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Abstract: Waste management faces more and more serious challenges, especially given the growing amount of
municipal waste generated in Poland and the resulting environmental impact. One of the significant environmental
aspects of waste management is the emission of odorants and odors. Taking into account the odor problem, the
majority of municipal waste generated is being collected as mixed waste (62% of municipal waste), which by
weight contains approximately 32.7% of kitchen and garden waste. These organic fractions are mainly responsible
for the emission of odor and odorants. Those substances can be emitted at every stage: from the waste collection
at residential waste bins, through transport, waste storage, and transfer stations, up to various respective treatment
facilities, i.e., mechanical-biological waste treatment plants, landfills, or waste incineration plants. The gathered
data during the study showed that it is necessary to increase the share of different waste management methods,
i.e., recycling, composting, or fermentation processes rather than landfilling to meet all necessary regulations
and to fulfill provisions of the waste hierarchy. One of the actions indicated in the legal solutions is expansion,
retrofitting, and construction of new sorting plants, anaerobic digestion plants, composting plants, and increase
in thermal treatment capacity. Variety of different processes that could emit odors and a diversity of different
odor-generating substances released from particular waste management steps should be taken into consideration
when building new facilities which are suitable for waste treatment. The overall aim of the work was to characterize
and summarize available knowledge about waste management system in Poland and to gather information
about odor-generating substances emitted from different waste management steps and facilities, which could be
a potential source of information for preparing legal solutions to reduce possible odor nuisance form broadly
understood waste management.

© 2022. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-ShareAlike
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Introduction

According to the available literature and various studies,
the issue of excessive odor emission linked to the processes
of broadly understood waste management, concerns many
societies and is directly related to the complaints of residents
about the deteriorating air quality (Aatamila et al. 2010, Bruno
etal. 2007, Liu et al. 2020, Palmiotto et al. 2014, Schlegemilch
etal. 2005, Wu et al. 2020). The environmental impact of waste
management facilities is significant. Their activity is related
to the emission of various substances to water, soil and air
(Giusti 2009). Apart from odors, other air pollutants, such as
dust, bioaerosols, methane, carbon dioxide, carbon monoxide,
nitrogen oxides, or volatile organic compounds in general

may also be emitted to the atmosphere (Forastiere 211, Guisti
2009, Sonibare et al. 2019). When it comes to the emission
of odors into the air, it is necessary to define them correctly.
Odor is a term that describes a mixture of substances, the
so-called odorants, which are defined by the Polish version
of European Standard EN 13725:2003 (Polish Committee for
Standardization 2007) as substances stimulating the human
olfactory system so that the person feels the smell understood
as an organoleptic feature perceived by the olfactory organ
while smelling certain volatile substances. The exposure of
humans to odors (including individual odorants) may cause
odor nuisance and health problems in the event of prolonged
exposure (Forastiere et al. 2011, Palmiotto et al. 2014, Wu
et al. 2020, Zhang et al. 2013). These effects, however, are
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generally considered not very harmful and cause more nuisance
than serious health effects (Bax et al. 2020, Palmiotto et al.
2014). Nevertheless, the potential odor nuisance from waste
management facilities is a serious environmental problem. The
existence of people and the fulfillment of their basic needs
generates significant amount of waste at different stages of life
and functioning of societies, especially in terms of municipal
waste. Due to the diversity of societies, taking into account
the global and local level, both the management of and control
over the generated municipal waste at the level of individual
countries, cities or specific areas is a difficult task. As indicated
in the literature, waste management is an extremely topical
problem, e.g., due to the growth trends in waste generation,
which result directly from the rapid development of societies
and inhabited areas (Alwaeli 2015, Bruno et al. 2007, Sonibare
et al. 2019, Wisniewska et al. 2019, Wu et al. 2020, Zhang
et al. 2013). The growing amount of waste requires a number
of measures to minimize the undesirable effects associated
with its generation. At the European level, in 2008, Directive
2008/98/EC of the European Parliament and of the Council
of 19 November 2008 on waste was adopted summarizing and
regulating the law related to waste management in the member
states. In 2018, changes were introduced to the aforementioned
Directive focusing the overall waste management towards
circular economy. Main task of the Directive was to introduce
measures to protect the environment and human health by
preventing and reducing the negative effects associated
with waste management, such as excessive emissions to
the environment, as mentioned earlier (Giusti 2009). The
aforementioned Directive introduces into the legislation the
concept of waste hierarchy, which defines priority actions
to be taken in order to prevent and manage waste. It defines
five steps, where the most important and the most favorable is
waste prevention, followed by preparation for reuse, recycling,
other recovery methods, e.g., energy recovery and, finally,
waste disposal as the least favored option.

