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PREFACE

On behalf of the Scientific and Organizational Committee, it is my honor and great pleasure to
present the Proceedings of the 2" EUROSA International Conference, held on 15-18 May 2024
in Vrnjacka Banja, Serbia.

The papers contained in this Proceedings represent current scientific and professional
informations in the field of sustainable management of occupational health and safety,
environmental protection, fire protection and emergency situations and represent a mix of
scientific research and professional opinion, shared with us by participants from academia and
industry professionals.

We sincerely thank all the conference participants for their contribution, ensuring the success
of the conference. Special thanks to all the participants of the round tables and panel
discussions, keynote speakers, chairmen of the sessions and of course the reviewers for their
invaluable contribution.

Last but not least, I would like to express my sincere gratitude to all members of the Scientific
and Organizing Committee, whose efforts and work led to the successful realization of the
EUROSA 2024 conference.

Vrnjacka Banja, May 2024

Chairman of the International Scientific Committee

Dr Zoran Cepi¢, Associate Professor
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INTEGRATED ANALYSIS OF WATER POLLUTION: CASE STUDIES
ON NITROGEN TRACING IN ANOXIC AND OXIC GROUNDWATER
ENVIRONMENTS

Perovié M.

! Jaroslav Cerni Water Institute, 11 226 Pinosava, Belgrade, Serbia
(marija.perovic@jcerni.rs)

Abstract: Presented research explores the critical role of water in sustainable development and the
challenges it faces, particularly in managing groundwater pollution, with a focus on nitrogen sources.
Groundwater, vital for human survival, undergoes increasing strain due to various factors, including
agricultural and industrial activities. With less than 10% of wastewater in Serbia undergoing treatment
and nitrogen being wastewaters’ primary constituent, the research underscores the importance of
utilizing diverse scientific methods to effectively trace nitrogen origin and transformations. Given that
over 50% of Serbia's water supply is sourced from alluvial aquifers, three case studies demonstrate the
integration of hydrogeochemistry, isotopic analysis, and microbiological tests as a comprehensive
approach to understanding nitrogen transformations in shallow alluvial groundwaters. Based on physico-
chemical data, the groundwater potential for nitrogen conservation or removal can be determined. To
evaluate the ability of machine learning models to predict the ammonium concentration in groundwater,
four machine learning models were applied: a three-layer neural network (NN), a deep neural network
(DNN), and two variants of support vector regression (SVR) models: with linear and with Gaussian
radial basis function kernel. Despite the complexities involved, this multidisciplinary approach offers
valuable insights for groundwater management, emphasizing the importance of prevention over
treatment.

Keywords: Nitrogen, Nitrate; Groundwater; Isotopes.

INTRODUCTION

Water is essential for sustainable development and human survival. It serves as the cornerstone
of socio-economic progress, ecological health, and disease prevention, plays a crucial role in
reducing the effects of climate change and protecting essential ecosystems (UN, 2024). As a
finite and increasingly stressed resource, effective management is imperative to ensure its
availability for future generations and to harness its potential as a catalyst for resilience in the
face of evolving environmental challenges. Groundwater constitutes approximately 99% of the
total global volume of fresh water (Shiklomanov and Rodda 2003). Globally, agriculture
dominates freshwater withdrawals at approximately 70%, followed by an industry at just under
20%, and domestic (or municipal) use at about 12% (Ritchie and Roser, 2018; UN, 2024).
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Higher-income nations utilize more water for industrial purposes, while lower-income countries
allocate 90% or more of their water for agricultural irrigation (UN, 2024). In low-income
countries, inadequate wastewater treatment largely contributes to poor water quality, while in
more prosperous countries agricultural runoff emerges as the primary concern (UN, 2024).
Roughly 75% of the EU population relies on groundwater for water supply.

The significance of groundwater in the Republic of Serbia as a water supply source is evidenced
by the 75% share of groundwater used for water supply. Over 50% of groundwater utilized for
water supply in Serbia originates from alluvial aquifers (SUVRS; Perovi¢ and Dimki¢, 2021).
Maintaining groundwater quality benefits from its slow flow (1 m/day to 1 m/year), enabling
natural self-purification processes such as sorption, biodegradation, and redox reactions, along
with dispersion, diffusion, and advection effects. Yet, this slow flow also burdens contamination
removal, as pollutants persist in the groundwater for a long time, making purification
economically challenging. Considering pressures on groundwater quality, the population
connected to sewage systems and industrial facilities represents the most significant
concentrated sources of water pollution. In the Republic of Serbia, approximately 54% of the
total population is connected to public sewage systems. There is a significant disparity in the
level of population connection to sewage compared to connections to the water supply network,
especially in settlements with fewer than 50,000 inhabitants, posing a threat of groundwater
quality, especially considering nitrates (SUVRS). Over the past few decades, over 50 urban
wastewater treatment plants have been constructed in settlements with more than 2,000
inhabitants in the Republic of Serbia. Of the constructed plants, only 32 are operational, with
only a few operating according to project criteria, while the rest operate with efficiency below
projected levels (SUVRS). The overall treatment efficiency for organic load removal is less
than 65%, for nitrogen components it's less than 35%, and for phosphorus components it's less
than 25% (SUVRS). The Republic of Serbia ranks among moderately developed countries in
terms of sewage infrastructure development, while lagging significantly in wastewater
treatment capabilities.

Considering that less than 10% of wastewater in Serbia is treated and that nitrogen is
wastewaters’ primary component of concern, presented research demonstrates the possibilities
and necessity of simultaneous application of different scientific methods from various scientific
perspectives in order to determine the nitrogen origin in groundwater. The study presents a
concise overview of three case studies in Serbia, showcasing the integration of
hydrogeochemistry, isotopic analysis, and microbiological tests to trace nitrogen
transformations and sources. The study aims to demonstrate that the only approach reducing
ambiguity in drawing conclusions is highly complex, comprehensive, financially, and
temporally demanding. Therefore, in the context of groundwater management, prevention
outweighs treatment.

Environmental and health hazard of nitrogen compounds in water
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Since the 1970s, elevated nitrate levels in groundwater have been recognized as a significant
health and ecological risk, as highlighted by various reports from European Nations on nitrate
contamination (Dimkic¢ et al., 2008; EEA, 2018). Recharging surface waters with nitrate-laden
groundwater and agricultural runoff nutrients can trigger eutrophication in aquatic ecosystems.
This can harm biodiversity and populations of mammals, birds, and fish, leading to toxin
production and decreased levels of dissolved oxygen (Pastén-Zapata et al., 2014).
Eutrophication occurs naturally in aquatic ecosystems in response to elevated levels of nitrate
and phosphate salts, leading to heightened primary production, specifically the growth of
aquatic plants. Increased production of aquatic plants results in increased organic matter
content, which is bacterially decomposed, producing unpleasant odors, consuming available
oxygen, and affecting the development of other aquatic organisms. It has been found that even
relatively low concentrations of N around 4.4-8.8 mgNOs/l (1-2 mgN/l) can trigger
eutrophication in oligotrophic surface waters (Rivett et al., 2008). In nutrient-rich
environments, phosphorus concentrations represent the limiting factor for eutrophication.

Increased nitrogen levels in aquifers indirectly contribute to nitrous oxide (N2O) emissions, a
potent greenhouse gas generated either as a necessary intermediate in denitrification reactions
or as a by-product of nitrification. About 60% of the total N>O present in the atmosphere is of
natural origin. Natural N>O emissions occur within the nitrogen cycle, which involves the
circulation of nitrogen forms between the atmosphere, plants, animals, and microorganisms (in
soil and water), in which nitrogen changes oxidation states from -3 to +5, including the state +1
(nitrous oxide). The main anthropogenic sources of N2O are agriculture (application of mineral
fertilizers and manure), burning of plant residues, fuel combustion, wastewater management,
and industrial processes. N2O molecules persist in the atmosphere for an average of 114 years,
and this gas is 300 times more potent as a greenhouse gas than carbon dioxide (USEPA, 2018).
Nitrous oxide (N20) is mitigated in the atmosphere through bacterial absorption, chemical
reactions, or exposure to ultraviolet radiation.

Health problems due to constant intake of food rich in nitrogen compounds and water with
elevated nitrogen concentrations have long been considered and well-documented (Canter,
1997; Camargo and Alonso, 2006; IARC, 2010; PSEP, 2018). The International Agency for
Research on Cancer (IARC) categorizes nitrates and nitrites in Group 2A (vol. 94) as "probably
carcinogenic to humans," potentially resulting in the formation of established carcinogens like
N-nitroso compounds under specific circumstances (IARC, 2010). The most discussed disease
caused by elevated nitrate concentrations in drinking water is a hematological disorder that
occurs when erythrocytes contain more than 1% of methemoglobin - methemoglobinemia.
Symptoms include cyanosis, bluish mucous membranes, digestive and respiratory problems,
headache, drowsiness, fatigue, tachycardia, convulsions (methemoglobin concentrations 1-
10%), brain damage, and fatal outcome (methemoglobin concentrations 50-70%) (PSEP, 2018).
Nitrate in drinking water is considered a health threat in the general population when it is
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present at concentrations of 100-200 mgNO3-N/1, but individual negative effects depend on the
amount of nitrates and nitrites ingested (PSEP, 2018). Studies have shown that long-term intake
of drinking water containing nitrate levels nearing the maximum allowable limit (10 mg NO3-
N/1) can trigger the production of endogenous nitrosamines (Camargo and Alonso, 2006). There
is scientific evidence that ingestion can have mutagenic, teratogenic effects, may contribute to
the risk of lymphoma, as well as the occurrence of bladder, thyroid, ovarian cancers (Camargo
and Alonso, 2006; IACR, 2010; PSEP, 2018). The presence of nitrates in groundwater can
indicate the potential presence of bacteria, viruses, and protozoa, particularly if the nitrates
originate from animal waste or septic system discharge (Almasri and Kaluarachchi, 2004). The
European Union and the World Health Organization (WHO) have established a standard for
nitrate concentration in drinking water at 11.3 mgN/l (50 mgNO3/1). This same limit for drinking
water applies in the Republic of Serbia. United States Environmental Protection Agency
(USEPA) has set a standard for drinking water at 10 mg-N/I (45 mgNO3/1) (Drinking Water
Directive 98/83/EC; WHO, 2004). The Nitrate Directive (91/676/EEC) requires the protection
of all natural freshwater bodies and sets a limit of 50 mgNOs/1, which applies to all groundwater
regardless of its purpose.

Characteristics and Parameters Relevant to Nitrogen Fate in Groundwater
The role of Hydrogeological characteristics

Hydrogeological characteristics encompass the physical properties of groundwater
environment, such as aquifer structures, water table depth, porosity, permeability, and hydraulic
conductivity, crucial for understanding groundwater origin, flow, and quality.

B precipitation

\ dominant
upper flow anoxic conditions

middle flow

lower flow

dominant
oxic conditions

PIRE sandy gavel

Figure 1. Schematic representation of alluvial groundwater aquifers (Dimki¢, 2012)
For a‘thorough understanding ot the vulnerability and protection of water resources, particularly

alluvial aquifers, relevant knowledge of the following is essential: geological and
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hydrogeological composition, hydrological and hydrodynamic relationships within aquifers,
knowledge of vegetation cover and plants' water and nutrient requirements, hydrochemical
properties of water and soil in lithological layers (Perovi¢ and Dimki¢, 2021). In the upstream
section of the river basins, where water energy is higher, the deposition of fine particles is less
pronounced. This results in coarse-grained layers that maintain oxic conditions, reducing the
possibility of denitrification processes in the upstream parts of a river basin. As a result, the
likelihood of elevated nitrate concentrations becomes more apparent (Figure 1).

Redox processes

The redox potential (R (mV)) is considered a dominant determining factor for pollutant
transport, alongside oxygen concentration, and therefore a determinant of the fate of nitrogen
species in groundwater. Depending on prevailing redox conditions, redox-sensitive compounds
such as Oz, NO3;/No/NH4", SO4>/HS/S*, Mn*"/Mn*", Fe*'/Fe*", As>'/As*", Se®*/Se*", Cr®*/Cr**
will exhibit different mobility, degradation rates, solubility, bioavailability, and thus toxicity
(Perovic, 2017). Once oxygen is consumed by aerobes, facultative anaerobes start utilizing
nitrates as the next energetically favorable electron acceptors. Reduction reactions proceed with
the consumption of Mn*" and Fe**, followed by SO4*, then H" and CO», ultimately leading to
methane production. According to the literature review, the highest values of redox conditions
where nitrate reduction can be expected are around 150 mV (<250 mV).

Oxygen content

Groundwater can be categorized as follows: oxic if the concentration of dissolved oxygen is
greater than 30 uM (1 mg/l DO), suboxic if the oxygen concentration ranges from 1 pM < 02
<30 uM (0.03 mg/l to 1 mg/l DO), anoxic if the oxygen content is less than 1 uM (0.032 mg/I
DO), and anaerobic sulfidic or non-sulfidic (IJC, 2010a). Feast et al. (1998) specifies the upper
limit for denitrification occurrence as 0.2 mg/l, whereas Dimki¢ et al. (2008) states that the
upper limit of dissolved oxygen concentration for denitrification processes is 0.5 mg/l. In
aerobic aquifers, the aging of water abstraction facilities occurs significantly slower, and better
self-purifying characteristics are expressed for most chemical compounds (Dimki¢ et al., 2008).

Environmental isotopes

In recent years, the ratio of stable nitrogen isotopes in nitrates has been widely used as a method
to identify nitrate sources in water bodies (Nikolenko et al., 2018). Different sources of nitrogen
compounds exhibit distinct isotopic signatures, which are used in identifying nitrogen sources
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(Table 1). There are over 10 known isotopes of nitrogen, but only two, '*N and N, are stable.
The atmospheric concentration of the heavier isotope '°N remains relatively permanent, with a
constant ratio of "'N/"N at 1/272 (0.36%) (Kendall and Aravena, 2000). As a result, the ratio
of stable nitrogen isotopes (8'°N) is typically expressed in parts per thousand (%o) relative to
atmospheric air according to equation (1):

6 ! SN(vs,air):[((lSN/14N5ample)/ (ISN/14Nair))' 1 ] ° 1 OOO ( 1 )

The isotopic signature of nitrogen can be altered by various complex biogeochemical
transformation mechanisms such as volatilization, nitrification, and denitrification, it cannot be
exclusively relied upon for source identification, thus it is necessary to understand the influence
of nitrogen compound transformation processes on isotopic fractionation (Pasten-Zapata et al.,
2014; Perovi¢ et al., 2024). The isotope fractionation represents the enrichment of one isotope
relative to another during a microbiological, chemical, or physical process, which is quantified
by the enrichment factor (!¢). This factor essentially signifies the ratio of enrichment/depletion
of isotopes in the reaction product compared to the reactant (substrate). Isotopic fractionation
is caused by the presence of stronger chemical bonds by the heavier isotope or due to mass-
dependent processes such as diffusion (Sharp, 2007; Nikolenko et al., 2018). Isotopic
fractionations are challenging to quantify because they are often metabolically driven,
kinetically controlled, and non-equilibrium processes (Nikolenko et al., 2018). In Table 1 there
1s a review of characteristic isotopic signature results for different sources.

Table 1. The values of §!°N-NO;™ and §'°N-NH." for different sources in groundwater (based
on data from Nikolenko et al., 2018; modified from Perovi¢, 2019)

Source Range '>’N-NO3-
3’N-NOs Soil nitrogen +3 do +8 %o
Mineral fertilizers -8 do +7 %o
Manure +5 do +35 %o
Sewage water +3 do +25 %o
Rain -12 do +11 %o
OSN-NH4* Organic matter +2,4 do 4,1 %o
Rain -13,4 do +2,3 %o
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Mineral fertilizers -7,4 do 5,1 %o
Municipal wastewater +5 do +9 %o
Manure +8 do +11 %o

Biological activity reaction tests (BART tests)

Semiquantitative and semiqualitative biological activity reaction tests can be utilized to
investigate specific bacterial groups involved in various processes in groundwater. The studied
groups included bacteria capable of participating in nitrogen transformation processes,
including denitrifying bacteria (DN-BART), sulfate-reducing bacteria (SRB BART), and iron-
related bacteria (IRB BART). Specialized software, (BART-SOFTv6), was employed to
calculate the correlation between the day, specific reaction type, and the quantity of active cells
based on the BART test results. The application of BART tests in science is widely used for:
assessing the environmental suitability for microbiological transformations, for indicating the
potential for biofouling and biocorrosion of underground structures (well aging), as well as for
predicting health risks.

MATERIALS AND METHODS

A comprehensive overview of three case studies was provided, covering research on the origin
and fate of nitrogen in oxic alluvial groundwater, as well as anoxic alluvial groundwater. State-
of-the-art methods were applied for predicting origin, form and nitrogen concentration,
including isotopic signature analysis, microbiological activity reaction tests (BART) and
machine learning techniques. First case study encompassed 20 groundwater sampling locations
during the period 2010-2019, within oxic alluvial source named Klju¢. This groundwater source
is used for public water supply of the city of Pozarevac (approximately 85,000 inhabitants).
Within second case study 93 samples from three sampling sites were analysed within five days.
Samples were collected from anoxic alluvial aquifer under the drainage system Kovin-Dubovac
in Danube alluvium. In the third case study, data spanning a six-year monitoring period from
55 groundwater sampling sites, collected through the state monitoring network, which is part
of the national monitoring network managed by the Environmental Protection Agency of
Serbia, underwent statistical analysis.

