one of six offered 

elective courses that span over the first two years of grammar school. After that, they are 
offered six new elective courses and they are meant to choose two that span over the last 

two years of grammar school. That is four additional classes per week. 

There are several non-typical demands for the elective subjects. There is no traditional 

and certainly no ex-cathedra teaching, no textbook following the course, classes are held 

online and they do not have to last the entire 45 minutes. 

The topics covered by the elective subjects are related to several different subjects 

from the regular school program, are contemporary, and especially useful for further 

schooling of the pupils. 

Interdisciplinary and general competencies 

One of the general goals for pupils who attend electives is the strengthening of 

interdisciplinary competencies. In the world of the 3Rs (reading, writing, and arithmetics), 

acquiring language and mathematical literacy was the main goal of primary and secondary 

education. We are living in the post-3Rs world and achieving soft skills starts being one of 

the top priorities. 

General interdisciplinary competencies to be acquired are digital literacy, work with 

data and information, entrepreneurship, communication, collaboration, leadership, 

emotional intelligence, problem-solving, responsibility for the environment, responsibility 

for health, and responsible participation in the democratic society. 

Respectful and responsible behavior towards the living environment is even among the 

general competencies that the pupils should acquire through the subjects physics and 
chemistry in grammar schools as well. 

Elective subject Modern technologies 

One of the offered electives for the 3rd and 4th-year pupils of grammar schools is 

Modern technologies. Topics covered in the 3rd year of Modern technologies are Cyber 

security and privacy, Smart cities, and Artificial intelligence. Within the framework of 

Smart cities, pupils are expected to notice problems in their environment and propose eco-

friendly smart solutions involving the internet of things (IoT). This is done in a form of a 

project that is proposed by a team of 5-6 pupils with one of them acting as a team leader. 

Topic Smart cities allows pupils to learn how physics is playing a vital role in most of 
the current technical and technological undertakings, giving a solid base for the 

development of our knowledge and understanding of climate change, energy efficiency, or 

pollution. Pupils appreciate the fact that exact science like physics builds the base of 

environmental sciences. 

Topics covered in the 4th year of Modern technologies are IT innovations and 

entrepreneurship, 3D modeling and printing, Ecoinformatics, and Robotics/Mobile 

technology. In the classes of Ecoinformatics, high school pupils meet for the first time 
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with the term “big data”. This time their project is to note consumption of plastic in their 

household over a given period, treat, interpret and present collected data and raise 

awareness about the time needed for certain types of plastic to disintegrate or costs needed 

to recycle them. 

The ways that this type of task helps build environmental awareness are various. For 

some pupils, the trigger may be their important and leading role either within their 

household or within the team at school, which is necessary for the completion of this task. 

The expected level of high school pupils' knowledge of data treatment is high. College 

students and university students are today offered numerous courses that help raise this 

skill to an even higher level, as we will show in the following text. 

THE VIRTUAL PHYSICS LABORATORY IN COLLEGE 

The project Virtual Physics Laboratory [6-11], was created in 2021. and is still active 

at the Technical College of Applied Sciences in Zrenjanin. It is an upgrade of a standard 

physics course aiming to provide students with the necessary skills for data treatment and 

presentation. At the core of this improvement is the use of different program packages like 

Excel for presenting and fitting experimental results and working with Descriptive 

Statistics tools, XLSTAT for professional statistical data analysis, and WolframAlpha for 

all types of online computations and information processing. 

Information about the project as well as tutorials about the use of simulations and the 
above-mentioned software packages are available at the college website [9,10] and also in 

the project’s Google Classroom [11] (classroom code: wgfxx7r). 

Excel 

During laboratory exercises in physics, students learned to work in Excel, i.e. to 

present experimental data on a graph and to fit these data with linear, exponential, 

logarithmic, or polynomial functions. Instructions written for them are available on the 

college website [12,13]. Grammar school pupils used the same instructions for their data 

analysis within the Ecoinformatics project about plastics consumption. 

Students were asked to compare the results obtained in Excel with results obtained by 
hand when plotting and fitting experimental data and they found numerous advantages 

when using Excel – the speed and the precision of the work were remarkably higher. 

To introduce students to the field of statistics and probability in physics, some lectures 

on distributions and probability were given to them. After that, they were introduced to 

DataAnalysis (DescriptiveStatistics) package in Excel with which they learned to get 

parameters of the Gaussian distribution from experimental data. 