Municipal waste management is a multi-stage process, in
which almost every process may cause the emission of odors
and odorants to the air. This stems from the fact that municipal

Mixed
municipal waste

Sorted waste

“ Waste
- collection

waste generated by people contains organic waste (Alwaeli
2015, den Boer 2010, Burnley 2007, Chen 2018), which
undergoes biological degradation, i.e., biodegradation, which
is the main cause of the emission of odors and odorants to the
air (Bruno et al. 2007, Sonibare et al. 2019, Wang et al. 2021).
Biodegradation can occur both under aerobic (He et al. 2020)
and anaerobic (Wisniewska 2020a) conditions. The processes
related to the management of municipal waste containing
organic fractions, which can generate odors, include: waste
collection at residential areas (Liu et al. 2020, Shi et al. 2020,
Tan et al. 2017), transport (Tan et al. 2017, Xu et al. 2020),
waste transfer stage at transfer stations (Chang et al. 2019, Zhao
et al. 2015) and the activities related to waste management at
mechanical-biological treatment (MBT) plants and biological
waste treatment plants (Colén et al. 2017, Hou et al. 2013,
Kulig and Szytak-Szydlowski 2016, Sironi et al. 2006),
including aerobic stabilization and anaerobic stabilization
technology, in the case of mixed municipal waste treatment,
as well as composting and anaerobic digestion, in the case of
selectively collected bio-waste (Mustafa et al. 2017, Sanchez-
-Monedero et al. 2018, Sironi et al. 2007, Wisniewska et al.
2020b, Wisniewska et al. 2019, Zhang et al. 2013), thermal
treatment of waste in waste incineration plants (Guo et al.
2017, Cetin Dogruparmak et al. 2018) or landfilling (Duan et
al. 2021, Wang et al. 2021, Zhang et al. 2021). Figure 1 shows
the waste management chain with the possible individual waste
management steps. The processes shown in Figure 1 will be
characterized in terms of odorants and odors emissions in the
later part of the paper.

In order to characterize the aforementioned sources in
terms of emissions of both odorants and odors, it is necessary
to apply various analytical methods. The available literature
includes a number of studies on these issues (Bax et al.
2020, Brattoli et al. 2011, Capelli et al. 2013a, Capelli et
al. 2013b, Conti et al. 2020, Jonca et al. 2022, Maurer et al.
2018). Among the methods most often used for characterizing
odorous emissions to air, we can distinguish the dynamic
olfactometry method (in accordance with EN 13725: 2003),
which allows to determine the concentration of odors in the air,
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e Thermal Treatment Plants
¢ Landfilling

Waste treatment and disposal facilities

e Mechanical-Biological Treatment Plants
(including aerobic/anaerobic stabilization)
e Biological waste treatment plants (including

composting and anaerobic digestion)
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Fig. 1. The waste management chain that shows the possible individual waste management steps
(* — optional, depends on the waste management system) (Di Foggia and Beccarello 2021, lakovou et al. 2010)
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and gas chromatography with a mass spectrometer (GC-MS),
which allows for quantitative and qualitative determination
of individual odorants. Tools applying a matrix of chemical
sensors, the so-called electronic noses, are also often used
(Joncaetal. 2022, Szulczynski etal. 2017). One of the important
tools to determine the range of the odor impact of objects,
and, consequently, the potential odor nuisance, are tools for
simulating the dispersion of pollutants in the air (Capelli and
Sironi 2018). Selecting an appropriate measurement method is
crucial to determine the emissions of substances from municipal
waste management facilities. Obtaining the information about
the emissions of odorous substances is one of key tasks in
preventing and controlling them. Other important aspects in
odor management are legal regulations as well as activities and
methods aimed at reducing odorous emissions from municipal
waste management facilities. This issue, however, will not be
discussed in this paper. The authors’ considerations on this
subject were already presented in another article (Pawnuk et
al. 2020).

The purpose of this work is presented in Figure 2.
The first part focuses on the characteristics of the state of
waste management in Poland over the last few years. The
investigation includes the analysis of the trends in generating
municipal waste in the country, the analysis of the methods
of waste management and waste disposal in accordance with
applicable legal regulations. The characteristics of the state
of waste management in Poland includes the most recent
data available, which gives the reader the most up-to-date
overview of waste management in the country. The second
part characterizes waste management processes in terms
of the emission of odors and odor-generating substances,
indicating the dominant substances emitted during specific
municipal waste treatment processes. The aim of the work is to

summarize the available knowledge on the state of municipal
waste management in Poland and to collect information on
odor-generating substances and odors emitted from municipal
waste management facilities in general to prepare a database
of available information and to take into account the most
significant processes and odors emitted in waste management
in the planned activities aimed at preparing legal solutions to
reduce possible odor nuisance form broadly understood waste
management.