RESULTS AND DISCUSSION
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First case study

To solve the problem of increased nitrate concentrations in Klju¢ groundwater source, in the
Velika Morava alluvium, the infiltration-protective system was established in 2006 year.
Determined groundwater levels indicated that groundwater recharge depends on Velika Morava
water level and on the work regime of extraction wells. The physico-chemical analysis sampling
strategy encompassed both - river proximity and the hinterland. The groundwater quality data
have shown that examined water is oxic (avg content of DO 5.27 £+ 0.37 mg/1), with high redox
potential (400.38 + 17.01 mV). Nitrate concentration was in range from 0.61 mgN/l to 74.27
mgN/I. Statistical data analysis revealed significant correlation between human impact tracers
(Na, Cl, NOs, SO4, B, pH and el. conductivity), between B and TOC, between pH, NH4, DO
and B. BART tests, along with the isotopic signature results (§'"°N and §'%0 in NOs™ ) were
determined. The biological activity reaction tests (BART tests) revealed that nitrification
detected in the hinterland alternates with denitrification in the coastal zone. Isotopic signature
results showed that the most enriched nitrates with heavier isotope ('°N) are determined in the
hinterland, while in the area near river the urea hydrolysis signature was observed. Details of
conducted research are available in Perovi¢ et al., 2024. Based on a comprehensive,
simultaneous analysis, zones of different influences were delineated, as depicted in Figure 2
(Perovi¢ et al., 2024).

. Anthrophogeric impact area
L1 Mosed influznce area
1 Riparian denirdizaton area
1ana
waterdna
* semtiement-point

Figure 2. The position of examined area and delineated zone of nitrate origin and fate based on
a comprehensive analysis (Perovi¢ et al., 2024)

Second case study

The research area holds significance as Kovin-Dubovac represents a potential future regional
water supply source, while the area is characterized by the coexistence of intensive agricultural
production and an open coal mine. The examined groundwater exhibited an increased
concentration of ammonium ions, ranging from 0.02 mgN/1 to 4.70 mgN/l and low oxygen
concentration, ranging from below the quantification limit to 1.20 mgN/l. The research was
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conducted in order to determine the fate of nitrates in anoxic groundwater. The nitrate injection
experiment (NaNQO3) followed tracer experiment (NaCl) and lasted for five days. Groundwater
levels, physico-chemistry and BART tests were assessed. Based on conducted research the
dominant process in anoxic groundwater environment was conversion of nitrates to ammonium
ion by dissimilatory nitrate reduction. The combination of high DNRA (Dissimilatory Nitrate
Reduction to Ammonium) and low respiratory denitrification, along with the results of the
BART test, indicated that sulfate reducers with DNRA capability as a secondary metabolic
pathway were predominant in the process (Perovi¢ et al., 2017) (Figure 3).
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Figure 3. Nitrate and tracer experiment observational objects and observed concentration
changes of selected parameters in the well Bp-2 (Perovic¢ et al., 2017)

Third case study

The aims of the study were — examination of the correlations between ammonium concentration
influential parameters in shallow alluvial aquifers throughout the Serbia; followed by
vulnerability map development; and the examination of the possibilities of machine learning
models for predicting the ammonium concentration in groundwater in response to predictor
variables representing physicochemical conditions in groundwater which are proved to be
involved in N transformations (Perovi¢ et al., 2021). The map of overall groundwater potential
for nitrogen conservation or loss was developed based on threshold values for certain N
transformation processes. The figure 4 presents the status of groundwater quality considering
ammonium concentrations and marked areas suitable for N conservation - DNRA - low oxygen
content (DO) (below 1 mg/L) and C/N ratio over 3.5; denitrification process - places
characterised by DO below 2 mg/L and total organic carbon above 3 mg/L and areas with DO
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content above 3.5 mg/L, which are designated as vulnerable for nitrate inflow. Four supervised
learning regression models were applied: support vector regression (SVR) in two variants: with
linear and Gaussian radial basis function, kernel, and artificial neural networks in two variants:
a three-layer neural network (NN) and a deep neural network (DNN). Based on conducted
results the nitrate vulnerability map was developed (Perovi¢ et 1., 2021). The machine learning
models were successfully applied for predicting the ammonium concentration with high
determination coefficients (R?) in tests: 0.84 for DNN and 0.64 for NN, while the SVR did not
prove to be adequate with the best R? of 0.24 (Perovi¢ et al., 2021).
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Figure 4. Mapped groundwater potential for nitrogen removal/conservation and Original
measured values (NHs" mgN/L (obs)) vs predicted values (NHs" mgN/L (pred)) for ammonium
concentration in groundwater compared with the identity line a) SVR model with linear kernel,
b) SVR model with Gaussian radial basis function kernel, ¢) NN model with only one hidden
layer, d) DNN model with four hidden layers (Perovi¢ et al., 2021).

CONCLUSION

Nitrogen is a unique element due to its abundance and ubiquity, as well as the multitude of
oxidation states in which it can be found (-3 to +5) (Perovi¢ et al., 2017; Rivett et al., 2008). It
provides a compelling example of the challenges in identifying the source of a pollutant that
undergoes changes in forms, oxidation states, leading to changes in isotopic signatures, either
partially or entirely through microbial metabolism. Methods to identify nitrate sources include
isotopic analysis and comprehensive physicochemical, hydrogeological, and microbiological
analyses. During the forensic analysis of nitrogen origin in groundwater, it is necessary to -
determine groundwater flow and recharge; conduct a physicochemical analysis of groundwater
from carefully selected sampling sites; perform microbiological tests to analyse the presence
and abundance of bacteria involved in nitrogen transformation; and to extract conclusions with
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high reliability using appropriate data processing tools. The presented case studies demonstrate
the theoretical and practical feasibility of detailed nitrogen source determination and transport
and transformation mechanism. First case study showed the complementary analysis for nitrate
origin determination in oxic alluvial groundwater. Statistical data analysis revealed significant
correlation between anthropogenic impact parameters in the hinterland, where microbiological
and isotopic data supplemented drawn conclusions. Second case study revealed that ammonium
in examined anoxic groundwater originated from dissimilatory nitrate reduction, conducted by
Desufovibrio. High determination coefficients of deep neural network and three layer neural
network, calculated within third case study, showed that machine learning models could be
applied with acceptable accuracy for predicting ammonium concentration in shallow alluvial
aquifers.
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Abstract: Particulate matter (PM) pollution from construction activities is a persistent not fully
recognized environmental and public health concern in Serbia, particularly in rapidly urbanizing areas
like Belgrade and Novi Sad. The paper provides a comprehensive analysis of the current state and trends
of PM pollution on construction sites in Serbia, focusing on its environmental and health impacts,
mitigation strategies, and workforce trends. Despite limited research data, assessments reveal high PM
emission levels on construction sites, with implications for air quality and public health. The paper
discusses the sources and dynamics of PM emissions from construction activities, highlighting the
multifaceted nature of the problem and its complex correlation with public health and environmental
safety. Mitigation strategies, including dust suppression models, use of low-emission equipment,
material substitution, and regulatory compliance, are examined to address PM pollution effectively.
Furthermore, the paper explores workforce trends, including the influx of foreign labor and the shortage
of skilled workers, and their implications for safety and regulatory compliance on construction sites.
Analyzing the existing research findings and identifying knowledge gaps, the paper contributes to a
better understanding of PM pollution on construction sites in Serbia and defines future research and
policy interventions to mitigate its adverse impacts.

Keywords: Air pollution; PM; Construction site
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INTRODUCTION

Particulate matter (PM) emissions from construction activities pose a significant environmental
and public health concern.(WHO 2016) Particularly, in urban environments undergoing rapid
development air pollution is significantly noticeable. With urbanization on the rise globally,
construction activities have become temporal sources and hot-spots of PM pollution,
contributing to the deterioration of air quality and posing risks to both workers and nearby
communities.(Stege et al. 2019) The complex correlation between PM emissions, public health,
and environmental safety, requires comprehensive scientific approach and effective mitigation
strategies. While developed countries have implemented mitigation measures and legislative
frameworks to address construction-related PM emissions, challenges persist, especially in
developing countries like Serbia.(EEA 2021; National Roads Authority 2011; HKCA 2013;
CPCB 2017) Neglect of environmental protection measures in architectural planning and
project management deepens the problem, leading to elevated pollution levels in rapidly
developing cities like Belgrade and Novi Sad.

Understanding the sources, dynamics, and impacts of PM emissions from construction activities
is crucial for formulating targeted mitigation strategies.(Mukherjee and Agrawal 2017) This
includes identifying specific construction processes that contribute to PM emissions,
considering meteorological factors and material characteristics, and implementing strict
regulatory measures to ensure compliance. Furthermore, promotion a culture of environmental
awareness and incorporating mitigation measures into architectural practices are essential steps
towards addressing this pressing issue. Construction activities are known to emit a diverse
mixture of particulate matter (PM) into the atmosphere. These emissions involve fine particles,
with sizes ranging from coarse to ultrafine (<10um).(Azarmi and Kumar 2016b) PM pollution
from construction activities arises from various processes inherent in the construction lifecycle,
including site preparation, excavation, material handling, transportation, and different
architectural activities. The sources of PM emissions in construction activities are inter and intra
disciplinary. Site preparation, involving land clearing and demolition of existing structures,
releases significant amounts of dust and particulates into the air. Earth excavation and transport
further contribute to PM emissions, as heavy machinery disturbs the soil and releases particles
into the atmosphere. Moving equipment and machines on construction sites also generate PM,
particularly through the wear and tear of vehicle components and the combustion of fossil fuels.
Transport and storage processes, such as loading, unloading, transfer, and storage of
construction materials, are additional sources of PM emissions. These activities often involve
the handling of bulk materials like sand, gravel, and cement, which can generate substantial
amounts of dust. Specific activities performed at construction sites, such as cutting, grinding,
and sanding, also contribute to PM emissions by producing fine particles as byproducts.
Furthermore, final architectural activities, including painting, plastering, and finishing, can
release significant amounts of PM into the air. These activities involve the application of
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coatings, adhesives, and other materials that may contain volatile organic compounds (VOCs)
and other pollutants, contributing to air pollution and PM emissions.

Health Implications of PM Emissions

Prolonged exposure to construction-related PM emissions can have severe health consequences
for both construction workers and nearby residents.(Cohen et al. 2017; Kumar et al. 2014) The
inhalation of fine particles can intensify respiratory conditions such as asthma, bronchitis, and
chronic obstructive pulmonary disease.(Cohen et al. 2017; Mannucci et al. 2015; Wang, Liu,
and Zeng 2020) Additionally, PM exposure has been linked to cancer occurrences and
cardiovascular diseases, including heart attacks, strokes, and hypertension.(Cohen et al. 2017;
O. Raaschou-Nielsen et al. 2016; Ole Raaschou-Nielsen et al. 2013; Requia et al. 2018)
Particular concern is caused by the hazardous materials often present in construction-related
PM emissions. Silica, commonly found in construction materials like sand, concrete, and stone,
can cause silicosis, a debilitating lung disease characterized by scarring and inflammation of
the lungs. Asbestos, another hazardous material prevalent in older construction materials, poses
serious health risks, including lung cancer, mesothelioma, and asbestosis.

The health impacts of construction-related PM emissions extend beyond the construction site,
affecting nearby communities and vulnerable populations, such as children, the elderly, and
individuals with pre-existing health conditions. Poor air quality subsequent to the PM pollution
can lead to increased hospital admissions, emergency room visits, and premature deaths due to
respiratory and cardiovascular diseases.

Table 1. The official stats for issued construction permits and project values yearly in Republic
of Serbia for period 2016-2023 (Statistical Office of the Republic of Serbia 2023)

Year 2016 2017 2018 2019 2020 2021 2022 2023
Constr 1 671 18477 19484 21844 22625 30177 29344 31216
Permits

Value
(million 2151.85 3532.78 3771.02 7100.84 5105.48 7284.12 8016.65 8777.58
EUR)

The end of the second and beginning of the third decade of XXI century in Serbia is marked
with numerous investment projects. These projects jumpstarted the construction industry in
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whole country, with significant notice in Belgrade and Novi Sad. The number of issued
construction permits has been increasing each year, alongside with the investment value (table

1.

MITIGATION STRATEGIES IN DEVELOPED COUNTRIES

Addressing construction-related PM emissions requires a comprehensive approach that
integrates engineering controls, administrative measures, and personal protective equipment to
minimize exposure and mitigate health risks. Several strategies can be introduced to reduce PM
emissions from construction activities, determined as PM Mitigation Strategy pillars.

Dust Suppression Models

Implementing effective dust suppression measures, such as water spraying, dust barriers, and
vegetation buffers, is crucial for minimizing the generation and dispersion of dust particles on
construction sites. Water spraying involves the application of water mist or droplets to dampen
surfaces and suppress airborne dust. Dust barriers, including temporary enclosures or curtains,
create physical barriers to contain dust emissions within the construction site, preventing their
spread to surrounding areas. Vegetation buffers, such as trees and shrubs planted along site
perimeters, act as natural barriers to trap dust particles and mitigate their impact on air quality.
These techniques not only reduce environmental pollution but also contribute to improved
worker health and safety by minimizing exposure to harmful particulates.

Use of Low-Emission Equipment

The utilization of low-emission construction equipment, such as electric-powered machinery
and vehicles, represents a proactive approach to reducing exhaust emissions and PM pollution
on construction sites. Electric-powered equipment operates with zero tailpipe emissions,
significantly reducing air pollution and improving air quality in urban environments. In addition
to environmental benefits, low-emission equipment offers practical advantages such as quieter
operation, reduced maintenance costs, and enhanced worker comfort. By embracing sustainable
construction practices and investing in clean technology solutions, construction companies can
mitigate their environmental impact and contribute to a greener and healthier future for
communities.

Material Substitution
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Substituting traditional construction materials with low-emission alternatives is a viable
strategy for reducing PM emissions and improving air quality on construction sites. Recycled
aggregates, green concrete, and low-VOC paints are examples of environmentally friendly
materials that can help minimize pollution and mitigate health risks associated with construction
activities. Recycled aggregates, derived from recycled concrete or asphalt, reduce the demand
for materials and lower energy consumption during production. Green concrete, made from
recycled or renewable materials, reduces carbon emissions and improves sustainability. Low-
VOC paints emit fewer volatile organic compounds, reducing indoor air pollution and
promoting healthier indoor environments. By incorporating these alternatives into construction
projects, stakeholders can create healthier and more sustainable built environments for future
generations.

Personal Protective Equipment, Training and Education

Providing construction workers with appropriate personal protective equipment (PPE),
including respirators, goggles, and protective clothing, is essential for minimizing exposure to
PM emissions and protecting against respiratory and skin-related health hazards. Respirators,
such as N95 masks, filter out airborne particles and prevent inhalation of harmful contaminants.
Goggles protect the eyes from dust, debris, and chemical splashes, reducing the risk of eye
injuries and irritation. Protective clothing, such as coveralls and gloves, shield the skin from
direct contact with hazardous materials and prevent skin irritation or chemical burns. By
ensuring that workers have access to proper PPE and training them on its correct use and
maintenance, construction companies can effectively mitigate health risks and promote a
culture of safety on construction sites. Comprehensive training and education programs for
construction workers on the health risks associated with PM exposure is essential for raising
awareness and promoting a culture of safety on construction sites. By educating workers about
the potential hazards of PM exposure and empowering them with the knowledge and skills to
protect themselves, construction companies can reduce the incidence of work-related illnesses
and injuries and foster a safer working environment.

Regulatory Compliance

Enforcing strict regulatory standards and guidelines for PM emissions from construction
activities is essential for ensuring compliance and mitigating environmental and public health
risks. Emission limits, pollution controls, and monitoring requirements are among the
regulatory measures implemented to regulate PM emissions and minimize their impact on air
quality. By enforcing compliance with these regulations, regulatory authorities can hold
construction companies accountable for their environmental performance and prevent the
release of harmful pollutants into the atmosphere. Regular inspections, audits, and enforcement
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actions are key components of regulatory compliance efforts, providing oversight and ensuring
that construction activities adhere to established standards.