Students have appreciated the vast field of implementation of this knowledge, 

recognizing that it may be very useful in all branches of engineering.  

PHET Simulations 

PHET interactive simulations are available on the website of the University of 

Colorado Boulder [14]. These simulations can be used online or can be downloaded and 

used locally offline. Among many different subjects, there are 44 simulations in physics. 
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These simulations are suitable for pupils and students of all ages, from primary school to 

university. 

It is favorable to open an account because it takes just a valid email address to register 

and many teaching materials become available only for the registered users. There are 

teaching notes offered in different languages. 

During physics lessons and exercises college students worked with 31 simulations that 

cover different physics topics like mechanics, elasticity, waves, fluids, thermodynamics, 

electrodynamics, optics, modern physics. Students found these simulations very 

interesting and instructive as they provide them with a better understanding of physics. 

Grammar school pupils were instructed to use these simulations for better visualization 
of different phenomena in physics in the fields of electricity, states of matter, and 

oscillations. They found this to be a playful and interesting way of learning. Within the 

framework of subject Modern technologies in the field of Ecoinformatics, the fourth year 

pupils were offered more advanced simulations in Earth sciences, like the Greenhouse 

effect. They found this simulation to be content-rich and easy to understand. 

CONCLUSION 

We have shown in this paper that elective grammar school subject Modern 

technologies offers high school pupils insight into the role of physics in the treatment of 

current environmental problems. Furthermore, they are stimulated to plan their activities 
in environmental protection, implementing knowledge of entrepreneurship and data 

treatment. We have also shown that college can offer a vast set of tools that help cope 

with big data. They are easily accepted and used by the pupils and students who notice 

their numerous advantages. Both students and pupils were introduced to PHET 

simulations for a deeper understanding of physical phenomena, which they appreciated. 
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Abstract: This paper aims to analyze the water quality in the river Ibar after passing 
through the Montenegrin municipality of Rožaje using the Water Quality Index (WQI). The 
method includes the use of ten physical, chemical and microbiological parameters (oxygen 
saturation, BOD5, ammonium, pH value, total nitrogen oxides, orthophosphates, suspended 
solids, temperature, electrical conductivity and coliform bacteria) and summarizes them in 
one index number based on which water quality is analyzed. For the purposes of obtaining 
parameters, the data of the Institute of Hydrometeorology and Seismology of Montenegro 

from the Annual Reports on Water Quality with two control stations (above Rožaje and 
Bać) in the period from 2010 to 2018 were used. The annual results of the research 
according to the WQI classification show that the water quality at the control station above 
Rožaje is mainly in the class of excellent quality. At the Bać station, which is located below 
Rožaje, the water quality is in good and bad classes. Due to the substantial anthropogenic 
impact and all in the function of protection of this vital water resource, an urgent local 
strategy for regulation, use, and protection is needed. 

Keywords: water quality index, Ibar, Rožaje, water pollution classes 

INTRODUCTION 

Water quality is one of the most significant factors that have to be taken into account 

in evaluation of sustainability of a particular region [1]. The important aspects taken into 

consideration when examining the top-priority problems of water quality are the economic 

influence, the influence on human health, the influence on the ecosystem, the influence of 

the geographic area as well as the duration of the influence [2]. 

The study of the quality and pollution of watercourses in the world is most often based 
on various mathematical and statistical methods that use physical, chemical and 

microbiological parameters. The most commonly used mathematical-statistical method is 

the Water Quality Index (WQI). Authors from around the world use different WQI as 

indicators of river quality and pollution [3,4]. Various environmental departments or 

agencies develop many WQI methods: National Sanitary Foundation, British Columbia 

Water Quality Index, Oregon Water Quality Index, Malaysian Water Quality Index, 

Florida Water Quality Index, Columbia Water Quality Index, Canadian Water Quality 
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Index, Taiwan Water Quality Index, Washington State Water Quality Index, French Water 

Quality Index, Serbian Water Quality Index [5]. 