Analysis of the state of waste management
in Poland

Waste generated in Poland over the last years

According to the data provided by Statistics Poland (Statistic
Poland LDB 2021), in 2020 atotal of approximately
122,600 Gg of waste was generated in Poland. This amount
concerns both the generated industrial and municipal waste,
of which industrial waste accounted for approx. 89.3% of the
total generated waste (109,500 Gg), while municipal waste
accounted for 10.7% of the total (approx. 13,100 Gg). The
amount of industrial waste in the years 2000-2020 ranged
from approx. 110,000 to approx. 130,000 Gg of waste per year.
The variability of the amount of generated municipal waste,
which is the main subject of this study, is shown in Figure 3
(Statistic Poland LDB 2021). The presented data on municipal
waste in Figure 3 cover the years 2010-2020. In 2010, the
annual amount of municipal waste generated amounted to
10,040.11 Gg. In 2011-2013, the amount of generated waste
decreased. Compared to 2010, the decrease was approx. 2.1%
in 2011, 4.6% in 2012, and 5.6% in 2013. Since 2014 there
has been a visible increase in the amount of municipal waste
generated. Compared to 2010, the amount of municipal waste
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Fig. 2. Flow chart of research steps and outcomes of the study
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generated increased by 2.9% in 2014 , 8.2% in 2015, 16.1%
in 2016, 19.2% in 2017, 24.4% in 2018 and 27.0% in 2019. In
2020, it increased by 30.6% compared to 2010, and amounted
to 13,116.90 Gg. It should be noted that the presented
quantitative data concern both waste generated in households
and waste generated from other sources, in which — according
to the definition of municipal waste applied in Polish legislation
and resulting directly from the Directive — the composition of
generated waste is similar to that of municipal waste (the Act of
14 December 2012 on waste). The analyzed data show a clear
upward trend in the amount of municipal waste generated over
the last few years.

Figure 4 shows the mass of collected municipal waste over
the years 2010-2019, according to voivodships (Statistic Poland
LDB 2021). The data show that the general trend in the amount
of waste generated in individual voivodships is consistent with
the trend presented in Figure 3, i.e., in 2011-2013, the amount
of waste generated ecither decreased or remained at a constant
level, with a slight variation. In the case of 2014-2019, as in
the case of the entire country, the amount of generated waste
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increased compared to 2010. Figure 5 shows the location of
individual voivodship areas referred to in the text.

The data presented in Figure 4 clearly indicate the 4 main
voivodships responsible for the highest amount of generated
waste. These are, in turn, mazowieckie voivodship, slaskie
voivodship, wielkopolskie voivodship and dolnoslaskie
voivodship. The amount of municipal waste generated in
2020 is, in turn, 1,879.21 Gg for mazowieckie voivodship,
1,780.47 Gg for S$laskie voivodship, 1,254.68 Gg for
wielkopolskie voivodship and 1,159.91 for dolnoslaskie
voivodship. In comparison with 2010, the amount of municipal
waste generated in 2020 increased by 19.60% for mazowieckie
voivodship, 29.00% for §laskie voivodship, 37.11% for
wielkopolskie voivodship and 16.64% for dolnoslaskie
voivodship. Those top scores in generated waste may be
influenced, among others, by population size or the lifestyle
of the residents of a given voivodship. Mazowieckie, §laskie
and wielkopolskie are the most populous voivodships in
Poland, and dolnoslaskie is the 4™ most populous voivodship
in the country. Voivodships where the least amount of waste is

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Fig. 3. Mass of municipal waste collected in Poland over the years 2010-2019 (Statistic Poland LDB 2021)
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Fig. 4. Mass of municipal waste collected in Poland, according to voivodships, over the years 2010-2020

(Statistic Poland LDB 2021).
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generated include, among others, §wietokrzyskie (315.00 Gg),
podlaskie (338.87 Gg) opolskie (371.64 Gg), and lubuskie
(389.75 Gg). These are the least populous voivodships in
Poland.

According to the data of Statistics Poland (Statistic Poland
LDB 2021), the average amount of municipal waste generated
in 2020 per capita in Poland amounts to 342 kg. In 2019 it was
332 kg, while the average in the European Union is 502 kg
(Eurostat 2021). This placed Poland as the second country with
the lowest amount of generated waste per capita in Europe in
2019. In Poland (2020) (Figure 6), the voivodship with the
highest amount of waste generated per capita is dolnoslaskie
— 400 kg. The study of Statistics Central on the state of the
environment indicates that western region, that is: dolno$laskie
(400 kg), slaskie (395 kg) and lubuskie (386 kg) voivodships

zachodniopomorskie

dolnoslaskie

opolskie

0
pomorskie

kujawsko-pomorskie

l mazowieckie

generate the largest amount of waste per capita. This is related
to the highest shares of population living in cities and towns
(especially $laskie 76,6% and dolnoslaskie — 68,4%) and higher
GDP per capita in western Poland as well as different pattern
of consumption, i.e., the western way of life. Significantly
less waste is generated per capita in the eastern regions of
Poland, namely in podkarpackie (236 kg), lubelskie (248 kg),
swigtokrzyskie (256 kg) and podlaskie (288 kg) voivodships.

Waste composition in Poland

Last official data on the waste composition in Poland which
were published in the National Waste Management Plan 2022
(NWMP 2022) (M.P. 2016 poz. 784 — http://isap.sejm.gov.pl/
isap.nsf/DocDetails.xsp?id=WMP20160000784) stem from
analyses performed in 2008-2010. Since than a few seasonal

warmiisko-mazurskie

podlaskie

Swigtokrzyskie

podkarpackie

malopolskie

Fig. 5. Location of individual voivodship areas against the background of Polish borders
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Fig. 6. The amount of generated waste (kg) per capita in 2020, according to voivodships in Poland
(Statistic Poland LDB 2021)
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studies have been performed related to the morphology of
municipal waste, including separately collected and mixed
waste streams, which became a basis for the estimation
of municipal waste composition in (Jedrczak et al. 2020,
Jedrezak et al. 2021). These data have been aggregated and
presented against the 2008—2010 data, used for NWMP 2022
in Figure 7.