CURRENT STATE AND TRENDS IN SERBIA

Previous researches concerning the PM emission on construction sites in Serbia are scarce. The
scarce research data (monitored and modeled) define construction sites as stationary temporal
pollution hot spots. (Sunjevic et al. 2023; 2024; Milivojevi¢ et al. 2023) Assessment PM
emission data, generated by urban transformation on construction sites in the city of Novi Sad,
Serbia, unfolded the requirement for additional monitoring and modeling with goal to properly
manage the pollution. The researches determine high PM emission levels on construction sites,
also indicating that few construction sites are enough to cover city size of Novi Sad with PM
pollution vail.(Sunjevic et al. 2023)

Observing workers trends in Serbia, there is a noticeable tendency among the quality
construction workers to seek better opportunities in developed countries. Consequently, with
the increased number of construction project exhibits shortages of construction workers. To
address this deficit, a significant number of foreign workers from Europe and even Asia are
being employed in the construction projects. The exact number of foreigner workers is
challenging to determine, largely due to a considerable portion operating informally. The
Serbian Chamber of Engineers highlights the challenges posed by influx of foreign labor,
particularly regarding safety and regulatory compliance. While organized and registered
workers typically adhere to safety protocols, those working informally pose significant risks,
especially considering language barriers and lack of training. Raw approximations are that up
to 40% of construction workers from abroad may be working off the books, presenting
regulatory and safety challenges on construction sites. The shortage of construction workers in
Serbia is compounded by the outflow of skilled labor abroad, driven by better-paying
opportunities.

The research findings depicted in paper concerning utilization of PM mitigation measures on
construction sites in Novi Sad reveal a tenacious low level of utilization for most PM prevention
measures within the context of construction activities in Serbia.(Sunjevic et al. 2022) While
existing legislations lack specific mandates for mitigation measures, certain demands align with
environmental protection standards. Notably, measures such as setting up fences, controlled
entrances, road definition and marking, and speed limitation are fully implemented, as
legislations require defined roads, controlled access points, and speed restrictions of 20 km/h,
with closed fences surrounding construction sites. There is a noticeable trend of low utility in
adequate material handling, covering stored materials during transport, setting up protective
curtains, road watering, and water spraying. Insufficient numbers of qualified workers and an
increasing number of construction sites contribute to poor material handling, storage, and
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transportation practices. The trend over the four-year 2019-2022 observation period suggests
stagnation, with only measures defined by legislation showing full compliance.

CONCLUSION

The issue of PM pollution on construction sites in Serbia presents a inter and intra disciplinary
challenge that requires attention from policymakers, stakeholders, and the scientific
community. The analysis of current state and trends underscores the significant environmental
and public health implications of PM emissions from construction activities, particularly in
rapidly urbanizing areas such as Belgrade and Novi Sad. High levels of PM pollution on
construction sites not only degrade air quality but also pose serious health risks to both workers
and nearby communities, increasing respiratory and cardiovascular diseases and potentially
leading to premature deaths.

Mitigation strategies such as dust suppression models, the use of low-emission equipment,
material substitution, and regulatory compliance are essential for addressing PM pollution
effectively. The implementation of these measures remains inadequate, reflecting the need for
stronger enforcement mechanisms and greater industry commitment to environmental
protection. Additionally, workforce trends, including the reliance on foreign labor and the
outflow of skilled workers, further complicate efforts to ensure safety and regulatory
compliance on construction sites. Language barriers and lack of training among foreign workers
pose significant challenges, highlighting the importance of comprehensive safety protocols and
education programs.

Addressing PM pollution on construction sites in Serbia requires a comprehensive and
concerted effort from all stakeholders. By taking proactive measures to mitigate emissions,
enforce regulatory standards, and promote sustainable practices, Serbia can pave the way for a
cleaner, safer, and more resilient future for its citizens.
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Abstract: The life cycle assessment method is one of the many tools used today to support decision-
making in the field of waste management. In order to effectively address the environmental challenges
posed by municipal solid waste, it is crucial to implement integrated waste management strategies that
prioritize reduction, reuse, recycling, and proper disposal practices. In this research, the impact of
municipal waste management on the municipality of Novi Sad was evaluated. The assessment was
carried out using the life cycle assessment method. The research delineates 4 waste management
scenarios integrating various treatment methods, aiming to assess their respective impacts on mineral
consumption, fossil fuel consumption, acidification, and eutrophication. The results show that the
greatest impact on the environment comes from waste disposed of in unsanitary landfills, which pose
major environmental problems. Examination of impact categories indicates that eutrophication has the
highest normalization value, with Scenario 0 displaying a notably heightened impact within this
category.

Key words: Life cycle assessment;, municipal waste; scenario.

INTRODUCTION

Modern society today is confronted with large quantities of waste. Unsustainable production
and consumption patterns of natural resources contribute to the generation of more and more
waste, and inappropriate waste management leads to the loss of useful components of waste
and unforeseeable consequences for the environment and human health (Stepanov, 2018). The
implementation of European Union (EU) requirements for municipal solid waste management
is a complex problem in Serbia. Until the year 2000, almost all waste collected in Serbia was
disposed of uncontrolled landfills or open dumps (Stevanovic Carapina, 2019). Sustainable
management of ever-growing amounts of waste has become a major social and environmental
concern, as improper management of municipal solid waste leads to significant negative
impacts on the environment as well as health and safety problems (Yay, 2015). With the advent
of the LCA (Life cycle assessment) method, the possibilities for the optimal selection and
application of the most appropriate waste management techniques have expanded considerably.
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At the end of the last century, numerous studies began to use LCA as a comparative tool for
different waste management options (Boskovic, 2015).

The topic of municipal waste management is widely represented in the world, as evidenced by
many scientific papers and doctoral dissertations. Kinshasa, the capital of the Democratic
Republic of the Congo, faces several challenges in managing its exponentially growing
municipal solid waste. With its 12,000,000 people producing 7,800 tonnes of municipal solid
waste per day, the city still struggles with basic services such as waste collection and sanitary
landfills. To contribute to the implementation of a better management system in Kinshasa, the
study evaluates the environmental impact and cost of the existing waste management
framework and proposes 6 alternative scenarios (Haruna, 2022). Research conducted in Turkey
aims to determine the environmental aspects of a low-impact municipal solid waste
management system through LCA. To achieve the stated objective, a composition study was
conducted in Sakarya, Turkey for one year. The results of the first step should be used as a
reliable source of data in establishing a complete picture of the environmental performance of
the municipal solid waste management system with a life cycle perspective (Moreno Camacho,
2019). The aim of the study by Mondello (Mondello, 2017) was to compare the potential
environmental impacts of five scenarios for the disposal/treatment of food waste produced by
a mass retail company operating in Messina (Italy) through the application of LCA, and to find
the best treatment solution. The results based on the treatment of a functional unit of 1 ton of
food waste show that the bioconversion scenario represents the most desirable solution
considering all impact categories analyzed by the CML 2 baseline 2000 method, except for
global warming, for which higher ecological performances are associated with the anaerobic
digestion scenario ( Mondello, 2017).

This research is based on previous research (Jovanovic, 2023a, Jovanovic 2023b), and the aim
is to analyze the impact of various municipal waste treatments on the environment according to
4 different scenarios using LCA. In contrast to previous research (Jovanovic, 2023a), where
only GWP were evaluated, in this research, results from 4 impact categories were calculated:
consumption of fossil fuels, consumption of minerals, acidification, and eutrophication, to
emphasize the contribution of individual activities for each scenario. The impact categories
mentioned not only address current environmental concerns but also underscore enduring
challenges in environmental conservation and protection, underscoring the pressing need to
address these issues promptly.

METHODOLOGY

The aim of this research is to analyze the environmental impact of different treatment methods
for municipal waste using LCA according to the scenarios mentioned (Jovanovic, 2023a,
Jovanovic, 2023b):
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1.

Scenario 0: Current situation, 100% of waste is disposed of in unsanitary landfills. Each
municipality disposes of waste in its unsanitary landfill,

Scenario 1: All garden waste is directed to composting. 60% to the central composting
plant and 40% to household composting. 50% of the waste mass from the fractions
paper, cardboard, composites, metal, aluminum and plastic is sent for recycling. The
remaining waste is disposed of in a sanitary landfill;

Scenario 2: All garden waste is directed to composting. 60% to the central composting
plant and 40% to household composting. 50% of the waste mass from the fractions
paper, cardboard, composite materials, metal, aluminum and plastic was sent for
recycling. Of the remainder, 70% of the waste is disposed of for incineration and 30%
for disposal at a sanitary landfill;

Scenario 3: All garden waste is directed to composting. 60% is composted at the central
composting plant and 40% in households. 50% of the waste mass from the fractions
paper, cardboard, composite materials, metal, aluminum and plastic was sent for
recycling. 80% of the other biodegradable waste is disposed of in AD (anaerobic
digestion) and the remaining waste is disposed of in a sanitary landfill.

The functional unit is 1 kg of waste generated on the municipality of Novi Sad. The
geographical area included in the analysis is the territory of the Republic of Serbia for the
primary data and Europe for the secondary data taken from the Ecoinvent database. The data
that was analyzed had to be within the system boundaries, that determine the process units that
must be included in the LCA. The system boundaries for scenarios 0 -3 are shown in Figure 1.

_____________________ e w
e | =
Envircesent | L — ]—

Enviomment Environment

Figure 2. System boundaries (ND - unsanitary landfill, R - recycling, SD - sanitary landfill, AD

- anaerobic digestion, KK - home composting, IK - industrial composting, SP - incineration)
(Jovanovic, 2023a, Jovanovic, 2023b).
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The data required for the preparation of the LCA are taken from the Ecoinvent database (version
3.7). Table 1 shows the type of treatment, abbreviations and the name of the activity in the
Ecoinvent database.

Table 1. Type and treatment of waste (Jovanovic, 2023a, Jovanovic, 2023b).

Wast
aste Abbreviations The name of the activity in the Ecoinvent database
treatment
Industrial K treatment of biowaste, industrial composting | biowaste |
composting Cutoff, S - RoW
Home treatment of kitchen and garden biowaste, home
combostin KK composting in heaps and containers | biowaste, kitchen
P & and garden waste | Cutoff, S - RoW
Paper and : .
cardboard R treatment of waste plaster-cardboard sandwich, recycling
. | waste plaster-cardboard sandwich | Cutoff, S - CH
recycling
market for ferrous metal, in mixed metal scrap | ferrous
Metal recycling R metal, in mixed metal scrap | Cutoff, S - Europe without
Switzerland
Plastic recycling R ma?ket for plastic granl.llate, unspecified, recycled |
plastic granulate, unspecified, recycled | Cutoff, S - IN
) market for waste packaging glass, unsorted | waste
Gl 1 R ,
ass recycing packaging glass, unsorted | Cutoff, S - GLO
Aluminium R market for aluminium scrap, post-consumer | aluminium
recycling scrap, post-consumer | Cutoff, S - GLO
Sanitary landfill SD treatment of municipal solid waste, sanitary landfill |
municipal solid waste | Cutoff, S - RoW
Unsanitary ND treatment of municipal solid waste, unsanitary landfill,
landfill dry infiltration class (100mm) | municipal solid waste |
Cutoft, S - GLO
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Incineration SP treatment of municipal solid waste, incineration |
municipal solid waste | Cutoff, S - RoW

Anaerobic AD treatment of biowaste by anaerobic digestion | biowaste |
digestion Cutoft, S - RoW

RESULTS OF LIFE CYCLE IMPACT ASSESSMENT

The openLCA software was used to calculate the results, which expresses the results of the
environmental impact based on the impact categories. The LCIA method is CML (version 4.7).
Figures 2, 3 and 4 show categories of environmental impact that demonstrate the contribution
of municipal waste treatment to environmental pollution.

1.00E-06
9.00E-07
I
8.00E-07
7.00E-07
6.00E-07 ] -
5.00E-07
4.00E-07
3.00E-07
2.00E-07
1.00E-07
0.00E+00 -
Scenario 0 Scenario 1 Scenario 2 Scenario 3
m Municipal waste treatment (unsanitary landfill) m Plastic recycling
= Municipal waste treatment (incineration) Municipal waste treatment (sanitary landfill)
B Paper and cardboard recycling B Aluminium recycling
B Glass recycling B Composting garden waste (home composting)
m Composting garden waste (industrial composting) m Metal recycling

m Treatment of other biodegradable waste (anaerobic digestion)

Figure 2. Results of activity impact on mineral consumption (Jovanovic, 2023b).

27



2st International EUROSA Conference
May 15-18, 2024 G' EUROQA
2024

Vrnjacka Banja, Serbia

7.00E-01
6.00E-01 —
5.00E-01
4,00E-01
3.00E-01
2.00E-01

1.00E-01
0.00E400 |

Scenario 0 Scenario 1 Scenario 2 Scenario 3

m Treatment of other biodegradable waste (anaerobic digestion)
m Metal recycling
B Composting garden waste (industrial composting)
B Composting garden waste (home composting)
W Glass recycling
B Aluminivm recycling
B Paper and cardboard recycling
Municipal waste treatment (sanitary landfill)
 Mumicipal waste treatment (incineration)
B Plastic recycling

B Municipal waste treatment (unsanitary landfill)

Figure 3. Results of the impact of activities on fossil fuel consumption (Jovanovic, 2023b).
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m Paper and cardboard recycling
Municipal waste treatment (sanitary landfill)
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= Plastic recycling

= Municipal waste treatment (unsanitary landfill)

Figure 4. Results of the impact of activities on acidification (Jovanovic, 2023b).
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m Municipal waste treatment (unsanitary landfill)

Scenario 3

Figure 5. Results of the impact of activities on eutrophication (Jovanovic, 2023b).

In order to be able to compare the values for different impact categories, which are expressed
in different units of measurement, the data were normalized. During data normalization, the
units of measurement are removed from the input variables and the input variables are converted
into a comparable range of values. The normalized values for scenarios 0, 1, 2 and 3 are shown

in Figure 6.
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5.00E-13
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0.00E+Q0
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Scenario 3

® Eutrophication = = Fossil fuel consumption ®Mineral consumption M Acidification ™=

Figure 1. Normalized values of impact categories for scenarios 0-3 (Jovanovic, 2023b).
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DISCUSSION

According to scenario 0, the consumption of minerals is municipal waste that is disposed of in
an unsanitary landfill. According to Scenarios 1, 2 and 3, plastic recycling has the greatest
impact on mineral consumption. According to Scenarios 1, 2 and 3, paper and cardboard
recycling has the lowest impact on mineral consumption (Figure 2). In Scenarios 1, 2 and 3,
plastics recycling also has the greatest impact on fossil fuel consumption. In Scenario 2, the
largest impact on fossil fuel consumption after plastic recycling are incineration and landfilling
(Figure 3). Plastic recycling has the greatest impact on acidification, followed by landfill
disposal and incineration. Scenario 0 has the greatest impact on acidification, in which all
municipal waste is disposed of in an unsanitary landfill, while metal recycling has the least
impact (Figure 4). The greatest impact on eutrophication is from waste disposed of in landfills,
specifically sanitary and non-sanitary landfills (Figure 5). After normalizing the data, the values
for the impact categories mentioned were determined. Scenario 0 has the greatest impact on
eutrophication, as do the other scenarios. The lowest values and therefore the lowest impact
relate to the consumption of minerals, which is the least jeopardized impact category (Figure

6).

CONCLUSION

The process of determining the optimal waste management system is inherently complex,
influenced by a multitude of factors spanning economic, technical-technological, social, and
environmental domains. On one hand, waste generation and handling contribute to
environmental pollution; on the other hand, waste represents a substantial reservoir of potential
secondary raw materials and energy sources. This research aims to enhance understanding of
the impacts of municipal waste treatment and disposal activities on various environmental
categories. Through the utilization of openLCA software, a more comprehensive assessment of
the environmental impact of municipal waste was achieved.

Analysis of impact categories reveals eutrophication as possessing the highest normalization
value, with Scenario 0 demonstrating a particularly pronounced impact on this category.
Unsanitary landfills present significant environmental challenges, as they allow harmful
substances to infiltrate groundwater and soil while releasing methane gas, as demonstrated in
prior research (Jovanovic, 2023b). Activities for this research were sourced from the Ecoinvent
database. Notably, recycling exhibits negative impacts on certain environmental categories such
as mineral consumption, fossil fuel consumption, and acidification. Unlike unsanitary landfills,
recycling entails resource and energy consumption, contributing to a greater negative
environmental impact. This research underscores the complexity of waste management
decisions and emphasizes the importance of informed analysis for sustainable solutions.
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Abstract: Bisphenol A (BPA) is a synthetic chemical extensively used in the production of various
plastics and thermal papers, leading to widespread exposure. Its association with adverse health effects,
including impacts on reproductive health, metabolic processes, immune function, and cognitive
development, underscores the importance of understanding its presence and distribution. This study
conducted three sampling campaigns to assess BPA levels in landfill leachates across four sites in Serbia,
focusing on seasonal variations and ecological risks. The findings revealed the presence of BPA in all
14 samples, with individual concentrations ranging from 0.4 to 449.2 pg/L. Comparing across sampling
campaigns, higher concentrations were observed in the leachates collected during November compared
to February. The calculated risk quotients and BPA concentrations indicated notable variability, with
the highest exceedance of the predicted no effect concentration reaching 1871.67 times, and the lowest
at 1.67 times. Overall, the risk assessment highlighted significant environmental risks posed by BPA
across all landfill sites examined in this study. This paper underscores the critical importance of
comprehending exposure routes to BPA and emphasizes the necessity for ongoing monitoring, risk
assessment, and implementation of effective mitigation strategies regarding BPA in landfill leachate
given its potential to seep into the ground and pose a substantial risk to drinking water sources.
Additionally, it draws attention to the hazards posed by unlined landfills in the absence of robust landfill
management practices, prompting the evaluation of BPA and other potential contaminants of concern
that could endanger public health through this environmental pathway.