The Ibar River is one of the most polluted rivers in Montenegro. Like many other 

rivers in developing countries, it is polluted due to anthropogenic impacts in the 

municipality of Rožaje, primarily due to wastewater discharges from industrial and 

sewage systems landfills concentrated along the watercourse. There are no research works 

in Montenegro that deal with water quality analysis in the Montenegrin part of the river 

Ibar. Therefore, this paper aims to analyze the water quality of the river Ibar through 

Rožaje in the period 2010-2018 using WQI. 

MATERIAL AND METHODS 

Research Area 

The subject of research in this paper is the Montenegrin part of the river Ibar after 

passing through Rožaje (Figure 1). The Ibar is a river in the northeastern part of 

Montenegro and the southwestern part of Serbia, with a total length of 276 km, and in the 

territory of the municipality of Rožaje, i.e. Montenegro, it flows in the length of 37 km. It 

springs on the northern side of the Hajla Mountain in Rožaje, and flows into the West 
Morava near Kraljevo in the Republic of Serbia. Due to the mountainous character of 

Rožaje, the Ibar receives a large number of tributaries on the right and left. In the middle 

of the 20th century, the quality of water in the Ibar after passing through Rožaje was 

endangered due to the process of urbanization, industrialization, agriculture, construction 

of transport infrastructure, unregulated landfills and wastewater. So today we have many 

general pressures that threaten this river [6]. 
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Figure 1. Map of the Montenegrin part of the river Ibar after passing through Rožaje 

 

Data and methods 

Data from the Institute of Hydrometeorology and Seismology of Montenegro (IHMS) 

from the Annual Reports on Water Quality were used to assess water quality [7]. Data 

from two water quality control stations were processed: above Rožaje and Bać (Figure 1) 

from 2010 to 2018 in Rožaje. 

In order to calculate water quality, Water Quality Index (WQI) method was used. WQI 

is a numerical value that shows a complex impact of relevant physical, chemical and 
microbiological parameters on water quality. This is an efficient method to indicate the 

current water quality and its trend in the observed area. The European Union adopted the 

WQI as a water quality assessment tool. In order to reduce the risk for aquatic ecosystems, 

especially water quality, the experience of developed countries should be used [8]. 

WQI method combines standardized values (qi) of ten parameters, which specify the 

properties of surface waters to calculate a unique index value. This method uses ten 

physical, chemical, and microbiological parameters (temperature, pH value, electrical 

conductivity, oxygen saturation, BOD5, suspended solids, total nitrogen oxides, 

orthophosphates, ammonium, coliform bacteria) and summarizes them in a water quality 

index number. The impact of the ten listed physical, chemical, and microbiological 

parameters is not the same. Therefore, each has an assigned weight factor and an estimate 
of the number of points contributing to the water quality threat. By adding the products qi 

and wi, we come to the value of index 100 as the ideal sum of the values of all parameters 

[9]. 

The number and type of parameters and their weighting coefficients can vary (be 

adjusted) according to local or regional conditions [10]. In case we do not have the value 

of a parameter, the value of the arithmetically calculated WQI is corrected by multiplying 

the index by the value 1/k, where k is the sum of the arithmetically calculated weight 

factors of the available parameters [4]. 

The arithmetic sequence for the Water Quality Index (WQI) is calculated according to 

the following formula: 

 

 𝑊𝑄𝐼 = 1/100 (∑ 𝑞𝑖 × 𝑤𝑖

10

𝑖=1

) (1) 

 
where WQI is the water quality index and the number on a continuous scale from 0 to 

100, qi - water quality of the appropriate parameter, wi - weight prescribed by the 

appropriate parameter [4]. 

The final calculation of the WQI value was performed using a calculator available on 

the website of the Serbian Environmental Protection Agency (SEPA) [11]. The Serbian 

Water Quality Index (SWQI) is based on the primary method of the WQI Index and was 

developed by the SEPA. 

Since the number and type of parameters, as well as their weighting coefficients, can 

be modified (adjusted) according to local or regional conditions [10], therefore there are 

differences in the intervals for quality classes water. According to the SEPA 



Water Quality Analysis of Ibar River Through Rozaje (Montenegro) During the Period of 2010-
2018 

79 

recommendations, the total nitrogen oxide parameter can be replaced with a set of 

parameters Nitrates + Nitrites. Therefore, the classification of surface water quality was 

performed according to WQI values, used by SEPA and the State Agency for Nature and 

Environmental Protection of Montenegro (ANEPM) (Table 1). 