From Figure 7, it can be seen that the composition of
municipal waste has shifted from higher kitchen waste content
towards higher shares of recyclables, such as plastics, paper
& cardboard and textiles. Significant reduction of kitchen
waste share, from 32.2% to 21.4% may be related to change
in lifestyles from traditional cooking to convenience foods.
Surprisingly, there was an increase of fines content, which
are often attributed to the individual heating systems based on
solid fuels and the resulting ashes.

Majority of municipal waste is still collected in the mixed
waste stream. In 2020, 8,142 Gg (62% of municipal waste)

was collected as mixed waste. Analyses of the composition of
mixed municipal waste have been used as a basis of various
investment projects and published within the tendering
procedures (den Boer et al. 2018, Butrymowicz 2018, Tyrala
2019, Zielnica and Cudakiewicz 2016).

The average composition of mixed municipal waste, based
on the aforementioned recent studies is presented in figure 8.
The major fraction is kitchen and garden waste, constituting
32.7% of the total mass. This is the fraction responsible for
odor problems at various stages of waste collection, transport
and its processing. Other biodegradable constituents include
paper & cardboard (10.7%) and partly fines (10.1%).

Management of municipal waste

In order to be able to effectively direct the waste stream
to recycling, composting or fermentation processes, it is
necessary to conduct selective collection of municipal waste.
According to the data of Statistics Poland (Statistic Poland

Municipal waste composition in Poland
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Fig. 7. Composition of municipal waste generated in Poland (Jedrczak et al. 2020, Jedrczak et al. 2021)
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LDB 2021), municipal waste collected selectively in Poland
amounted to 4,974.56 Gg, which corresponds to 37.92% of
total municipal waste generated. Mixed municipal waste was
8,142.33 Gg, which is 62.08% of the total. As indicated by the
study of Statistics Poland (Statistic Poland 2020), the structure
of waste collected selectively has changed significantly over
the years. According to the study from 2005, the selectively
collected fractions included paper and cardboard, which
accounted for 32.4% of all separately collected waste in 2005,
33.60% was glass, 14.0% — plastics, 2.40% — metals, 11.60%
— bulky waste, and other fractions — 6.0%. Over the years, the
structure of municipal waste collected selectively has changed
significantly. The report from 2010 shows an additional
fraction — biodegradable waste, which in 2010 accounted
for 21.1% of the total. The structure of separately collected
municipal waste for 2019 is as follows: paper and cardboard
— 8.80%, glass — 14.50%, plastics —10.00%, metals — 0.40%,
biodegradable — 30.10% and other waste — 20.8% of all waste
separately collected in Poland.

Figure 9 shows the shares of municipal waste undergoing
different treatment options in the period 2004-2020, based on
statistical data for Poland (Statistic Poland 2004-2021), except
for recycling where data are available from 2013 only. It can
be seen that major developments in waste treatment progressed
since 2013, which was related with a significant reform of the
municipal waste management, resulting in responsibility for
waste management implementation being shifted from waste
management companies and imposed on municipalities on
July the 1% 2013. Since 2012 the recycling targets for paper,
glass, metal and plastics were formally implemented by Polish
legislation (Regulation of the Minister of the Environment
of 29 May 2012) on the levels of recycling, preparation for
re-use and recovery by other methods of certain fractions of
municipal waste (Journal of Laws of 2012, item 645)), which
triggered increase of material recycling. This coincided with
the development of energy recovery of high caloric waste
fractions, referred to as RDF (refuse derived fuel), mainly by its
co-incineration in the cement industry. All these developments
resulted in a significant reduction of waste landfilling from
9,194 Gg in 2004 to 5,218 Gg in 2020. On the other hand, it
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Recycling

can be clearly seen that the trend was reversed in 2017, with an
increase of waste being landfilled in the period 2017-2019 and
only slight reduction in 2020.