Keywords: bisphenol A; risk assessment; landfill leachate; HPLC; risk quotient; hazardous
compounds.
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Landfilling serves as one of the principal practices for the final disposal of most municipal solid
wastes, including unwanted/expired household medicines and products. Landfills have become
repositories of a variety of emerging organic contaminant residues (Wang et al., 2020). Over
the past decades, the occurrence of EOCs such as pharmaceutical and personal care products
(PPCPs) and endocrine-disrupting chemicals (EDCs) in the environment has raised
environmental and public concern worldwide. They have been detected and reported at trace
levels (ng to pug/L or - ng to ug/kg) in surface water, groundwater, and soil (Wang et al., 2020).
EOCs are bioactive and persistent in environmental compartments and aquatic organisms
(Ojemaye and Petrik, 2019).

Bisphenol A (BPA) or 4,40-dihydroxy-2,2-diphenylpropane is an organic compound consisting
of two phenolic rings connected by a single carbon carrying two methyl groups (Allard, 2014).
It was first synthesized in 1891, but it was not used widely until applications in the plastic
industry were identified in the 1950s (Goodman and Peterson, 2014). Changes in environmental
conditions such as temperature, UV radiation, or contact with liquid compounds (solvents,
lipids, etc.) and/or acidic/alkaline environments could accelerate its release from the polymer
matrix into the various environmental matrices (Duenas-Moreno et al., 2022).

BPA is easy to manufacture; it is also lightweight, clear, and highly durable. Due to its
remarkable properties BPA, in its polycarbonate form, is found in a superfluity of common
products such as water, milk and baby bottles, eyeglass lenses, sports protective equipment, and
compact discs, as well as in medical, dental devices and polyvinyl chloride plastics. Bisphenol
A is also found in the thermal paper used for cash register receipts where high levels of free
BPA have been detected. The inner walls of cans and the lids of glass jars and bottles for foods
and beverages are lined with epoxy resins as a protective coating. Thus, BPA is ubiquitously
present in our surroundings and in close proximity to food and drinks (Allard, 2014; Miyagawa
et al., 2016; Romani and Banelli, 2019; Czarny-Krzyminska et. al, 2023).

In 1993 came the first report of accidental free BPA leaching of polycarbonate plastics
following heat exposure, a major concern in BPA exposure and safety (Allard, 2014). Itis likely
one of the most common EDCs found in the environment. Animal models showed that BPA
crosses the placenta and induces several adverse effects in endocrine, reproductive, and immune
systems. It was shown that it increases the risk of prostate and breast cancer (Romani and
Banelli, 2019; Cimmino et al., 2020). The toxicological effects of BPA are still controversial,
despite numerous studies (ECHA, 2021). Notably, bisphenol A is presently classified as a
reproductive toxicant category 1B under the EU CLP Regulation (Regulation 2016/1179) and
its use is restricted in numerous consumer products for babies and children (Bousoumah et al.,
2021).

This work aimed to broaden the knowledge about the occurrence and fate of BPA in landfill
leachate. The landfills are located in Novi Sad, Subotica, Sombor and Zrenjanin, Republic of
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Serbia. Specifically, we investigated the potential risks of BPA using a risk quotient. This work
would provide insights into the significance of leachates on EDC contamination in the
surrounding environment of landfills, as well as the preliminary references for future EDC
ecotoxicity research.

MATERIALS AND METHODS
Sampling sites

The sampling sites in Serbia were chosen according to population size, occupation, and way of
life to reflect a range of backgrounds. Among them, two are in urban regions known for their
fast-paced lifestyle (LS1-1, LS1-2, and LS2), while the remaining pair are in suburban areas
primarily focused on agriculture (LS3 and LS4). Throughout 2022, three sampling campaigns
occurred in February, May, and November, yielding a total of 14 samples. Table 1 provides an
outline of the distinctive features of each site.

Table 1. Landfill sites and sampling points

Operation time, and type of

Landfill site landfill Collection points
Novi Sad 1983, controll.ed non- LS1-1: 45°18'39.33", 19°50'43.25"
sanitary landfill LS1-2: 45°18'45.65", 19°50'54.40"
Sremska Mitrovica 2011, sanitary landfill LS2: 44°56'26.72", 19°41'11.09"
Sombor 1991, non-sanitary landfill LS3: 45°51'39.18", 19° 6'59.72"
Zrenjanin 1995, non-sanitary landfill LS4: 45°21'15.92", 20°21'57.01"

Sample collection

Prior to each sampling campaign, we adhered to a defined laboratory protocol for equipment
preparation. This procedure involved three fundamental steps: cleansing 2.5 L brown glass
bottles with diluted nitric acid, thoroughly rinsing them with Milli-Q water multiple times, and
then drying them overnight in an oven. To prevent potential contamination, plastic bottles or
plastic laboratory equipment were strictly avoided throughout the entire process.

Determination of organic pollution

All chemicals used in sample preparation were analytical grade. Samples were prepared by
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liquid-liquid extraction with dichloromethane, then evaporated to 1 mL. All preparation steps
were performed under laboratory safety conditions using a fume hood. An HPLC-DAD 1260
(Agilent Technologies, Germany) approach was utilized for quantifying BPA. High analytical
purity standards were employed to create the calibration curve. The BPA calibration curve is
drawn between 20 and 1000 pg/L. Additionally, an internal standard of concentration 500 pg/L
was added to each of the calibration points. The flow rates of the mobile phases were 0.8
mL/min, and the maximum wavelength for BPA was 276 nm.

RISK ASSESSMENT

Risk quotients (RQs) for BPA in raw leachate samples were determined by dividing the
measured environmental concentration (MEC) by the predicted no effect concentration (PNEC)
(Eq. 1). The methodology employed is deemed robust and advantageous as it furnishes
foundational data regarding substances posing elevated risks to environmental organisms when
compared with others (Nika et al., 2020; Grobin, 2022; Celi¢, 2020).

MEC
- 1
ke PNEC @
Where MEC represents measured environmental concentration (ug/L) and the lowest PNEC
predicted no-effect concentration (ug/L) which was obtained from NORMAN database. To
ascertain the degree of RQ, it can be defined as low if RQ < 0.1, moderate if 0.1 <RQ < 1, and

high if RQ > 1.

The calculation of RQ is of significant importance, as raw leachates are occasionally discharged
to the environment without treatment (e.g., at restored solid waste dumps or at non-licensed
closed landfills where no system for the collection and treatment of leachates is available) or
inadvertently (in cases of damaged liners in the bottom and side areas of the landfill or improper
design/failure of leachates treatment plant) (Nika et al., 2020).

RESULTS AND DISCUSSION

Bisphenol A was quantified in all samples, with ranges of 4.4 - 9.3 ug/L for LS1-1, 2.4 - 7.7
pg/L for LS1-2, 3.9 - 449.2 pug/L for LS2, 3.3 - 18.6 pg/L for LS3 and 0.4 - 4.3 pg/L for LS4.
A risk assessment approach was conducted for BPA in all 14 leachate samples using the PNEC
value of 0.24 pg/L according to the NORMAN Ecotoxicology Database lowest PNECs. Within
the target analysis, MECs at all 4 sampling sites exceeded the PNEC. As all risk quotients with
a value higher than 1 are classified as "high risk," and their range in this research was 1.67 -
1871.67, another color gradient was added to the "high risk™ category with the goal of further
emphasizing these differences. The RQ color gradient, which was implemented in this research,
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is shown in Figure 1. The darkest red color signifies an exceedance of the BPA PNECs by
1871.67 times, while the lightest shade represents an exceedance range of 1.67 to 10.00. The
newly implemented color gradient indicates a rising trend in the concentration of BPA in the
leachate, with the highest values observed in the November campaign. However, an exception
to this is LS3, where the trend could not be confirmed due to the lack of a sample, as the
peripheral canal had dried out. Moreover, the lowest BPA concentrations and lowest RQ values
were noted at LS1-2 and LS4 landfill sites, with RQ=10.00, BPA=2.4 pg/L for LS1-2, and
RQ={1.67; 9.17}, BPA={0.40; 2.20} pg/L for LS4. At the LS2 sampling site, there is an
exponential trendline (R?=0.9488), suggesting that both BPA concentrations and RQ values rise
at progressively higher rates compared to other landfill sites in this study. In contrast, the LS4
landfill exhibits a linear trendline with R?=0.998, indicating a steady increase in BPA and RQ
values.

LS1-1 LS1-2 RQ color gradient

March

Figure 1. New color gradient scheme for high risk quotients on four landfill sites in Serbia

To underscore the significance of monitoring landfill leachate, various studies quantifying BPA
were reviewed, and their corresponding RQs were computed using Eqg. 1. An overview of the
findings is presented in Table 2. The RQ values from these investigations consistently revealed
substantial risks. For instance, the research by Masoner et al. (2020) documented the highest
PNEC exceedance, surpassing it by 2150 times, whereas the lowest exceedance, at 1.98 times
higher than PNEC values, was observed in the study by Yi et al. (2017).

Table 2. Overview of studies quantifying BPA in landfill leachate and their calculated risk
quotient (RQ=MEC/PNEC) based on data provided in them.
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The results emphasize the crucial need for further investigation into BPA concentrations in
landfill leachates, recognizing them as a pivotal emission source to the environment if released
without adequate treatment.

CONCLUSIONS

The current study showed that landfill leachate is an important source of bisphenol A, which
was found in concentrations ranging from 0.4 to 449.2 pg/L. The risk assessment for bisphenol
A in 14 leachate samples revealed that all sites exceeded the predicted no-effect concentration.
The risk quotients indicated an overall high risk, exceeding PNECs by 1.67 to 1871.67 times.
The introduction of a new color gradient for the “high risk” category visually highlighted these
disparities and confirmed an increasing trend in BPA concentrations over the course of the year
in which the campaigns were conducted. The results of this study highlight the importance of
further investigation into the seasonal occurrence of EDCs in landfill leachate. In addition, the
impact of landfill leachate on the contamination of the soil and water environment surrounding
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municipal solid waste landfills in Serbia should be fully investigated. Finally, further research
is needed on the cumulative eco-environmental risks of uptake of BPA through the water and
food chains, as the raw leachate could permeate to groundwater.
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Abstract: The quaternary Cuxo((As2Ses)oo(Asl)o.1)so thin film was prepared by thermal evaporation
from previously synthesized bulk samples. Optical characterization of the film was conducted by
recording the transmission and reflection spectra. By applying the envelope method, Wemple and
DiDomenico model and Tauc’s law, relevant geometrical and optical parameters were obtained. The
optical band-gap value was calculated from the transmission and reflexion measurements and its value
is 1.8 eV. This value makes the amorphous films of the investigated composition promising from the
point of view of its potential for solar energy utilizations, since it corresponds to the zone of high
radiation flux in the solar spectrum.

Keywords: chalcogenides; optical band-gap; solar energy

INTRODUCTION

Solar energy transformation is a one of the most perspective technologies for reducing the
growing environmental pollution and meeting the current clean energy challenges. Cost
reduction and efficiency enhancement have always been the essential themes of the
development of renewable energy utilisation, forcing the development of novel materials with
the enhanced properties. This especially stands for absorber layers of the solar photovoltaics
(PV) and the materials for waste water treatment, such as photocatalysts to degrade organic
pollutants in water. Optical band-gap (an energetic region with an extremely low density of
electronic states) is an important property of materials used for the light into energy conversion,
since semiconductors can generate electron-hole pairs when light irradiation energy is enough
to overcome the band-gap. Metal oxides and chalcogenides with narrow band-gaps were found
as promising materials for solar energy applications, owing to their ability to absorb light in
Vis-IR regions, namely form 3.2 eV to 1.7 eV. When it comes to the material forms, thin films
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(thickness </um) play a crucial role in solar cells and modules, since they can be used as an
absorber layers, antireflection layers, buffer layer, hole/electron transportation layer and
transparent conductive oxide.

The goal of research presented in this paper was to obtain the amorphous quaternary thin film
promising from the viewpoint of its potential for solar energy applications and to roughly
estimate this potential by determining its optical band-gap and other optical and relevant
geometrical parameters, such as thin film uniformity.

MATERIALS AND METHODS

The thin film sample, prepared and investigated in this paper is Cu2o((As2Se3)o.9(AsI)o.1)s0
amorphous film on a glass substrate. The thin film was prepared from bulk components which
were previously synthesized in cascade regime from high purity elemental components
(99.998%) and air quenched. Thin film was deposited by thermal evaporation technique from
the powdered bulks in the tubular quasi-closed evaporator (Figure 1). Thermal evaporation
process was conducted under a vacuum of /0~ Torr and glass microscope slide with thickness
of d=1.05 mm was used as film substrate. The substrate was cooled during deposition in order
to suppress the crystallization with liquid nitrogen. The temperature of the substrate holder was
measured with a calibrated PT100 sensor embedded on the substrate holder.

[Py
——— L= S l E\\\ \\\\ID

Figure 1. Schematic of a tubular quasi-closed evaporator: 1-thin Ti sheet (heater), 2-thermal
insulator (quartz), 3-clamp, 4-sealing cone

As it was already stated, optical band-gap is a crucial property of materials used for the solar
energy conversion and it is therefore important to determine their correct values for materials
of interest. Among the possible methods, the spectrophotometric is one of the most common.
Transmission and reflection spectra of the substrate and the thin film obtained within the
presented research were recorded by double-beam UV/VIS/NIR Perekin-Elmer
spectrophotometer model Lambda-950. The spectrophotometer was set with slit width of 1 nm.
All optical measurements have been performed at room temperature (300 K). The obtained
spectra covered spectral region from 400 nm to 2500 nm. The method used in this work to
determine optical and geometric parameters is based on envelopes of transparent spectra
(McClain et al., 1991; Marquez at al., 1995). This method can be used to obtain film thickness
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and refractive index. The refractive index dispersion can be fitted by the Wemple and
DiDomenico model (DiDomenico and Wemple, 1968; DiDomenico and Wemple, 1971) . The
dispersion plays an important role in the research for optical materials, because it is a significant
factor in optical communication and in designing devices for spectral dispersion. The result of
refractive index dispersion below the interband absorption edge corresponds to the fundamental
electronic excitation spectrum. Thus, the refractive index is related to photon energy through
the relationship:

r.12 + Ed EO (1)
E,” - (hv)’

where Eo is monooscillator energy (an average energy gap.), Eq dispersion energy (a measure
of the strength of interband optical transitions).

The obtained extrapolated values of the refractive index in the region of strong absorption
enable the determination of the extinction coefficients of the thin film and absorption. Based on
Tauc's law (Tauc, 1974), it is possible to determine the optical band-gap from the dependence
(ahew)Y? 0n T, as the intersection of the lineart part of the curve that corresponds to high photon
energies and the x-axis.

RESULTS AND DISCUSSION

Figure 2. shows transmission spectrum and spectrum envelopes of the amorphous
Cu20((As2Se3)0.9(Asl)o.1)s0 thin film, while figure 3. shows transmission and reflection spectra
of the substrate.
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Figure 2. Transmission spectrum of the Cuzo((As2Se3)0.9(AsI)o.1)s0 amorphous thin film on
glass substrate.
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On the transparent spectrum of the film+substrate system, it can be seen that the envelopes are
parallel to each other, which indicates the uniformity of the film thickness, which is an
important quality for practical applications.

As can be seen, the transmission curve indicates that the substrate has significant optical losses,
especially in the region from 500 nm to 1500 nm. Enhanced absorption in this range of
wavelengths is often present in substrates that are commonly used for the preparation of thin
films for research purposes (Gonzalez-Leal at al., 2002; Strbac at al., 2007).
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Figure 3. Transmission and reflection spectra of the substrate

The presence of significant absorption indicates the need to use the version of the envelope
method, which also takes into account the absorption of a substrate. The jump in reflectance at
860 nm represents a systematic error of the method and is a consequence of changing the
detector.

Table 1 shows the relevant optical and geometrical parameters of the thin film and substrate,
obtained by the envelope method, from the experimental data of the transmission of the film +
substrate system and the reflection and transmission of the substrate.
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Table 1. Values calculated by using the envelope method: ng-substrate refraction index, n-film
refraction index, d-thin film thickness. Values with 0 indexes are first approximations.