 

Table 1. Classification of surface water quality [12] 
 

Water quality Class intervals Color symbol 

Excellent 90-100  

Very good 84-89  

Good 72-83  

Bad 39-71  

Very bad 0-38  

RESULTS 

The research results shown in Table 2 show the calculated annual values of the Water 

Quality Index (WQI) at two control stations in the Ibar River through Rožaje for the 

period from 2010 to 2018. 

The water quality at the control station above Rožaje was classified as excellent (2010, 

2011, 2012, 2014, 2015, 2016, 2017, 2018) and very good (2013). Values ranged from the 
lowest 85 (2013) to the highest 94 (2010, 2011). According to the average values during 

the entire research period, the water quality can be classified as excellent. 

The water quality at the Bać control station below Rožaje is classified as bad (2010, 

2013, 2017, 2018), good (2011, 2012, 2015, 2016) and very good (2014). Values ranged 

from the lowest 56 (2017) to the highest 86 (2014). According to the values during the 

entire research period, water quality can be classified as good, but it is on the value 

boundary between good and bad quality. 

 
Table 2. Annual WQI at control stations in the Ibar River through Rožaje  

CS 2010 2011 2012 2013 2014 2015 2016 2017 2018 AVE 

AR 94 94 92 85 91 92 91 91 93 91 

B 68 77 81 62 86 76 76 56 68 72 

 

Note: Control station or CS, Above Rožaje or AR, Bać or B, Average or AVE 

DISSCUSION AND CONCLUSION 

In the case of the Ibar River through Rožaje, it should be said that the index is not 

adapted to a specific purpose but is a general index for determining the overall water 
quality.  

Lower water quality in Ibar after passing through Rožaje at Bać control station is a 

consequence of unregulated temporary city landfill, illegal landfills concentrated along the 

watercourse, as well as general pressures of households, production and consumption of 

all forms of energy in stationary or mobile sources, industry, various mobile activities. 
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The water quality on the river is a limiting factor of development due to the negative 

anthropogenic impact and threats to human health and the sustainability of natural 

ecosystems. Keeping in mind the river's current state, several problems have been 

identified that are worrying and must be solved in the coming years. Also, coordinated 

action of all actors (local and national authorities, economic and non-governmental 

organizations, citizens) could contribute to the attitude towards water and the preservation 

of pollution in the Ibar. In order to implement this, integration of economic, social and 

environmental policies is needed. Priority tasks for water protection in the future for all 

actors should be: solving waste problems, introducing wastewater treatment technologies, 

building municipal and industrial wastewater treatment systems, revitalizing degraded 
watercourses and their shores and educating local people about water conservation. The 

situation is becoming worrying, so we conclude that there is an urgent need to develop a 

strategy for the regulation, use and protection of this essential water resource of particular 

importance. 

Also in addition to the numerous advantages provided by this method, such as 

adaptability at the local and regional level and the combination of several parameters in 

one index number, this method still partially shows the ecological condition of the river. 

In order to achieve a more relevant result, it is necessary to develop and use the WQI 

method, which would include inorganic parameters (e.g., heavy metals). Therefore, in 

future research for better monitoring and relevant results, all to preserve this essential 

river resource, it would be desirable to use the Canadian Water Quality Index (CWQI), 
which uses more parameters and includes inorganic parameters. 
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Abstract. Traces of glaciers can still be found in some Balkan mountains. Glacier Debeli 
Namet is relic of the largest glacier that ever existed in the Durmitor area. Nowadays, when 
climate changes are pronounced, the existence of this glacier is explained by the topology of 
the place where it exists, by the amount of precipitation in the colder period of the year and 
also by avalanches and wind-blown snow. The scientific predictions about further grow of the 
summer temperatures till the end of this century and the decreasing the amount of 
precipitation in the Mediterranean will probably lead to glacier retreat and their melting on 
the Balkan peninsula in the next few decades. 

Keywords: climate change, glacier, Durmitor, Debeli Namet 

INTRODUCTION 

Climate change has accompanied mankind from its beginning to the present day. 