Table 1 summarizes the quantitative data provided
by Statistics Poland on the management of the generated
municipal waste in 2017-2020 (Statistic Poland LDB 2021).
Five main municipal waste streams were distinguished based
on their management methods, which result directly from the
waste hierarchy mentioned in the introduction to this paper, laid
down by the European Directive and implemented into Polish
legislation in the Act of 14 December 2012 on waste (Journal of
Laws of 2020, item 797). These are the mass of municipal waste
for recycling, the mass of municipal waste for the composting or
fermentation process, the mass of municipal waste for thermal
processing with energy recovery, the mass of municipal waste
intended for thermal transformation without energy recovery,
and the mass of municipal waste intended for storage. The
mass of municipal waste sent for recycling in 2020 amounted
to 3,498.63 Gg and accounted for 26.67% of the total municipal
waste generated and it increased compared to previous years.
The stream of collected municipal waste processed via
composting or fermentation processes in 2020 amounted to
1,577.93 Gg and accounted for 12.03% of the total municipal
waste generated. The data show an upward trend in the amount
of waste processed via composting or fermentation compared to
2017. The municipal waste stream sent incinerated with energy
recovery in 2020 amounted to 2,656.21 Gg and constituted
20.25% of the total. The waste stream incinerated without
energy recovery was only 166.40 Gg in 2020, which accounted
for 1.30% of the total. Starting from 2017 a downward trend can
be observed. The last of the streams, i.e., the mass of municipal
waste landfilled amounted to 5,217.72 Gg in 2020, which
constituted 39.78% of the total. In this case, there is an upward
trend in both 2018 and 2019 compared to 2017 and a decrease
compared to 2019. To sum up, for recovery processes, i.c.,
recycling, composting or fermentation processes, and thermal
conversion with energy recovery, a total of 7,732.78 Gg was
sent in 2020, which is 58.95% of total waste generated, while
5,384.12 Gg — 41.05% of the total generated waste — was
sent for disposal processes. In the case of waste disposal, i.e.,

2012 2014 2016 2018 2020

=8=Biological treatment (composting + anaerobic digestion)

=@—Thermal treatment
=0=—Landfilling

Fig. 9. Municipal waste treatment, based on the Statistical Office data (Statistic Poland 2004-2021)
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incineration without energy recovery and landfilling, an upward
trend can be observed over the years 2017-2019 and a decrease
in year 2020 compared to previous years. Comparison of the
analyzed data with the waste hierarchy shows a negative trend
in waste management in Poland, especially given the amount
of waste that is managed in the least favorable ways, i.c.,
disposal and landfilling. Regarding the analyzes of individual
voivodships, the general trend is similar to the data presented
in Figure 4. The mass stream of waste intended for recycling
in 2020 prevails in $laskie, mazowieckie, dolnos$laskie and
wielkopolskie voivodships, while the voivodships with the
lowest amount of waste sent for recycling are Swigtokrzyskie,
lubuskie, podlaskie and opolskie. The stream of waste sent for
composting or fermentation in 2020 was the highest in §laskie,
mazowieckie, wielkopolskie and pomorskie voivodships,
and the lowest in §wigtokrzyskie, podkarpackie, warminsko-
-mazurskie and podlaskie voivodships. The dominant mass
of waste sent for thermal treatment with energy recovery
(2020) is noted in wielkopolskie, mazowieckie, matopolskie
and zachodniopomorskie voivodships, which hold waste
incineration plants. Considering the waste stream for landfilling
(2019), slaskie, mazowieckie, dolnoslaskie and t6dzkie
voivodships are in the lead, while the least waste was landfilled
in podlaskie, Iubuskie, warminsko-mazurskie, and lubelskie
voivodships.

Available infrastructure for waste management
An important aspect of municipal waste management is
appropriate and specialized infrastructure for the effective
management of the generated waste such as composting
plants, biogas plants, waste incineration plants, waste landfills
and mechanical-biological waste treatment plants (MBT
plants). In Poland all municipal waste must be pretreated
before final disposal. The mixed municipal waste is pretreated
either in mechanical-biological treatment plants or in waste
incinerators. According to the data published by Marshal
Offices, there are currently 174 MBT plants with a permit
to treat mixed municipal waste and 8 incinerators accepting
either mixed municipal waste or sorting residues (Figure 10)
(den Boer et al. 2021). 8 MBT plants use anaerobic digestion
process as one stage of biological treatment (Wisniewska et
al. 2019). According to the data of Statistics Poland (Statistic
Poland LDB 2021), in 2020 there were 271 active municipal
landfills in Poland (Figure 10). Based on the data of Marshal
Offices (Jedrczak et al. 2020) only 163 of them have a status
of municipal landfills, which means that they can accept
pretreated municipal waste or sorting residues. In 2010-2020,
a clear trend towards reducing active landfills can be observed.
In 2010, according to the data from Statistics Poland (Statistic
Poland LDB 2021), there were 633 municipal waste landfills,
and 362 have been closed since then. Despite this cutback,
landfilling is still one of the most common municipal waste
management processes. The separately collected biowaste is
treated in 220 installations, of which 144 are located together
with MBP plants (Jedrczak et al. 2020). Only one anaerobic
digestion plant for separately collected biowaste is operated
and two more are under construction.

All the above-mentioned issues are very important
as the upward trends in the amount of municipal waste
generated on a local and global scale, require intensification

of the management processes of municipal waste generated
in societies. These processes may affect the emission of odor-
-generating substances to the air and the periodic deterioration
of air quality in the vicinity of waste management facilities,
which carry out processes that cause the emission of various
odorous substances. Therefore, the following chapter presents
the characteristics of the emitted odor-generating substances
from selected processes and waste management facilities.