A[nm] ns Tmax ~ Tmin no n do[nm] di[nm]
1482 1.62017 0.8381 0.5485 2.6911 2.81749 275
1002 1.5351 0.8489 0.5115 2.72956 2.85741 275 275
767  1.75526 0.8456 0.4821 3.19075 291635 174 240

638  1.73206 0.5547 0.4404 2.63962 3.03232

The obtained mean value of the film thickness is: d1 = (263 £ 20) nm ( 7.60 %)

Figure 4 shows the dependences of 1/(n?-1) on (hv)? and the dispersion of the refractive index
based on the Wemple and DiDomeniko model. Figure 5 is absorption as a function of photon
energy and extinction coefficient dispersion.
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Figure 4. 1/(n’-1) dependende on (hv)? and the dispersion of the refractive index based on the

Wemple and DiDomeniko model of the amorphpus Cuzo((As2Se3)o.90(Asl)o.1)sgo thin film

The analytical expression according to the Wemple-DiDomenico model is:

1/(n?-1) = 0.148181 -0.0056964 h?
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The values of monooscillator energy, dispersion energy and static (or the long wavelength)
refractive index, obtained using the Wemple-DiDomenico model, are respectively:

Eo=5.10+0.05eV, Eq =34.42 + 0.3 eV, no = 2.784 + 0,0015.
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Figure 5. Absorption as a function of photon energy and extinction coefficient dispersion of the
amorphous Cuz0((As2Se3)0.9(AsI)o.1)so thin film

Dependence of (afiw)”? on hw, according to Tauc's law is shown in Figure 6. The dashed line
i1s a straight line through the high energy points of the represented dependence, whose
intersection with the x-axis determines the optical band-gap for the examined sample. The
determined optical band-gap is £, = 1.80 + 0.009 eV, and the calculated value of the disorder
parameter B2 = 751.3 £ 2.3 (cm eV)"".
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Figure 6. (aficw)*? dependence on 7w of the amorphous Cuzo((As2S€3)0.9(Asl)o1)so thin film
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CONCLUSION

The amorphous thin film Cuxo((As2Se3)o.o(Asl)o.1)s0 on a glass substrate was prepared from
previously synthesized bulk glass, by thermal evaporation technique. The obtained film is
uniform in thickness, which proves that the thermal evaporation is a suitable technique for
obtaining the films of the investigated composition. The value of the optical band-gap is
determined and its value is /.80 eV. The results obtained should encourage further experimental
exploration of thin film amorphous chalcogenides as candidate materials for use in solar-energy
conversion devices.
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Abstract: Efficient energy storage is fundamental to maximizing energy utilization. Within the spectrum
of energy storage methods, latent heat storage using phase change materials (PCMs) stands out as
particularly significant. Latent heat storage entails the storage of energy as latent heat at a constant
temperature during the phase transition of materials, known as phase change materials. These materials
release the stored energy during the crystallization process. Notably, solid-liquid PCMs are integral to
latent heat storage systems (LHSS), attracting increasing interest across diverse applications. The text
highlights the importance of the thermophysical properties of PCM in latent heat thermal energy storage
applications. These properties are critical in determining the effectiveness and efficiency of energy
storage systems. Thus, understanding and optimizing the thermophysical properties of PCMs are
essential for developing efficient latent heat thermal energy storage systems. These materials, with their
varied properties, find wide-ranging applications across various fields. Paraffin, with its numerous
advantages, stands as one of the most utilized and important PCMs.

Keywords: paraffin, phase change material, heat storage

PCM THERMAL STORAGE

The surge in energy demand and reliance on fossil fuels has spurred the advancement of
technologies for energy storage. Among these, thermal energy storage (TES) stands out as a
pivotal solution that has been in use for centuries. TES entails the temporary containment of
thermal energy, whether at high or low temperatures, offering a means to address energy
demands consistently. Through this process, energy can be stored and released as needed,
effectively bridging the gap between energy supply and demand while promoting energy
conservation.
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Thermal energy storage stands as a pivotal concept within energy storage systems. As energy
consumption and fossil fuel usage rise, the demand for technologies facilitating energy storage
increases. TES fulfills this need by offering a mechanism to store and deploy energy as required.
Its historical usage spans centuries, representing the temporary containment of thermal energy
at varying temperatures. By bridging the disparity between energy supply and demand, TES
significantly contributes to energy conservation, yielding fuel savings and enhancing the
economic viability of energy systems through decreased energy wastage.

Integrating TES systems with renewable energy sources enhances their operational efficiency
and overall capacity. However, there are potential constraints when coupling storage systems
with renewables compared to traditional energy sources. Despite this, TES systems remain a
promising option to meet present and future energy requirements. The significance of energy
storage has escalated in recent times due to concerns surrounding energy security and the urgent
need to combat climate change.

The primary purpose of thermal energy storage is to achieve energy efficiency, which involves
three key stages: charging, storing, and discharging. TES systems come in two forms: active
and passive. Active systems facilitate forced convective heat transfer to the storage medium,
while passive systems typically utilize dual storage mechanisms where the heat transfer fluid
cycles through the storage medium only during filling and discharge processes.

A highly efficient method of storing thermal energy is through the utilization of (PCM) in latent
heat storage systems. This approach offers benefits such as high energy storage density and an
isothermal storage process. TES systems have the flexibility to extract or add heat to storage
media for various applications, operating on daily, weekly, annual, or even seasonal cycles, or
in rapid serial processes.

NN in Saodal Seag

Figure 1. Phase change processes in phase change materials

This systems represents a sophisticated energy technology that holds significant relevance
across diverse energy applications. It enhances energy security, minimizes environmental
impact, and optimizes the operational efficiency of energy systems. Particularly, TES systems
employing PCM present a promising avenue to address the escalating demand for energy
storage. Further research and development in this field are imperative to meet both present and
future energy requirements.
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The advantages of TES are multifaceted. For instance, electricity generated through energy
conversion methods can be stored within the system, ready for discharge when demand arises,
thereby enhancing energy security and mitigating environmental impact. TES also serves a vital
role in addressing short-term fluctuations in energy demand, minimizing reliance on energy
generators consuming primary fuel sources. Moreover, it facilitates the redistribution of energy
consumption and facilitates the utilization of energy derived from renewable sources, thereby
optimizing the operational efficiency of energy systems.

Various types of TES systems exist, categorized as either active or passive. Active systems
employ forced convective heat transfer to the storage material, which is circulated through a
heat exchanger. These systems can be direct, where the heat transfer fluid serves as the storage
medium, or indirect, utilizing a secondary medium for heat storage. In contrast, passive systems
typically adopt a dual-storage approach, where the heat transfer fluid only cycles through the
storage medium during filling and discharge operations.

An efficient method of storing thermal energy involves the utilization of PCM within a latent
heat storage system. PCM-based TES systems offer notable benefits, including high energy
storage density and an isothermal storage process. Furthermore, TES systems have the
capability to extract or add heat to storage media for various applications. Energy can be
charged, stored, and discharged on a daily, weekly, annual, or seasonal basis, or through rapid
serial process cycles.

TES systems exhibit promising potential across a broad spectrum of energy applications. They
can store energy through sensitive and latent heat, thermochemical processes, or a hybrid
combination of these methods. Typically, high-temperature storage aligns with solar energy or
heating applications, while cold storage caters to air conditioning, cooling, or even cryogenic
requirements. Low-temperature heat storage utilizes materials compatible with the temperature
range of the relevant heating or cooling space, whereas medium temperature heat storage
employs materials suited for temperatures exceeding human comfort levels. High-temperature
heat storage systems leverage molten salts to store and discharge heat energy at exceptionally
high temperatures, rendering them ideal for solar power plants.

Thermal energy storage represents an advanced frontier in energy technology, serving as a
cornerstone within energy storage systems. Amidst escalating energy demands and the
imperative to conserve resources and mitigate environmental impact, TES emerges as a viable
solution for storing and deploying energy as needed. Particularly noteworthy are PCM TES
systems, offering an efficient means of thermal energy storage. Moreover, TES systems
demonstrate wide-ranging potential across various energy applications, further underlining their
significance in the evolving energy landscape (Cvetanovi¢, 2022).
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Sensible heat storage

In recent years, sensible heat storage (SHS) systems have garnered increasing popularity for
their capacity to store thermal energy efficiently, catering to both short-term and long-term
energy needs. These systems rely on materials like rock or water as the storage medium,
leveraging traditional heat transfer mechanisms such as radiation, convection, and conduction
to absorb and retain heat.

Water stands out as a particularly advantageous choice for SHS applications due to its
affordability, widespread availability, and high specific heat. Specific heat denotes a material's
ability to store heat, with higher values indicating greater heat retention capacity. The amount
of heat stored is influenced by both the temperature change and the quantity of the storage
material.

Nevertheless, water isn't the exclusive option for SHS mediums. Alternatives such as air, soil,
rocks, bricks, and concrete also offer potential, contingent upon factors like their heat capacity
and the availability of storage space. Key considerations when selecting a suitable storage
medium encompass properties such as density, specific heat, thermal conductivity and
diffusivity, vapor pressure, compatibility with container materials, and chemical stability.

Sensible heat can be stored in either solid or liquid states, although gaseous mediums like air
storage systems tend to require more space. Current research focuses on innovative materials
aimed at reducing energy usage in buildings, such as concrete infused with phase change
materials, and the utilization of solid particles for storage in concentrating solar power (CSP)
plants.

Concrete incorporating phase change materials represents a notable advancement in SHS. These
materials possess the capability to absorb and release substantial amounts of thermal energy
through phase transitions, such as melting or solidification. This property renders them
invaluable for energy storage within buildings, facilitating temperature regulation and
contributing to energy efficiency.

Sensible heat storage systems are an important technology for storing thermal energy for both
short-term and long-term use. Water is a common and effective storage medium, but other
materials such as concrete with phase change materials and solid particles are being studied for
their potential to improve energy efficiency and reduce greenhouse gas emissions. As the world
moves towards more sustainable energy sources, technologies like sensible heat storage will
continue to play an important role in the transition (Cvetanovi¢, 2022., Cui, 2017).
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Latent heat storage

Latent heat storage represents an innovative approach to thermal energy storage that has
garnered considerable attention in recent times. This method revolves around the utilization of
PCM, such as salt hydrates and organic substances, to store thermal energy. The standout feature
of latent heat storage lies in its remarkable energy storage density and the consistent temperature
characteristics during heat storage, aligning with the phase transition temperature of the PCM.
Within latent heat storage systems, thermal energy is stored in the form of latent heat, which
denotes the energy required to transition a material's phase from solid to liquid or from liquid
to gas. During this phase transition, a PCM absorbs or releases a substantial amount of energy
in the form of latent heat. This energy can subsequently be harnessed to either heat or cool a
building, depending on the direction of the phase change. A primary advantage of latent heat
storage stems from its high energy storage density. Given that PCM can absorb or release
significant energy during the phase transition process, a considerable amount of thermal energy
can be stored within a relatively compact volume. This attribute renders latent heat storage
systems particularly suitable for application in buildings where space constraints are a
consideration. Another notable benefit of latent heat storage lies in its consistent temperature
heat storage characteristics. Throughout the phase change process, the temperature of the PCM
remains steady, aligning with the material's phase transition temperature. Consequently, the
thermal energy stored within the PCM can be released at a stable temperature, simplifying the
task of maintaining a comfortable indoor environment. Primarily employed for short-term
storage needs, such as daily or weekly energy storage, latent heat storage systems are frequently
integrated with other energy storage solutions, including sensible heat storage or renewable
energy sources. This amalgamation offers a more holistic and dependable energy storage
solution.

In recent years, substantial research efforts have been directed towards the advancement of new
PCM materials tailored for latent heat storage systems. Researchers are exploring a diverse
range of materials, including salt hydrates and organic substances, to enhance the performance
and efficiency of latent heat storage systems. These endeavours aim to develop materials
characterized by higher energy storage densities, lower phase change temperatures, and
enhanced thermal stability, rendering them well-suited for a broad array of applications. Latent
heat storage is a highly efficient method of storing thermal energy that has significant
advantages over other forms of energy storage. Its high energy storage density and constant
temperature heat storage characteristics make it an ideal solution for short-term energy storage
in buildings and other applications. With ongoing research and development, the potential for
latent heat storage to revolutionize the energy storage industry is significant (Cvetanovi¢, 2022.,
Cui, 2017).
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PARAFFIN AS PCM

Paraffins encompass a group of saturated hydrocarbons distinguished by varying purity levels
and melting points. Among these, technical grade paraffin wax, a derivative of oil refining,
emerges as a prevalent choice for Phase change material applications within latent heat storage
systems due to its cost-effectiveness. Commercial grade paraffin waxes comprise a blend of
predominantly straight-chain hydrocarbons with over 15 carbon atoms, featuring melting
temperatures spanning from 22 to 68 °C. These diverse paraffin waxes are readily accessible
and economical, offering a spectrum of melting point ranges, facilitating optimal matching with
system operating temperatures. Paraffin wax boasts several advantages over alternative PCMs.
It possesses a substantial latent heat, moderate thermal energy storage density, minimal or
negligible undercooling, low vapor pressure, robust thermal and chemical stability, absence of
phase separation, inherent self-nucleating behavior, versatility in phase change temperatures,
environmental friendliness, absence of unpleasant odor, non-toxicity, and affordability.
Nonetheless, its principal drawback lies in its relatively low thermal conductivity, which
hampers the efficiency of heat storage and release during melting and crystallization processes,
necessitating a larger surface area. Additionally, its flammability poses a concern, while changes
in density throughout heating/cooling cycles to achieve melting/solidification, along with the
solid/liquid phase transition, can induce significant volume fluctuations. The thermo-physical
characteristics of paraffin waxes, shown in table 1 and documented in available literature,
present a range of values owing to incomplete data and limited studies exploring the
interdependencies among these properties. Paraffin-based PCMs hold significant promise for
energy storage and temperature regulation applications but necessitate stabilization for practical
use. Two primary methods for stabilizing the shapes of paraffinic PCMs are encapsulation and
microencapsulation. Encapsulation entails shielding the PCM with a shell crafted from
polymeric materials boasting enhanced mechanical and thermal properties (Cui, 2017).

Table 1. Thermophysical properties of different n-paraffins

Materials Melting Latent heat Thermal conductivity
point (°C) (kJ kg?) (W m?tK%?)
n-Tetradecane (C14) 6 228-230 0.14
n-Pentadecane (C15) 10 205 0.2
n-Hexadecane (C16) 18 237 0.2
n-Heptadecane (C17) 22 213 0145
n-Octadecane (C18) 28 245 0.148
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n-Nonadecane (C19) 32 222 0.22
n-Eicosane (C20) 37 246

n-Henicosane (C21) 40 200, 213

n-Docosane (C22) 44.5 249 0.2
n-Tricosane (C23) 47.5 232

n-Tetracosane (C24) 52 255

Macroencapsulation emerges as a simpler and more cost-effective method compared to
microencapsulation, involving the formation of capsule shapes such as balls, spheres, cylinders,
flat sheets, or tubes. The encapsulation of paraffinic PCMs can be categorized into bulk or
macroencapsulation, microencapsulation, and nanoencapsulation. Macroencapsulation finds
widespread application across transportation, building construction, solar energy storage
systems, and heat exchange mechanisms. Efforts to enhance heat transfer efficiency within
these capsules typically involve careful selection of capsule size or the incorporation of suitable
modifiers. For instance, aluminum and copper open-cell foams rank among the extensively
studied materials for this purpose, while metal oxides, metals, and graphite have also served as
enhancers of heat conductivity. Additionally, materials like polyethylene terephthalate pipes and
float stones have been utilized both as shell materials and as aids in augmenting thermal
conductivity (Rahman, 2012).
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Figure 2. Storing and relising energy in phase change material
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Microencapsulation entails encapsulating the PCM within microcapsules ranging in size from
1 um to I mm. This method outperforms macroencapsulation due to its increased contact
surface area, shorter discharge and loading times, and enhanced thermal conductivity. Various
materials are utilized for the shell component of microcapsules, with two primary physical and
chemical methods employed for microencapsulation (Rahman, 2012).

Physical methods include fluidized bed, spray drying, centrifuge extrusion, and similar
processes, while chemical methods often revolve around polymerization. These chemical
methods encompass in situ suspension and emulsion polymerization, interfacial condensation
polymerization, and the sol-gel approach. In the suspension or emulsion polymerization
technique, insoluble paraffin is initially emulsified or suspended in a polar medium, primarily
an aqueous phase, through vigorous stirring aided by surfactants to stabilize the particles.
Lipophilic monomers are then introduced into the medium, and conditions are established for
polymerization. The resulting polymer, insoluble in both aqueous and paraffin phases, forms on
the outer surface of paraffin particles and ultimately encapsulates the paraffin as a shell. The
size of these capsules is contingent upon the size of the emulsion or suspension of paraffin
droplets. Occasionally, certain additives are incorporated into the medium to enhance specific
polymer properties. For instance, in some studies, polyvinyl alcohol (PVA) has been introduced
into the medium alongside methyl-methacrylate monomer, a notable shell material.
Consequently, paraffin has been encapsulated by PVA-modified polymethyl methacrylate
(PMMA), resulting in the formation of microcapsules with a smooth surface. In the interfacial
method, the two immiscible liquids, paraffin, and monomers, are blended together under
stirring, resulting in the formation of a thin polymer layer at the interface. The size of these
capsules is contingent upon the stirring rate and the quantity of emulsifier used. Through this
method, paraffin droplets can be polymerized directly into microcapsules, featuring a slender
polymer shell. Recent years have seen a surge in research on polymeric matrix-based shape-
stable PCMs, with paraffin-polymer composite materials emerging as particularly appealing
options. These composites retain their solid state at paraftin melting point and above, exhibiting
no softening. They possess a high-energy absorption capacity and offer versatile applications
as stable PCMs with tailored properties. However, common drawbacks such as low thermal
stability, modest thermal conductivity, and relatively high flammability can limit their utility,
especially in building materials.