Science has determined the periodicity of alternating periods of favorable weather 

conditions and periods when weather conditions were much more unfavorable for the 

people and all beings on Earth. These periods are known as the ice age. Today, we are 

witnessing climate change, which, in addition to public controversy, has induced great 

interest and engagement of the scientific community. Measurements of the temperature and 

thickness of the ice sheet in various parts of the world are being carried out more accurately 

and diligently than ever before in the history of human civilization. These efforts are aimed 

at summarizing the results, statistical processing and drawing conclusions that would help 
us better align the development of modern civilization and our way of life with the natural 

rhythms of our planet. The great Serbian scientist Milutin Milankovitch published 81 years 

ago its capital publication “Canon of insolation”, where he explained mechanism of the ice 

ages generation [1]. His theory is based on Newton's laws of  mechanics and on the laws of 

radiation. Milankovitch noticed that 65° north latitude is a critical area for the beginning of 

glaciation. He came to the essential conclusion that the insolation of the northern 

hemisphere has a predominant influence on climate fluctuations because 2/3 of the world's 

mainland is located on it. Ice ages in both hemispheres occur simultaneously because they 

are caused by the same force- insolation of the land areas in the northern hemisphere. The 

appearance of ice ages is not due to cold winters but cold summers. 
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Glaciation in the Balkans 

The last ice age, which ended 11,000-12,000 years ago, left its mark on the Balkan 

Peninsula. Thanks to the research of Jovan Cvijitch, a contemporary of Milankovitch, traces 

of glaciation and interglaciation have been discovered in the Balkans. His discovery of an 

old glacial relief on Rila in Bulgaria, in 1896, then on Durmitor, Lovćen, Prokletije, 

Kopaonik and other high mountains, made him one of the greatest geographers of Europe 

at that time. Almost every mountain at an altitude of 1300 m shows traces of glaciation [2]. 
Mountains about the same heights had more glaciers if they were closer to the Adriatic Sea 

due to the larger amount of atmospheric precipitation. The largest glaciers on the peninsula 

were found in the highest Dinaric mountains- Prokletije, Komovi and Durmitor, whose 

highest peaks exceed 2500 m. Today, there are 16 glaciers on the Balkan Peninsula - 13 on 

Prokletije, 2 on the Pirin Mountain and 1 on Durmitor. Some of them represent the 

southernmost glacial masses of Europe, the only ones located south of 42° north latitude. 

Many of them exist below today’s snow line thanks to favorable topology and local climate. 

They cover an area of 0.5-5 hectares, and their thickness is estimated at 10-20m. Snow line 

or height limit of eternal snow is determined, above all, by temperature and latitude. The 

temperature in the warmer half of the year plays very important role because it determines 

the height to which the snow is maintained during the summer as well. Alternating very 

warm summers and winters with low rainfall over several years would lead to the retreat of 
glaciers or their melting throughout the Balkans [3-6]. 

Glaciation of Durmitor 

The northeastern part of Montenegro is the area of the most intense glaciation on the 

Balkan Peninsula. This glaciation covered an area of about 3000 km2. As the area of 

Montenegro is 13812 km 2, it is about 22% of the total area of today's Montenegro. The 

most important glacier was the Jezera glacier in the east of the Durmitor massif. Glacier 

rivers descended from the Durmitor in all directions and overflowed on the area of Jezera, 

Dobri do, Žabljak and Međed. During the most intense glaciation, all glaciers on the Jezera 

area merged into one glacial cover of about 140 km2, which received another glacier from 
the northern sides of Sinjajevina. At the point where the slopes of the Durmitor massif and 

the flat surface meet, glaciers have carved into the rock the deepest lake basin - Black Lake 

with a depth of 48m. 

Traces of two glaciations have been observed on Durmitor - older (stronger) and 

younger (weaker). During the older phase of glaciation, almost the entire area of Durmitor 

was covered with ice. It is believed that 54% of the total surface of Durmitor was under ice 

cover, while during the phase of younger and weaker glaciation, 36% of this surface was 

under ice [7]. After these two phases of intense glaciation came the circus glaciation phase 

when glaciers lingered in circuses, erosive amphitheater depressions that they themselves 

made with their powerful action in previous glaciation phases. This phase is present to this 

day and its only representative on Durmitor is the Debeli namet glacier, Figure 1. This 
glacier was part of the once mighty valley glacier Velika Kalica and consisted of two 

smaller glaciers - Previja and Debeli Namet at 2030-2200 m above sea level. Rise in air 

temperature, from the so-called period of small ice ages (1300-1550, 1645-1715 and 1850-

1860) to the present day, has caused the disappearance of glaciers in all parts of the world. 
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Figure 1. Glacier Debeli Namet, Durmitor, Montenegro. 