Emission of odors and odorants from
municipal waste management facilities and
processes

Municipal waste management facilities are a source of odors
and odorants emissions into the air. Due to the aforementioned
multi-stage processes and the fact that individual technological
processes of waste treatment consist of many different unit
operations, the emission of individual odorants and their
mixtures in the form of odors may take place at various stages
of waste management. Therefore, a review of the literature on
odorant and odor emissions into the air is presented below,
taking into account individual stages of general municipal
waste management.

Waste collection and transport

One of the first stages of municipal waste management is
waste collection at the place of its production, e.g., in waste
containers in residential areas, as well as waste collection and
transport processes (Cheng et al. 2020, Liu et al. 2020, Shi et
al. 2020, Tan et al. 2017, Xu et al. 2020). The emission of odor-
-generating substances in these processes is mainly related to
the initial process of decomposition of the organic substance
contained in municipal waste (Cheng et al. 2020, Liu et al.
2020, Tan et al. 2017, Xu et al. 2020). In the case of waste
collection and transportation, the process is influenced, among
others, by ambient temperature, waste composition and waste
storage time in containers (Tan et al. 2017), which may vary
depending on the method and areas of waste collection (Liu
et al. 2020). There are several references on the testing of the
emissions of odor-generating substances in the initial stages
of waste management, i.e., collection and transport of waste.
Liu et al. 2020 in their research simulated the process of initial
decomposition of organic matter contained in municipal waste
for samples with different content of the readily biodegradable
fraction of municipal waste, which contained, respectively,
15%, 45% and 60% of this fraction. During the research,
a total of 43 different volatile organic compounds were
identified, divided into 5 groups: sulfur compounds, aromatics,
halogenated compounds, hydrocarbons and oxygenated
compounds. In the case of samples containing 45% and 65%
of the organic fraction, oxygenated compounds had the highest
emission, with ethanol as the dominant substance. The mean
concentration of ethanol from the samples taken during the tests
was 17.23 ppm. The odor concentration was also determined
with the dimensionless Co unit. Methyl sulfide, ethanol,
dimethyl disulfide and ethyl acetate were indicated as the main
odorants. For waste containing 60% of readily biodegradable
organic matter, the highest Co was determined for methyl
sulfide and it was 162.72, followed by ethanol (66.19), ethyl
acetate (9.19), and dimethyl disulfide (6.41). For 45% organic
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matter, the dominant substance in terms of Co was ethanol
(56.95), followed by methyl sulfide (18.00), ethyl acetate
(1.05), and dimethyl disulfide in 5th place with a Co value
of 0.92. In the case of 15% composition, dimethyl disulfide
(56.03) came first, followed by methyl sulfide (3.15), and
ethanol was on the 6th place (0.33). The results of the research

indicate that the main factor responsible for the emission of
volatile organic compounds (VOCs) was the percentage of
readily biodegradable waste, the higher the value, the higher
the VOC emission. The average VOC emission for 60%
composition was 50.72 ppm, while for 45% it was 37.66 ppm.
In one of the summarizing conclusions the authors indicate that

Separatelly collected biowaste treatment plants
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Fig. 10. The number of the major municipal waste treatment installations within the borders of individual voivodeships,
based on data of Marshal Offices, based on (Jedrczak et al. 2020)
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the content of organic matter is an important factor influencing
the emission of odor pollutants (Liu et al. 2020). Cheng et al.
2020 in their research analyzed samples taken from, among
others, waste bins located in residential areas. The authors
carried out analyzes aimed at identifying individual odorants
and the odor concentration (dimensionless). The identified
substances were divided into the following groups: NH,, sulfide
compounds, aromatics compounds, oxygenated compounds,
halogenated compounds, alkanes, among them the main
identified compounds emitted from containers include: methyl
mercaptan, NH,, dimethyl disulfide, acrolein, dimethyl sulfide,
methacrolein, benzene, toluene, ethylbenzene, and m, p-xylene.
The concentration of NH, ranged from 912.3 + 106.8 pg/m’,
the concentration of sulfide compounds was 15.6 + 9.2 ug/m’,
the concentration of halogenated compounds was
220.2+192.1 pg/m’, the concentration of alkanes was
5.9£1.7 pg/m*. The dimensionless odor concentration (in line
with Chinese emission standards) was below 20. Additionally,
an analysis of the environmental impact of odors emitted in
the vicinity of residential areas in comparison to transshipment
stations and a landfill was conducted. Odors around waste
containers had the lowest environmental impact. Tan et al.
2017 simulated early decomposition of organic matter in
a prepared sample of waste containing readily biodegradable,
biodegradable and non-biodegradable fractions. During the
research, 52 odor-generating substances were identified
and divided into 7 main groups: saturated hydrocarbons,
unsaturated hydrocarbons, aromatics, halogenated compounds,
oxygenated compounds, sulfur compounds and terpenes. The
results obtained by the authors indicate that in most cases the
highest concentration of emitted substances was obtained
for ethanol (the average percentage is approx. 80%, 379.85
+ 409.57 ppm), similarly to Liu et al. 2020. The second
substance was propylene (the average percentage is approx.
13%, 67.18 + 79.86 ppm), which belonged to the group of
unsaturated hydrocarbons. The data (Tan et al. 2017) also
show the variability of the emitted substances over time and
at different temperatures. The emission of odor-generating
substances was definitely lower at 5°C than in the case of the
emission tested at 30°C. For example, the share of ethanol in
the total identified odorous substances increased from approx.
22.30% to 70.01% with the temperature increase from 5°C to
30°C, while in the period from 6 h to 24 h, the percentage of
ethanol increased from 40.1% to 82.9%. In their research on
the simulation of odor pollution during transport, Xu. et al.
2020 used substances such as ethanol, dimethyl disulphide
and methylene chloride. Shi et al. 2020 observed a total of
40 volatile organic compounds emitted from waste containers
divided into 5 groups: terpenes, alkanes, sulfur compounds,
aromatic compounds and hydrocarbons, for various types
of collection in containers (mixed waste containers, kitchen
waste and other waste containers). Research carried out on an
annual scale for 4 seasons shows that it is mainly mixed waste
containers that have the highest VOC emissions, and that the
season in which the most VOCs are emitted from mixed waste
containers is summer.