Ongoing research endeavors in this domain aim to mitigate these drawbacks and enhance the
overall performance of such materials. Various additives have been proposed to bolster thermal
conductivity, impart flame retardation, and enhance thermophysical and mechanical
characteristics. Notably, the preparation of these composites involves no chemical reactions or
bonds between the polymers and paraffin, categorizing them as physical mixtures. Shape-stable
PPCMs hold several advantages over other PCMs, as they are thermoplastic, allowing for
repeated melting and crystallization cycles. Moreover, they are non-toxic and boast a production
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process that demands minimal energy consumption. Feldman et al. fabricated plates of shape-
stable PCM, showcasing their remarkable thermal energy storage capacity within confined
spaces (Feldman, 1985). These polymer-based plates incorporate fatty acids as PCMs, adept at
absorbing or releasing substantial heat quantities during phase transitions without altering the
composition of the shape-stable PCM. Lee and Choi explored the blend of paraffin and high-
density polyethylene (HDPE), presenting it as a viable shape-stable energy storage material
(Lee, 1998). Their investigation delved into the morphology of HDPE crystal lattice and its
influence on paraffin. Meanwhile, Hong and Xin-Shi synthesized polyethylene-paraffin as a
shape-stable PCM, advocating for a composition comprising 75% paraffin for its cost-
effectiveness, ease of preparation, and suitability for low-temperature applications.
Additionally, Xiao et al. devised a shape-stable PCM by combining paraffin with a
thermoplastic elastomer, namely styrene butadiene rubber, and analyzed its thermal properties
(Hong, 2000).

Despite their advantages, shape-stable PCMs are not without drawbacks. One significant issue
is the softening and leakage of paraffin at elevated temperatures. Seiler addressed this challenge
by adjusting the silica and copolymer ratios in the polyethylene-paraffin blend. Additionally,
the polyethylene-paraffin compound suffers from low thermal conductivity, prompting
extensive research into enhancing this property. Strategies include incorporating expanded
graphite, metal particles, and metal oxides into the paraffin, with alumina nanoparticles gaining
prominence in recent years as a means to improve thermal conductivity. Nevertheless, shape-
stable PPCMs offer unique, customizable structures and find widespread use as stable PCMs
with tailored properties. Researchers are actively working to surmount their limitations,
necessitating further investigation to overcome drawbacks and enhance their performance.
These materials hold immense potential for applications spanning building materials, textiles,
thermal energy storage, and numerous other fields. Researchers have observed that the addition
of nanoparticles to PCMs can either decrease or augment latent heat, contingent upon the type
and quantity of nanoparticles introduced.

CONCLUSION

In conclusion, paraffin wax emerges as a promising phase change material for thermal energy
storage applications, offering numerous advantages. However, its low thermal conductivity
presents a notable challenge that requires careful consideration and mitigation in the design and
execution of thermal energy storage systems. Future research endeavors are essential to
comprehensively grasp the properties and potential of paraftfin wax as a phase change material
for thermal energy storage, paving the way for enhanced efficiency and efficacy in energy
storage solutions.
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Abstract: Land use regression (LUR) modeling uses geographic information systems (GIS) and various
environmental variables to predict spatial concentrations of pollutants. The methodology includes data
collection, variable selection, model development, and validation, resulting in high-resolution pollutant
concentration maps. LUR models have been extensively developed worldwide, especially in urban
regions, using different sampling campaigns and predictors such as traffic and land characteristics.
Model development typically uses multiple linear regressions, with validation methods including cross-
validation and external validation. LUR offers advantages such as simplicity and interpretability, but
generally faces challenges in transferability between urban zones and different research areas. This
paper's objective is to describe and discuss the methodology, and progress in land use regression (LUR)
modeling for predicting spatial concentrations of air pollutants through a short overview, along with
model advantages, limitations, and potential improvements.

Keywords: LUR; PMs5; NO,; LUR improvements

INTRODUCTION

Urban air pollution modeling aims to establish a link between emission sources, atmospheric
conditions, and resulting pollutant concentrations. Among various statistical, numerical, and
machine learning (ML) methods used for estimation of intra-urban spatial variability of
pollutants, the Land Use Regression (LUR) model is notably efficient in capturing small-scale
variability with minimal data input (Rodriguez-Villamizar, 2024; Unik, 2023; Zaini, 2022). The
LUR methodology establishes statistical relationships between heterogeneous air quality
measurements and geographic features to predict pollutant concentrations at unmonitored
locations. Widely used in health studies (Mo, 2021), LUR models show high predictive
efficiency and estimate pollution levels within and between cities, as well as country-level
variations (Das, 2023). The LUR methodology usage involves estimation of the level of target
air pollutants in areas without air quality monitoring or where no emission data exist (Azmi,
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2023). Given these advantages, the LUR method has been extensively used to assess exposure
to various air pollutants globally (Son, 2018).

LAND USE REGRESSION METHODOLOGY

Regression LUR modeling is based on the use of a geographic information system (GIS), which
uses geographic, traffic characteristics, land characteristics, and urban topology of the studied
area, such as traffic intensity, road length, population density, meteorological parameters,
percentage of green areas in buffer zones, combined with air quality monitoring data in the
study area to explain variations in spatial concentrations of pollutants at measurement locations
(Rodriguez-Villamizar, 2023). The basic steps of the process of developing a LUR model are:
1. Collecting and processing data to select measurement sites, 2. Defining a list of predictive
variables, including influence zones, i.e. so-called buffer circular zones of different diameters,
3. Using GIS for extracting predictive variables for influence zones around each measurement
site, 4. Exporting data obtained from ambient air quality monitoring, 5. Implementing data
obtained from predictive variable monitoring into an appropriate statistical package, 6.
Developing LUR model using linear regression, 7. Validating the LUR model and assessing its
performance, 8. Applying the LUR model, 9. Obtaining a high-resolution map showing the
distribution of predicted pollutant concentrations (Unik, 2023). The measured levels of air
pollutants are the dependent variable, while data calculated based on geographic, land cover,
and land use characteristics of the studied area are independent predictors (Vyas, 2023). The
statistical relationship between pollution and geographic and other characteristics is determined
by the least squares method. Pollutant concentration at any spatial point is defined as a set of
local sources and regional background concentrations (Jain, 2021). Each model contains unique
definitions of one or more classes of variables, depending on the available data and the pollutant
for which the model was developed (Ma, 2024).

RESULTS AND DISCUSSION

LUR models have been intensively developed in different regions, such as North and South
America, Europe and Asia (especially China) (Ge, 2022; Rodriguez-Villamizar, 2023), as well
as Africa (Muttoo, 2018) and Australia (Rahman, 2017). Many methodologies have been
developed based on the principles established in the "European Cohort Study of Air Pollution
Effects - ESCAPE" (Naughton, 2018).

Sampling campaign
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Two types of data collection protocols can be applied, that is short-term or long-term stationary
monitoring (Blanco, 2023) and non-stationary or on-road mobile monitoring (Saha, 2019). LUR
methodology has been successfully applied to estimate monthly, daily and annual
concentrations of NOx (Rahman, 2017), PM; s (Das, 2023; Harper, 2021; Shi, 2020; Yu, 2023),
PMio (Han, 2020; Karimi 2021), annual VOC concentrations (Bo, 2017), annual O3 (Huang,
2017), seasonal PM1, PMys, PMio and SO; concentrations (Chalermpong, 2021; Li, 2020).
Seasonal monitoring is often time-limited to a few sampling campaigns (Hsu, 2024; Mo, 2021),
or two during the year (Cai, 2020; Chalermpong, 2021), lasting one or two weeks (Cai, 2020;
Rodriguez-Villamizar, 2024). NO; and PM> 5 LUR models developed by Saucy (2018) and Guo
(2019) predicted their concentrations during the warm and cold seasons in suburban areas in
South Africa, showing good performances in local environments. Annual LUR models may be
better than seasonal ones, due to more detailed data and especially the existence of data on
crucial predictors for a given study area, near the monitoring site. Within the previous studies
of Chalermpong (2021 and Miri (2019), both annual and seasonal models were simultaneously
developed, whereby annual ones proved to be more efficient, due to better statistical agreement
and robustness than the seasonal models. Studies conducted by Das (2023), who developed
annual and monthly PM>s LUR models, as well as by Thongthammachart (2023), who
developed monthly PM> s LUR models for one year, confirmed better annual performances. As
opposed to such coordinated measurement campaigns, the developed PM» s model can be based
on measurements during one day, for example at the time when the greatest pollution is present,
in the morning and evening hours (Enkhjargal, 2023). In the case of the mobile campaign, it
was found that for a successful LUR model for particle concentration, at least 10—15 days with
1 h of sampling per day is needed to gain a model with good precision and low error (Saha,
2019). In contrast to specially designed monitoring which is exclusively used to assess human
exposure to ambient air pollutants, LUR methodology can be applied within routine monitoring
for regulatory purposes to measure and monitor pollution (Huh, 2023).

Number of measuring points

The number of sampling sites required to develop a model varies, depending on the scope of
the study (Karimi, 2021), and often models are based on a relatively small number of sampling
sites, approximately between 20 and 80 sites (Cai, 2020; Miri, 2019; Wong, 2021). For the
development of NO2 LUR models, at least 30 sites were needed to yield better predictions and
enhance model stability (Dong, 2021). According to Rodriguez-Villamizar (2024), NO; and
PM: s models developed for Bogota needed at least 80 sites for NO2 and 40 sampling sites for
PMb s models. A model for ultrafine particles in Pittsburgh was developed by measuring on 32
sites with daily sampling duration (Saha, 2019). Research shows that effective monitoring of
pollutant concentrations and population exposure in a specific area relies more on terrain
properties than on the number of measurement points (Azmi, 2023).
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Predictors

Industrial and traffic emissions are major contributors to air pollution in most cities, especially
for SO2, NO2, and PM 1o models (Ma, 2024). Traffic is the most significant independent variable
in most developed models (Azmi, 2023; Miri, 2019). For the development of hourly PM, SO,
NO,, and CO models for Mexico, traffic density data in a buffer > 500m had the greatest
influence on explaining air pollution (Son, 2018). Also, the number of medium and heavy-duty
vehicles with a buffer size of 500 m was an important predictor for annual PMa 5, PMio, and
NO> models for Hong Kong (Li, 2024). In addition, road length and distance from the nearest
road are often used as predictors in LUR studies and are being used as a proxy for traffic since
the data are readily available (Shi, 2022; Wong, 2021). In the study for Sabzevar, Iran, annual
and seasonal LUR models for particles were developed using data from 26 sites, and distance
to major roads and total length of major roads in buffer zones were used as main predictors
(Miri, 2019). The applicability of the methodology depends on available and relevant local data,
while the effectiveness of each predictor depends on location and meteorological conditions
(Enkhjargal, 2023). For example, traffic predictor and its proxy explained from 23-79%, 56-
93%, and 31-82% of the variability in annual spatial patterns of PMi, PM>s, and PMio
respectively, in study developed for Sabzevar, Iran (Miri, 2019). Also, within the study
conducted by Cai (2020) in China, the developed model for PM2 5 explained 65% of the spatial
variability of PMzs with traffic, industry, and agriculture being the dominant predictors. In
another study (Zheng, 2022) authors used traffic volume, population density, number of
residential buildings, number of households, and distance from main roads in buffers of 100 -
5000 m to build the model. Five classes of predictors, including land use type, population
density, length of the road network, distance to major roads, vehicle density, and geographic
information, at different radii (500 - 2000 m) around each sampling site were used for the model
developed by Karimi (2021). The variability of the buffer radius is determined during model
development, conditioned by the characteristics of the research area and the data. PM» s and
NOz models developed in Chongqing (Harper, 2021), used dominant traffic predictors as well
as surrogate predictors, with buffer radii of 25 m - 1000 m, and for the feature predictor class
soils, a buffer of 300 m - 5000 m. For the study conducted in Auckland, New Zealand (Weissert,
2018), the model was developed by monitoring NO> at 40 locations, measuring road pollution
in buffers of 10 - 100 m and it explained 66% of NO variability.

Model development

The most commonly used algorithm for LUR development is multiple linear regression such as
the standardized supervised forward stepwise regression method (Chalermpong, 2021; Jain,
2021; Zeng, 2022), but backward stepwise regression as well (Zhou, 2024). The methodology
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of model development is based on the principle that is fundamental in studies of this type and
is explained in Brunekreef (2008), with certain modifications according to the characteristics
of the research (Das, 2023). Linear regression with an automatic variable selection algorithm is
often used to maximize the explained variation of measured air pollutant concentrations
(Molter, 2021). Certain linear regression algorithms are also used in some models to consider
only predictors that follow the likely direction of the effect, increasing the physical
interpretability and potential transferability of the developed model (Karimi, 2021).

Model validation

In the context of validation after defining the final models, few methods are applied to test the
performance of the LUR model. The predictive ability of the developed models is evaluated
using R? and adjusted R? values. Mean square error, root mean square error, and mean absolute
error are used to confirm the residuals between predictions and measured values (Karimi, 2021;
Wong, 2021). Two common approaches are usually applied for model validation, namely
internal validation, i.e. method of cross-validation (LOOCV) (Karimi, 2021; Zeng, 2022; Das,
2023) and retention-evaluative external validation, HEV (Harper, 2021; Zeng, 2022), which is
applied to independent measurements used for model validation purposes. In addition, "10-fold
cross-validation" is also applied (Wong, 2021).

Advantages and limitations of applying the model

The LUR method effectively identifies significant predictors for many pollutants concentration,
reducing dimensions of predictor variables in final models (Song, 2019), and offering
advantages such as economy, simplicity, efficiency, stability, and interpretability (Ma, 2024).
However, careful attention is needed to evaluate assumptions, verify linearity, mitigate
multicollinearity, and manage outliers (Thongthammachart, 2023). It efficiently maps and
predicts pollutant concentrations in study areas and differentiates population exposure at
different distances from the measurement site (Chalermpong, 2021). Beside these advantages,
LUR models face limitations in transferability between urban zones (Jain, 2021), requiring
redevelopment for different scales (Shi, 2020). However, the automation of spatial analysis by
special software can improve model adaptability (Ma, 2020).

Land use regression improvements

Improvements to LUR models include the inclusion of meteorological factors such as wind
speed and direction to account for small spatial variability in air pollution (Naughton, 2018). In
addition, the integration of satellite data helps predict background concentration levels and
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improve air pollution forecasts over large areas or entire continents (Unik, 2023). ML methods
offer significant advances in pollution prediction by simultaneously considering multiple
parameters within a single model and better quantification of complex data (Chen, 2023).
Commonly used techniques include artificial neural networks and random forests, along with
hybrid models that combine different artificial intelligence algorithms (Huh, 2023; Jain, 2021;
Wong, 2021). However, the application of variable selection methods before training ML
algorithms is critical in providing interpretable predictors for explaining air pollution variation
(Wong, 2021). Recent studies have also refined the models using generalized additive models,
principal component analysis, LASSO regularization, and Bayesian probabilities (Yu, 2023).
Advanced statistical methods outperform linear models in handling complex data relationships
and interactions (Ge, 2022).

CONCLUSION

LUR methodology has proven to be effective in predicting spatial air pollutant concentrations
by incorporating diverse geographic and urban data, although it faces certain challenges in
transferability between different urban zones. The simplicity and interpretability of the
methodology offer quite significant advantages. However, improvements such as the integration
of meteorological factors and advanced statistical methods have improved its predictive power
and applicability in air pollution research, demonstrating its potential for further progress in this
field.
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Abstract: Considering that the determination of fire hazard zones in warehouses is not sufficiently
researched and studied, this paper aims to present a new methodological approach concerning the
mentioned issue. Based on the COPRAS multi-criteria decision-making method, a new method was
developed for the precise determination of potential zones where there is a risk of fire. The advantage
of the described method is that it allows quick and easy determination of all orientation fire risk zones.
The mentioned procedure represents the first step when planning the layout and arrangement in the
warehouse itself. The effectiveness of the proposed method was confirmed through a suitable numerical
example.

Keywords: Warchouse; Fire risk zones;, COPRAS Method

INTRODUCTION

Fire represents a serious threat to the aspect of safety of people and property, regardless of
whether it is about residential buildings, storage facilities, or industrial facilities, therefore
managing the risk of fire outbreaks is a big challenge in urban and rural environments (Alkis et
al., 2021). Warehouses, as objects in which some activities and work processes are performed
regarding the storage, transportation, and manipulation of goods and materials, are places where
various accidental situations can often occur, which can result in the injury of employees, the
occurrence of material damage and the endangerment of the working environment, especially
in cases of fire.