 

The existence of a glacier Debeli Namet indicates that the glaciation process on 

Durmitor has not been interrupted. The northwestern exposure of the terrain, as well as the 

highest mountain peaks that surround this area, enabled the accumulation of significantly 

more snow through avalanches and blizzards than can happen to fall. That is why in this 

part of Durmitor, conditions are still maintained that enable the feeding of the existing 

glacier. The specific position of the Debeli Namet glacier is the reason why it is decreasing 
more slowly than other glaciers in Southern Europe during the last 50 years [8]. This glacier 

did not change its size much, length 300-320 m, width 110-135 m and thickness, regardless 

of the increase in temperature evident at the end of the 20th and the first decades of the 21th 

century [9]. Debeli Namet is located at an altitude of 2030-2200 m, which is much lower 

than the climatic snow line estimated at 2700 m in the west [10] and 3200 m in the eastern 

part of the Balkan Peninsula [11]. 

Debeli Namet glacier and climate change  

Annual changes of glaciers are the consequences of different climatic factors in the cold 

and warm part of the year. Namely, in the cold part of the year, the period from November 
to April, the season of glacier accumulation begins. In the warmer part of the year, the 

period from May to October is the period of melting and shrinking glaciers. Therefore, the 

period from mid-September to the end of October is the best time to study glaciers and 

measure the balance of their accumulated and lost masses on an annual basis. This dynamics 
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is an indicator of both short-term (annual) and long-term climate trends. Therefore, glaciers 

can be used as indicators for climate change. In the last 5 years, Debeli Namet has suffered 

a serious decrease, but it is still higher in respect to the size it had in the critical 1990s. 

Dynamic processes in glaciers are complex. There were years when the glacier was 

decreasing, but also years, e.g. 2005-2006. when it increased. In the period of intensive 

study of glaciers in the Balkans, from 2010-2014, the same, synchronized behavior of all 

glaciers was observed- their decrease in 2010-2011, 2011-2012, 2013-2014, and increase 

in 2012-2013. This increase coincides with minimum solar activity and with the 

development of the 24th solar cycle. The latest measurements show that the glaciers on the 

Pirin mountain are stagnating, ie. are in balance between accumulation and melting, while 
glaciers are on Prokletije and Durmitor are reduced. Thus, the Debeli Namet in 2016 was 

lower than in 2012. Recent results are currently unavailable. 

In the Western Balkans, the existence of glaciers and perennial ice is made possible by 

high precipitations- annual data for most Durmitor areas are about 2600 mm [8]. In the 

colder part of the year, 2/3 of the total amount of precipitation falls. These precipitations 

enable the glaciers formation even at altitudes of about 2000 m in very shady places. The 

flat surfaces south of Debeli Namet serve as large reservoirs of snow, so that in the processes 

of avalanches and strong winds that carry snow, the actual amount of snow can become 

twice as much as quantities that fall in winter. 

CONCLUSION 

The projected climate change, according to the IPCC (The Intergovernmental Panel on 

Climate Change) scenario, refers to extreme rains around the world that will become 

stronger by 7% with each subsequent degree of Celsius. More tropical hurricanes will be of 

the highest categories 4 and 5. Monsoon rains in Asia will be stronger and will fall at 

different times compared to the usual rhythm. On the other hand, droughts that happened 

once in 10 years could now come 4 times in a decade. Heat waves, which are already more 

frequent than before the industrial revolution, will be ten times more likely and 50 C warmer. 

Critics of this study point out that astronomical and other natural factors are responsible for 

global warming (e.g. changes in the direction of warm and cold sea currents and winds), 

but also that, from the geological point of view, it is only "climate perturbations" and that 
the temperature drop is real trend. These scientists believe that today we are actually 

witnessing a transition period from warming to deep cooling of the Maunder type [12]. In 

this sense, the scenarios of these scientists and the IPCC team are very different. The 

modern glaciation process on Durmitor is monitored through the influence of extremely 

high summer temperatures. It has been found that these summer temperatures lead to a 

decrease in the Debeli namet glacier but not to its disappearance [13]. 
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