Waste transfer stations
Another important issue from the perspective of the emission
of odorants and their mixtures in the form of odors are transfer

stations (Chang et al. 2019, Cheng et al. 2020, Curren et al.
2016, Zhao et al. 2015), serving as temporary storage places
for waste in cases where the destination of waste management,
e.g., a landfill or a mechanical-biological waste treatment
plant (MBT) is too far from the waste collection point, which
would make the costs of transport without reloading too high
(Mozambe et al. 2021, Zemanek et al. 2011). It should be
mentioned that transfer stations are an optional element of
waste management systems. While analyzing the emission of
odors from transfer station, Cheng et al. 2020 identified NH,,
acrolein, methyl mercaptan, methacrolein, dimethyl disulfide,
benzene, toluene, dimethyl sulfide, m, p-xylene and propanal
as the main odorous substances among the sulfide compounds,
aromatics compounds, oxygenated compounds, halogenated
compounds and alkanes groups. Analyzing the four selected
sources at the transfer station in terms of odor concentration
(dimensionless, according to Chinese emission standards),
i.e., the plant boundary (below 20), the waste discharge arca
(approx. 442), the waste compaction area (approx. 300) and
the leachate tank (approx. 120), he indicated the area of
waste discharge as one with the highest odor concentration
(approx. 442, dimensionless). The environmental impact
analysis showed that reloading stations were ranked between
the odors emitted from residential containers and landfills,
but the impact was much smaller than in the case of landfills.
In their research on odor emissions from the transfer station,
Chang et al. 2019 identified a total of 76 odorous compounds
divided into 6 groups: saturated hydrocarbons, unsaturated
hydrocarbons, aromatic hydrocarbons, sulfur compounds,
oxygenated compounds and halogenated hydrocarbons. The
authors indicated that the dominant substances were ethanol
with an average concentration of 7.14 mg/m?® (belonging to
the group of oxygenated compounds), dimethyl disulfide
(4.63 x 102 mg/m*) and methyl mercaptan (3.45 x 10 mg/m?)
(sulfur compounds). Zhao et al. 2015 identified 76 odor-
-generating compounds divided into 7 groups: sulfur
compounds, oxygenated compounds, aromatics, terpenes,
halogenated compounds, saturated hydrocarbons and
unsaturated hydrocarbons, emitted from a transfer station.
The results obtained by the authors indicated methane thiol,
hydrogen sulphide, ethanol, dimethyl disulphide, dimethyl
sulphide as the most odor-generating substances. Ethanol was
characterized by the highest concentration —15.6 + 9.2 pg/m?,
while methane thiol was the dominant substance due to the low
odor detection threshold of 0.00007 ppm. Curren et al. 2016
identified, inter alia: methyl mercaptan, hydrogen sulfide,
acetaldehyde, acetic acid, butyric acid and terpenes as the main
odor-generating substances in their research at the transfer
station.

Mechanical-biological waste treatment plants

One of the largest sources of odor emissions into the air
are mechanical-biological waste treatment plants (MBT).
As indicated in the available literature, the activity of MBT
plants is associated with the emission of odors and odorants
into the atmospheric air (Almarcha et al. 2012, Colén et al.
2017, Fei et al. 2018, Hou et al. 2013, Kulig and Szytak-
-Szydlowski 2016, Mustafa et al. 2017, Ragazzi et al. 2013,
Scagila et al. 2011, Schiavon et al. 2017, Wisniewska 2020a,
Wisniewska 2020b, Wisniewska and Szytak-Szydtowski 2021,
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Wisniewska et al. 2020a, Wisniewska et al. 2020b, Wisniewska
et al. 2019, Wisniewska et al. 2021). The activities of MBT
plants mainly include processes related to the management
of mixed municipal waste and are indicated as one of the key
elements of waste management (Ragazzi et al. 2013). Mixed
municipal waste is treated in MBT plants in two stages. The
first stage is mechanical preparation of waste for biological
processes, and the second stage is biological decomposition of
waste (Colon et al. 2017, Wisniewska and Szytak-Szydtowski
2021, Wisniewska et al. 2020a). The biological process can be
carried out in an aerobic manner (in the form of composting) or
using anaerobic conditions (fermentation) and then subjecting
the fermentation residues to aerobic stabilization (Fei et al.
2018, Wisniewska and Szylak-Szydtowski 2021, Wisniewska
et al. 2020b). The combination of mechanical and biological
processes minimizes the amount of landfilled waste and
recovers useful fractions from the waste stream that can be
reused, e.g., ferrous and non-ferrous metals. MBT processes
can generate products such as RDF fuel or biogas, which can
be used for energy purposes of a given plant (Fei et al. 2018,
Wisniewska et al. 2019).