Warehouses, as an integral part of logistics, are often exposed to various improvements and
corrections in the development phase, all with the aim of better performance, capacity, and
efficiency of the warehouses themselves. The aforementioned improvements result in larger
and higher warehouses, the use of automated systems for storage and retrieval of storage units
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(AS/RS systems), increased storage density, and placement of storage units at higher heights
(Dinaburg and Gottuk, 2012). The mentioned improvements have made the warehouses
efficient, but at the same time, they have introduced potential dangers in terms of fire protection.
In modern society, we are witnesses of fires that occur in warehouses in which there are often
human victims and large material losses. It is known that most deaths in fires are the result of
inhalation of toxic gases (CO, CO2,...), thick smoke, and insufficient amount of oxygen (Martin
et al., 2016; D’Evelyn et al., 2022]. The fire that occurred in August 2015 in the warehouse of
the port of Tianjin in North China, due to the large number of victims and caused material
damage, pointed out the importance of the issue of fire protection in warehouses. In this event,
173 people died, and several hundred were injured (Fu et al, 2016). At least 49 people, including
nine firefighters, were killed in a major fire in 2022 at a container warehouse near a port city in
southeastern Bangladesh (Tahmid et al, 2022), and more than 100 people were injured in total.
The cause of such a large fire was the explosion of a container that was full of chemicals.

Based on the large number of fires in warehouses, which by their scope and consequences can
sometimes be considered catastrophic and which occurred around the world at the end of the
last century and during this century, a large number of research related to this topic was initiated.
The primary goal of these investigations consisted of answering questions related to risk
assessment, safe evacuation from the warehouse, effective fire extinguishing and localization,
as well as reducing the risk of the fire itself.

MATERIALS AND METHODS

The method developed in this paper consists of four parts. The first part refers to the selection
of parameters used in fire risk assessment methods, needed to obtain the weighting coefficients
necessary for determining fire hazard zones using multi-criteria decision-making procedures
(Boskovi¢ et al., 2022; Chanthakhot et al., 2021). In the second part, the COPRAS method is
presented, which was selected as relevant for obtaining the weighting coefficients necessary for
further calculation, as in the paper (Valipour et al., 2017). The third part describes the
characteristics and advantages of the three-dimensional method for determining the parameters
related to the contents placed in the warehouse necessary for calculations, fire risk assessment,
and determination of fire hazard zones. In the last, fourth part, the 3D COG method (Center of
Gravity Method) is presented, which is used to determine locations within the warehouse that
are considered potential risk zones in case of fire.

Selection of Parameters for Multicriteria Analysis

The basic concept in the development of the method was to combine factors related to the
emission of harmful substances due to the frequency of poisoning in fires, as well as factors
related to the process of burning materials in a fire. Due to the limitations of the COPRAS
method related to the number of criteria that can be applied, 7 key parameters were selected
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based on the available literature. The mentioned parameters represent the criteria in the multi-
criteria analysis procedure, which are divided into two groups: criteria related to the impact on
human health and criteria related to the thermal characteristics of the stored materials.

Determination of Simulation Parameters Using the COPRAS Method

The COPRAS method has a very wide field of applications. It was used for risk assessment in
the construction industry, for the selection of materials for solar panels, for the selection of
mechanical processing of composite materials, for the selection of the type of robotization in
production, etc. In this paper, the COPRAS method was used to determine the weighting
coefficients, which also represent input parameters for risk assessment in the case of a high-bay
warehouse, as the authors presented in their paper (Boskovi¢ et al., 2023). The COPRAS
method includes six steps - from the creation and normalization of the decision matrix to
determining and ranking the relative importance (weight) of each alternative.

3D method for determining storage parameters

To determine the most precise parameters related to the locations of transport units, flexibility
in terms of the configuration of the layout within the facility itself, and using the approach as
in the literature, a procedure was developed for the formation of a three-dimensional model of
the warehouse with associated elements. The proposed structure of the procedure for
determining the parameters of the warehouse, as shown in Figure 1, includes three main phases
for the calculation and determination of the necessary parameters related to the storage of
materials inside the warehouse.
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Figure 1. Schematic representation of the formation of a three-dimensional warehouse model
and the procedure for obtaining the relevant parameters
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The procedure for determining the coordinates of potential risk zones

To simplify the presentation and further calculation, transport units as bodies of appropriate
dimensions and characteristics that occupy only a stationary position in the warehouse will be
represented by a material point. In this way, the dimensions of the transport units can be
considered infinitely small, assuming that each point of the volume has the same properties, ie.
that the content of the transport unit is homogeneous.

The procedure for evaluating the center of gravity of transport units represented in the form of
a material point and determining the weighting coefficients for materials placed in the
warehouse are the main prerequisites for determining the potential fire risk zone. The classical
approach to the method of determining the center of gravity (COG method), enables the
determination of optimal locations in the two-dimensional coordinate system XoY. To assess
potential fire risk zones and their coordinates, an improved version of the COG method will be
used.

NUMERICAL EXAMPLE

In the numerical example shown in this section, the parameters of the high-bay warehouse
related to dimensions and layout (see Figure 2) given in the paper (Boskovic et al., 2023) were
used. Based on the considerations given in the previous chapter, to obtain the most accurate
data needed for further simulation, it was decided to select 5 types of solid materials (wood,
cardboard, chipboard, PVC plastic, and rubber) as alternatives in the multi-criteria decision-
making process, which will be the subject of further calculations.
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Figure 2. The layout of a high-bay warehouse with associated dimensions and materials
(* wood, * cardboard, * chipboard, * PVC, and * rubber)
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The list of materials and the numerical values of the seven selected parameters are given in
Table 1. The listed characteristics of materials related to combustion shown in the mentioned
table represent criteria in the multi-criteria decision-making process (Ch. Varada Rajulu et al.,
2013; Ding, et al., 2020).

Table 1. Input parameters in the procedure of determining the weighting coefticients required
for the simulation

co co Smoke Ignition Thermal Specific heat Calorific
Material (mg/g] [m /2] density temperature conductivity capacity value
&g TR kgm?) [°C] [W/mK] [/(kg K)] [MJ/kg]
Wood 6 1696 100 350 0.15 1360 14.4
Cardboard 0.1 1450 39.8 427 0.061 1400 13.5
Plywood 6 1774 400 150 0.13 2500 17
PVC 71 657 55.03 391 0.185 900 41
Rubber 600 1911 8000 315 1.85 1880 35

(tire)

The first three parameters are considered useful because they take into account the emission of
harmful gases affecting human health, while the other four parameters (criteria) are declared
useless. Following all the steps provided by the COPRAS method, weights for each of the
alternatives Qi and the corresponding ranking are obtained as shown in Table 3. Identically, the
parameters for case 2 can be determined when the parameters are replaced so that the last four
parameters are considered useful, and the first three parameters are considered useless.

Table 2. Calculated weights of alternatives for Case 1 and Case 2

Case 1 Case 1
Wei Rank Wei Rank
0.14821  0.0566 0.14821 3
0.13642  0.0573 0.13642 4
0.15195  0.0598 0.15195 2
0.11238  0.0768 0.11238 5
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0.45105  0.1495 0.45105 1

Each of the materials presented in Table 1 occupies two racks, so the total number of racks in
the warehouse is 10, with maximum of 1200 transport units in the warehouse. It is rarely the
case that the warehouse is filled to 100%, so testing the effectiveness of the proposed method
is done by varying the layout of the transport units in the racks, the warehouse is filled to a
maximum of 70% as in (Tahmid et al, 2022), with the rule that the percentage share of each of
material should be equal, i.e. is 20% of the total number of transport units (168 units).

To confirm the functionality of the method and the comparative presentation of the results, the
coordinates X, Y, Z, and the vector r were calculated for the following variants of warehouse
filling:

- Variant 1: The first three racks on the left side of the warehouse are completely emptied and
the filling of the warehouse with the remaining 840 transport units starts from rack number 4,

- Variant 2: The last three racks on the right side of the warehouse are completely emptied and
the filling of the warehouse with the remaining 840 transport units starts from rack number 1,

- Variant 3: The content of each of the racks on the upper front side is reduced by 30%,
- Variant 4: The content of each of the racks on the lower front side is reduced by 30%,
- Variant 5: The content of each of the racks in the uppermost rows is reduced by 30%,
- Variant 6: The content of each of the racks is reduced by 30% in the initial lower rows,

- Variant 7: The content of each of the racks is reduced by 30% and the arrangement of transport
units within the racks is done randomly.

RESULTS AND DISCUSSION

Based on the parameters related to the location of the transport units determined by
implementing the procedure shown in Figure 12, the weighting coefficients obtained using the
COPRAS method and entering the mentioned parameters into the COG algorithm, the locations
of the potential fire risk zone in the high-bay warehouse are obtained.
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Figure 3. Graphic representation of the fire risk zones in warehouse with isometric view, top

view, and side view

Based on the obtained coordinates of spatial points and using a three-dimensional model of a
high-bay warehouse, two spheres that define potential fire risk zones, were generated (see

T4
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Figure 3). The mentioned spheres represent the space that is considered vulnerable in terms of
fire and which includes normal and random variants of material distribution within the space of
the observed high-bay warehouse. Considering the symmetrical arrangement inside the
warehouse along all axes, the homogeneity of the stored material and the warehouse occupancy,
the left sphere (coordinates of center x=8.7 m, y=12 m, z=4.8 m, and r=4 m) and the right sphere
(coordinates of center x=10.2 m, y=12 m, z=4.8 m, and r=4.1 m) are generated. Figure 3 shows
the deviation in the coordinates of the spheres along the x-axis, which is directly related to the
change in the distribution of materials in the racks. Coordinates of spatial points are obtained
for the warehouse cases of layout when the tire occupies the first two racks and when it occupies
the first two racks, respectively.

About the existing fire risk assessment methods (e.g. Gustav method), in the proposed
approach, the simulation results are obtained based on the weight coefficients related to the
materials that are stored, the percentage share of storage units, and the parameters related to the
dimensions of the warehouse. The practicality and usability of the proposed method are
reflected in the simplicity and practicality of application with fewer necessary parameters and
resources, simple data acquisition, and the possibility of a three-dimensional display of risk
zones in real-time. The described method was not meant to be a replacement for the Gustav
method. The Gustav method (Ju et al., 2023)is more complicated and can be more complex.
This means that it takes some time to adapt it and use it by the warehouse designer, and it gives
broader results. The method described in this paper can be utilized quicker and it provides
general guidelines for the warehouse designer, but it does not provide results as detailed as
Gustav's method.

CONCLUSIONS

A method for risk assessment and determination of potential fire hazard zones in high-bay
warehouses is presented in this paper. Concerning existing methods related to risk assessment
in warehouses, the proposed method is based on weight coefficients related to the type of
material being stored, the percentage share of storage units, as well as parameters related to the
structure and configuration of the warehouse. Weight coefficients related to the type of material
represent input parameters in the process of simulation and determination of potential fire
hazard zones. They are determined by a multi-criteria decision-making process using the
COPRAS method.

Compared to other, mostly two-dimensional methods, this method enables simple data
acquisition in the form of data tables and the generation of a three-dimensional model of the
warehouse, which contains spatial points that define potential risk zones. By incorporating the
mentioned spatial points within the 3D model of the high-bay warehouse, a sphere is obtained,
whose radius represents the critical area of the risk of fire. The results obtained by the proposed
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method can be a good basis during the planning and design of the warehouse, the layout of the
object, and also when designing the appropriate fire protection and evacuation systems in the
warehouse.
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Abstract: This paper aims to discuss the effectiveness of the Black Soldier Fly (BSF) for organic waste
treatment. Due to its ability to accumulate amino acids and fatty acids, it can convert organic waste into
protein. Increased amounts of organic waste require solutions such as BSF to reduce the negative impact
on landfilling of this waste flow. Results show that BSF is more than effective for organic waste
management. Future research should focus on conditions that increase its efficiency and the type of
organic waste that is more suitable for waste reduction by BSF. The conclusion of this study stems from
the presented papers and indicates varying efficiency of BSF depending on the specific type of organic
waste used in the process. Additionally, through the analysis of the papers, it has been determined that
the salinity of the substrate reduces the growth of BSF larvae, while statistical tests have shown that the
weight of the larvae is significantly influenced by the intensity of light, with the highest degree of
reduction occurring under low light conditions.

Keywords: Black Soldier Fly; BSF, organic waste, treatment.

INTRODUCTION

The demand for food is increasing due to a growing human population. Additionally, the
escalating volume of organic waste generated poses threats to both human health and
environmental integrity. (Siddiqui et al., 2022). Approximately 1.3 billion tons, or one-third, of
the world's food supply is lost or wasted annually. The importance of finding a way to manage
organic waste sustainably is of great importance. Black Soldier Fly (BSF) (Hermetia illucens)
is one of the potential solutions for appropriate management of organic waste in line with
circular economy principles.

The ability of BSF to accumulate amino acids and fatty acids is found to be remarkable
(Hosseindoust et al., 2023). By researching the field of sustainable agriculture BSF gain
additional attention. Naser El Deen et al. (2023) underline the ability of BSF to convert organic
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waste into protein. Enhancing our approach to organic waste management is crucial for
sustainability efforts, necessitating a concerted effort to discover more effective solutions.

The life cycle of BSF can be classified into five stages such as egg, larva, prepupae, pupa, and
adult stages. Larvae are developed from the eggs laid by the BSF in decomposing materials
(Kuria & Eyinfunjowo, 2023).

The black soldier fly typically lives for approximately 38-45 days on average (Hall & Gerhardt,
2002). Female BSFs lay between 500 and 900 eggs (Julita et al., 2020), which hatch within a
span of 4 days to 3 weeks. Throughout the larval phase, the length of the larvae varies from 5
to 19 mm, containing around 38.86% lipid and 40.96% protein content (Purkayastha & Sarkar,
2022). Initially, during larval growth, protein levels tend to be lower, often around the lower
end of the 40% to 50% range. As the larvae advance in their developmental stages, there is a
notable increase in their protein content. By the time they reach the pupation stage, fully
developed larvae can possess protein levels ranging from 50% to 60%, and sometimes even
higher (Abirami et al., 2024).

These larvae efficiently convert waste materials into two valuable resources for the agricultural
sector: nutrient-rich residue, known as "frass," and biomass containing high levels of protein.
The biomass, which is rich in nutrients, can be gathered and turned into biofuels or fed to fish.
In addition, the larvae themselves provide a sustainable substitute for conventional animal feed
because they are a high-protein food source (Kuria & Eyinfunjowo, 2023). Vegetables and food
waste are among the many organic items that the BSF larvae may decompose into high-protein
biomass. Furthermore, it is possible to raise the larvae in a closed system, which lowers the
possibility of environmental contamination and encourages the more effective use of resources.
The growth, conversion rate, and larval quality of BSF larvae can all be strongly impacted by
the meal that they receive, which might include a variety of botanical waste products. By
improving their diet, it is possible to improve the amount of protein produced per kilogram of
food waste, which makes the production of BSF an economical and sustainable way to provide
animal feed while lowering waste and environmental effects (Hosseindoust et al., 2023).

It has been determined that temperature and relative humidity are essential for the growth and
development of BSF. BSFs are eurythermal insects that have a broad temperature tolerance
range of 15°C to 47°C. With 60% relative humidity and temperatures between 27.5°C and
37.5°C, more than 96% of oviposition took place (Rehman et al., 2023).

BSF is considered to be one of the more sustainable options for achieving the aforementioned
goals, especially as an alternative to conventional composting (Amrul et al., 2022). Black
Soldier Fly Larvae (BSFL) are high in minerals and amino acids, and their protein content can
make up as much as 43% of their body weight.

Using BSF larvae in animal feed might lessen the need for extra supplements. In dry form, BSF
larvae have 26 times more calcium than crickets and mealworms, significantly lower sodium
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levels, and four times more iron. Additionally, BSF larvae provide high-quality protein,
matching the essential amino acid profile needed for fish meal (Larouche, 2019). The
approximate composition and content of minerals in the larva and transcriptome of the BSF as
indicated in Table 1.

Table 2 Proximal composition, polyunsaturated fatty acids and minerals content of the black
soldier fly (Hermetia illucens) larvae and prepupae (Larouche, 2019)

Species Hermetia illucens

Stage Larvae Prepupae

Proximal composition (%, dry basis)

Crude protein (N x 6.25) 36.2 40.7
Crude lipid 18.0 15.6
Ash 9.3 19.7
Nitrogen-free extract 36.5 24.0

Polyunsaturated fatty acid

Omega-3 (% lipid) 06-15
Omega-6 (% lipid) 42-17.3
Omega-6/omega-3 ratio 6-11

Minerals content (mg/100 g; dry basis)

Calcium 2,900 3,000
Phosphorus 350 620
Sodium 100 50
Iron 200 8
Zinc 61 3

Since the larvae of the BSF can grow on a variety of substrates, including manure and organic
waste, this makes it one of the most desirable insects for large-scale biotransformation (Rehman
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et al., 2023). The aim of this paper is to show how effective BSF is found to be in the
management of organic waste.

MATERIALS AND METHODS

Based on the analysis of papers focusing on the use of BSF for organic waste reduction, this

paper identifies and presents seven studies. By synthesizing individual viewpoints and facts, a
general conclusion is reached regarding the benefits that BSF brings in this field.

The criterion by which the papers were selected was the impact of the mentioned insect on
organic waste reduction, along with the production of proteins as a byproduct of the process.

RESULTS AND DISCUSION

The seven selected articles are analyzed and presented in Table 2.

Table 2. Overview of results.

Reference Aim Methodology Results & Conclusions
Monita et al. This study aimed to The experiment's larvae The study's  findings
(2017) investigate the use feed treatments include demonstrated that

of BSF larvae as restaurant organic waste treatment B produced the
organic waste bio- combined with 6% fish largest larvae growth in
processors to silage (treatment A), terms of length, width, and
generate  compost restaurant organic waste body weight, with
and  nutrient-rich combined with 6% dairy treatments A and C coming
larval biomass. blood waste (treatment in second and third.
B), and restaurant organic
waste combined with 6%
fish silage (treatment C).
Liu et al. The purpose of this Three different forms of In every substrate that was
(2018) study ~was to organic waste—brewer's evaluated, larval survival
evaluate the waste, solid pig dung, and was high. When the larvae
suitability of partially digested grass— were fed a regular diet or
various organic were put to the test and brewer's waste instead of

waste substrates for

contrasted with boll, the

pig dung or semi-digested
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processing by typical larval diet made of grass, they developed
Hermetia illucens, wheat middling. faster, gained more weight,
the larvae of the and had greater prepupal
BSF. crude protein and crude fat
contents.
Cho et al. To -evaluate the Every 2-4 days, the The salinity of the
(2020) development of weight of the BSFL was substrate reduced the
BSFL raised on recorded. After the growth of BSFL, not
food waste experiment, the pupation plastics. Further
supplemented with ratio, substrate reduction evaluations of the safety of
polystyrene  (PS), rates, and survival rates larvae raised on food waste
polyethylene (PE), were calculated. that contains contaminants
and sodium chloride are required to facilitate the
(NaCl). broader use of BSF larvae
In vermicomposting.
Khair et al. The purpose of this The moisture percentage The  study's  findings
(2023) study is to ascertain of organic waste from suggested that BSF may be

how well BSF
larvae are utilized in
the absorption of
restaurant trash and
to track how the
environment—
specifically, light
intensity—affects
larvae development.

eateries is fixed at 80%.
When exposed to three
different lighting
conditions—12 hours of
light and 12 hours of
darkness, 24 hours of
darkness, and 24 hours of
light—the organic waste
is employed as a food
source for larvae.

used to handle restaurant
garbage. By varying the
amount of light given to
the larvae, waste was
reduced by  37.77%,
37.78%, and 37.60%. The
greatest reduction
happened under 24 hours
of dim lighting. The weight
of the larvae is
significantly impacted by
light intensity, according to
statistical testing.

Santoso et al.
(2023)

The
index

study used

calculation
and analysis to
assess the
sustainability of

The scientific judgment
of professionals and
corporate players in the
BSF was used to collect
data through focus groups
and the completion of

The BSF-producing
larvae's sustainability
index was 89.69%. When
the strengths of each
dimension are taken into
account, the results
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larvae from the BSF
culture.

questionnaires with 31
attributes related to the
environment or ecology,
economics, social, and
technological elements.

indicated that the
techniqgue at  multiple
stages  of  operation,
including trash collecting,
planting, harvesting, and
marketing, contributed to
sustainability

development.

Navarro Through a life cycle Using data inventories Due to the production of
Ferronato et assessment (LCA), from published works, BSF larvae, conventional
al. (2023) the research this study sought to fishmeal can now be
attempts to measure uncover the potentialities substituted with fishmeal.
how  well the of BSF treatment in both This results in a 100%
organic fraction of the best-case and worst- renewable energy scenario,
municipal solid case scenarios by offering a 50% reduction in energy
waste is treated with a  broad range of consumption, a 15-year
BSF larvae. production parameter equipment lifespan, and
values. For the analysis, locally employed products.
the impact assessment
method IMPACT 2002+,
the database
Ecoinvent3.5, and the
SimaPro9 have been
used.
Sari et al. The present Before the larvae reach At 16 days old, BSFL
(2023) investigation the designated age (8, 12, showed impressive
examined the or 16 days), they are feda efficacy in  lowering
capacity of BSFL to concoction of milk and restaurant grease waste.
mitigate grease bread that has expired. This study emphasizes
waste, as well asthe  When BSFL are eight, BSFL's potential as an
impact of feed twelve, and sixteen days environmentally friendly
composition old, they are fed either method of managing and
variations on the pure grease waste or a recycling organic waste,
growth  rate of mixture of grease waste especially when it comesto
larvae at eight, and past-due milk until food waste.
twelve, and sixteen they develop into larvae
days of age. that are twenty days old.
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Next, waste reduction is
examined using metrics
such as larvae biomass,
feed consumption, waste
reduction index, and the
effectiveness of feed
conversion after
digestion.

The researches presented in Table 2 shows that a variety of methods and approaches in
researching this topic were applied. It can be noticed that each of them concluded the benefits
associated with the usage of BSF in waste management.

A study by Monita et al. (2017) focused on the waste in restaurants and on factors that influence
growth. In the same environment research by Khair et al. (2023) was conducted. Sari et al.
(2023) emphasized that great effectiveness is achieved with BSF in the reduction of restaurant
grease waste.

Liu et al. (2018) showed that BSF is differently effective depending on the concrete type of
organic waste used in the process. It provides significant insights for future directions of
research and efforts to provide a better understanding of how to reach the best results when it
comes to the usage of BSF as a way to manage organic waste. The salinity of the substrate
reduces the growth of BSFL, not plastics as determined in the study by Cho et al. (2020). Studies
Cho et al. (2020) and Monita et al. (2017) are examples of studies that focused on researching
how waste management BSF can be improved and to determine under which conditions better
results are achieved.

The contribution that BSF usage in waste management has on sustainability is acknowledged
in the study by Santoso et al. (2023). Navarro Ferronato et al. (2023) point out that after
conducting an LCA analysis great results with providing fish meals using BSF can be achieved
and that it has a great impact on the environment.

CONCLUSION

With an overview of relevant research related to application of BSF in treatment of different
organic waste streams, it can be concluded that BSF can be effective solution in waste
management contributing to achievement of sustainability and circular economy goals.
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Directions for further research should be to find the most adequate conditions that can increase
waste reduction by BSF. As well it is also of great importance to determine the type of organic
waste that is more suitable for reduction by the BSF.
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Abstract: The paper presents the analysis of the operation of the boiler room “Higijenski zavod”, which
operates within the system of the Public Energy Company “Toplana” Kraljevo, in two periods, i.e. 2012-
2019 and 2021-2023. In the first period, heavy fuel oil was used as the fuel, whereas natural gas was
used as the fuel in the period from 2021 to 2023. The comparison of the measured values of fuel
consumption and the emission of flue gases shows that the conversion from heavy fuel oil to natural gas
as the fuel resulted in the reduction of carbon monoxide emission by 9.5 times and total nitrogen oxide
emission by 19.5 times if compared to the situation before the conversion, at annual level.

Key words: Emission, Boiler room, District heating, Heavy fuel oil, Natural gas

INTRODUCTION

The Energy Sector Development Strategy of the Republic of Serbia by 2025 set the priorities
and goals of development in the field of energy. The development strategy includes district
heating systems (Strategy 2025-2030). One of the most important goals in the field of district
heating systems is the reduction of use of solid fuels (coal) and liquid fuels (heavy fuel oil and
light oil) by converting to renewable energy sources and natural gas. Figure 1 shows the
structure of energy sources used in district heating systems in the Republic of Serbia, with
projections until 2030 (Figure 1).

The Public Energy Company “Toplana“ (Heating Company) Kraljevo has its boiler plants
distributed in four boiler rooms with the total capacity of 80 MW. Two boiler rooms use natural
gas and, alternatively, heavy fuel oil, as its energy sources, whereas the other two boiler rooms
use exclusively heavy fuel oil.

The subject of this paper is the smallest boiler room within the Public Energy Company
“Toplana“ Kraljevo, which is located in the part of the city bearing the same name as the boiler
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room itself - Higijenski zavod. The installed power of the boiler units, the area of the heated
residential space and the area of the heated business premises covered by the boiler room are
shown in Table 1 (PEC Toplana).

2030. 14.6% - 56.4% 16.5% 125%
2025. | 166% 53.0% 183%  1R21%
2020. 18.:6% 50.1% 2% 112%
2015. 23% 50.7% 238% 3.2%
Hadrin gepusatn
- Mpupoaxn rac
2010. 28.7% 48.3% 23% Yran
Buomaca
0 20% 40% 60% 80% 1009%

Figure 1. Structure of energy sources which are used for generation of heat energy in the
Republic of Serbia, with projections until 2030

Table 1. Technical details about the boiler room “Higijenski zavod” (the data provided from
the professional service of the PEC “Toplana” Kraljevo)

Number of boiler units 2

Type and capacity of boiler 1 (kW) TAM — MARIBOR, TVT ZV - 850 kW
Type and capacity of boiler 2 (kW) TAM — MARIBOR, TVT ZV - 850 kW
Area of residential space (m?) 6,785.00

Area of business premises (m?) 118.00

ANALYSIS OF THE BOILER ROOM OPERATION
Main details about the boiler room

The boiler room “Higijenski zavod” is located in the part of the city positioned directly toward
the Kraljevo — Cacak highway.

The boiler room with its heavy fuel oil-fired boilers is accommodated in the cellar room of a
residential building in which there are two boiler units with the identical power of 0.85 MW
each. The supply and return manifolds with the accompanying regulation, stop and safety valves
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and fittings are placed in the boiler room.

A new container gas boiler room is situated in the close vicinity of the residential building in
which there is the boiler room with its heavy fuel oil-fired boilers, and it is connected with the
old boiler room via pipelines. The operation of the natural gas-fired boiler room started in
September 2020 and it worked within the system of PEC “Toplana” Kraljevo in this part of the
city up to and including the 2023/24 heating season. The old boiler room has not been used any
more since the beginning of operation of the new natural gas-fired boiler room.

Consumption of fuel — heavy fuel oil

Based on the data provided from the professional service of the PEC “Toplana” Kraljevo, Table
2 presents the values of fuel (heavy fuel oil) consumption, degree days and the average annual
temperature in the heating period from 2012 to 20109.

Table 2. Data about the fuel (heavy fuel oil) consumption, degree days and the average
temperature in the heating period provided by the professional service of the PEC “Toplana”
Kraljevo

Heavy fuel_ oil Degree Aver_age annual temperature

Year consumption days during the fleatlng season
(kglyear) (C)
2012 152,680.00 2910 4.17
2013 134,236.00 2629 5.79
2014 126,460.00 2365 6.77
2015 141,530.00 2590 5.76
2016 147,040.00 2715 6.75
2017 144,680.00 2789 4.82
2018 137,398.00 2520 5.61
2019 125,281.00 2253 7.39
Mean value 138,663.13 2,596.4 5.85

Consumption of fuel — natural gas

Based on the data provided from the professional service of the PEC “Toplana” Kraljevo, Table
3 presents the values of fuel (natural gas) consumption, degree days and the average annual
temperature in the heating period from 2021 to 2023.
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Table 3. Data about the fuel (natural gas) consumption, degree days and the average
temperature in the heating period provided by the professional service of the PEC “Toplana”
Kraljevo

Natural gas Dearee Average annual temperature
Year consumption dg s during the heating season
(Nm?/year) y (°C)
2021 133,928.00 2572 6.07
2022 115,629.00 2457 5.92
2023 104,050.00 2157 531
Mean value 117,869.00 2,395.3 5.77

A NEW PLANT WITH CONDENSING BOILERS

Gas generators, the total of 4 gas condensing units connected into a cascade with the minimum
heat capacity of 1.1 MW, are built in the new container boiler room. The characteristics of the
installed container boiler room are as follows:

- Nominal heat capacity 1200 kW

- Heat capacity at min / max 50/30 ° C 57.7 /1160 kW

- Heat capacity at min / max 80/60 ° C 51.6 /1086. 4 kW
- Efficiency at 40/30 ° C 108.8 %

EMISSION PARAMETERS OF THE PLANT
Heavy fuel oil-fired boiler room

Measurement of emission parameters for the subject boiler room is carried out at least once
during the heating season (Table 4). The heat capacity of the boiler unit, the fuel used and
the connection with the emitter (separate or common) define the type of plant in accordance
with the Directive on ELV. According to the mentioned directive, the heavy fuel oil-fired
boiler room is classified as a small combustion plant.

Table 4. The measured emission values of carbon monoxide and nitrogen oxides reduced to
NO2 total In the period from 2012 to 2019 (Laboratory of the Faculty of Mechanical and Civil
Engineering in Kraljevo, 2012-2015)

(6{0)] NO2 total
(mg/Nmd) (mg/Nm®)

Year
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2012 215 1.295.3
2013 82.5 1.498.0
2014 55.9 1.288.4
2015 64.5 844.5
2016 72.0 568.2
2017 84.3 755.4
2018 89.2 842.8
2019 78.9 789.7
Mean value 68.6 985.3

Natural gas-fired boiler room

Based on the previously mentioned criteria, the newly built natural gas-fired boiler room is
classified as a small plant. The measured emission values of carbon monoxide and nitrogen
oxides reduced to NO2 totar in the period from 2020 to 2023 are shown in Table 5.

Table 5. The measured values of carbon monoxide and nitrogen oxides reduced to NO2 total in
the period from 2021 to 2023

CO NOZ total
Year
(mg/Nmd) (mg/Nm®)
2021 7.7 55.1
2022 75 64.3
2023 8.9 49.4
Mean value 8.03 56.27

Reduction of CO and NOx emissions

In order to determine the reduction of CO emission, it is necessary to determine the quantity
of fuel gases depending on the fuel consumption. This detail is obtained based on the
combustion equations for the known elemental composition of fuel.

The theoretical values for combustion of heavy fuel oil and natural gas are adopted. The
quantity of emitted pollutants is determined based on the known values of emission,
volumetric flow rate of flue gases depending on the fuel and the amount of fuel consumed
during the observed period.

Ngo =MN¢o * Vps* B (1)
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where:

Nco (Kg) — the quantity of the emitted pollutant

nco (Mg/Nm?) — the measured concentration of the emitted pollutant
Vps (M3/kge) — the volume of flue gases for the air surplus coefficient 1.1

B (kgs) — the fuel consumption

The value obtained as the difference between the amount of emitted pollutants before and after
the conversion of fuel is the reduction of pollution in the given case.

N = NZ - N, 2
where:
N[ (kg) — the quantity of the emitted pollutant when heavy fuel oil burns
N(jf’o (kg) — the quantity of the emitted pollutant when natural gas burns

The elemental composition of fuels as well as adopted and calculated values necessary for
the calculation are presented in Table 6 (NIS, 2023; Kozi¢, 1995; Todorovi¢, 2006).

Table 6. Calculation of the reduction of emission of pollutants CO and NOx

Elemental composition of fuels
Heavy fuel oil Natural gas
C (%) 83.87 CH4 (%) 96.6
H (%) 11.41 C2Hs (%) 2.0
0 (%) 0.30 CsHs (%) 0.1
N (%) 0.30 CaH1o (%) 0.1
S (%) 2.42 CsH12 (%) 0.1
A (%) 0.2 CO2 (%) 0.2
W (%) 1.5 N2 (%) 0.9
Average fuel consumption
Zgrllgcékg)om 2012 to 138,663.13 tPOerzlgczjsf(rr?]r;; 2020 117.869.00
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Volume of flue gases

Vps (m®kgs) 11.01 Vps (m®kgs) 11.61
Emitted quantity of pollutants
NZ (kg) 104.73 N (kg) 11.02
NNoz weup. (KQ) 1.504.24 Nyozukup. (K9) 77.04
Reduction of emission of pollutants
Nco (kg) 93.74
Nnoztotal (KQ) 1,427.24
CONCLUSION

The comparative analysis of fuel consumption and emission of flue gases for the heavy fuel oil-
fired boiler room in the period from 2012 to 2019 and for the natural gas-fired boiler room in
the period from 2020 to 2023 was carried out. The year 2020 was not taken into consideration
because the heavy fuel oil-fired boiler room was used in the first part of the year, and the natural
gas-fired boiler room was used in the second part of the year. The analysis showed that the
conversion of fuel, i.e. the use of natural gas as the fuel instead of heavy fuel oil, resulted in the
reduction of carbon monoxide emission by 93.74 kg, i.e. by 9.5 times and total nitrogen oxide
emission by 1,427.24 kg, i.e. by 19.5 times, at annual level. It is important to emphasise that
the values of average annual temperatures during the heating season for the two observed
periods are similar.
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