Fang et al. (2013) conducted research on the emission
of odorous substances at the MBT plant, where the
technological process consisted of pre-mechanical treatment,
pre-biotreatment, post-mechanical treatment and post-
-biotreatment. He identified 75 gaseous substances emitted
during these processes, divided into 9 groups: nitrogen
compounds, sulfur compounds, carbonyls, alcohols, aromatics,
alkanes, alkenes, terpenes, and volatile fatty acids. The authors
indicated acetic acid, butyric acid, valeric acid, isovaleric acid,
and dimethyl sulfide as the most odor-generating substances.
In the case of pre-mechanical treatment, the concentrations of
gaseous substances ranged from 64 to 175 ppm depending on
the collection point, in the pre-biotreatment the concentrations
ranged from 132 to 317 ppm (the highest concentration
of 317 ppm was obtained on the 7th day during the aerobic
process). Post-mechanical treatment was characterized by
concentrations ranging from 91 to 119 ppm, depending on
the place of collection, in the case of post-biotreatment the
concentrations ranged from 128 to 185 ppm. The authors
indicated acetic acid, butyric acid, valeric acid, isovaleric acid,
and dimethyl sulfide as the most odor-generating substances.

Wisniewska et al. (2019, 2020) researched the emission of
odorants and odors from 6 MBT plants in Poland, which had
the installation for anaerobic decomposition (fermentation)
of the organic matter contained in mixed municipal waste
(Wisniewska 2020a, Wisniewska 2020b, Wisniewska and
Szytak-Szydtowski 2021, Wisniewska et al. 2020a, Wisniewska
et al. 2020b, Wisniewska et al. 2019, Wisniewska et al. 2021).
The conducted research concerned mainly the analyzes of
substances such as VOC (measured values of a dozen or so
ppm on average), ammonia (a dozen or so ppm on average),
hydrogen sulfide (not more than a few ppm), dimethyl sulfide,
methyl mercaptan (usually below one ppm) and analyzed the
concentration of odors using field olfactometry. Among the
sources that were taken into account at the MBT plants studied,
authors distinguished, inter alia, waste storage areas, part of the
mechanical waste treatment process, a place for preparation of
the load for fermentation, a place for digestate dewatering,
aerobic stabilization stage and biofilter surfaces.

Landfilling

As indicated in the second section of this paper, landfilling
in Poland is the most frequently applied municipal waste
management process. In 2020, 39.78% of all municipal
waste generated was landfilled. Such an amount of landfill
waste requires the maintenance of an appropriate number of
landfills. In Poland, despite the continuous drop in the number
of landfills (see Section 2 for details), in 2020 there were 271
active municipal landfills. The operation of municipal waste
landfills has negative impact on the environment through,
among others, the emission of pollutants into the air. The
available literature includes a number of studies on these
issues (Capelli and Sironi 2018, Cheng et al. 2020, Cheng et
al. 2019, Duan et al. 2021, Fang et al. 2012, Forastiere et al.
2011, Giusti 2009, Heyer et al. 2013, Jiang et al. 2021, Ko et
al. 2015, Le Bihan et al. 2020, Liu et al. 2019, Long et al. 2017,
Lou et al. 2015, Lucernoni et al. 2016, MeiSutovi¢-Akhtarieva
and Marciulaitiené 2017, Naddeo et al. 2018, Sonibare et
al. 2019, Tagliaferri et al. 2020, Wang et al. 2021, Yao et al.
2019, Zhang et al. 2021). The main cause of the emission of
odor-generating substances from landfills is municipal waste
deposited in a landfill, which undergoes three main processes:
biodegradation of the organic substance contained in the
deposited waste (biogenics), direct volatilization of compounds
(xenobiotics), and biological or chemical reactions between
waste contained in the deposit and reaction products (Duan et
al. 2021). The biological decomposition of waste in the deposit
begins under aerobic conditions and, after the consumption of
oxygen by microorganisms, it turns to anaerobic conditions.
During various types of reactions, landfill gas (LFG) is
emitted, consisting mainly of methane, carbon dioxide
and trace substances, which are mainly responsible for the
emission of odors to the air (Duan et al. 2021). As indicated
in the literature (Fang et al. 2012) a waste deposit in a landfill
is not the only source of odor emissions, other sources include
landfill leachate tanks or wells which degas a landfill deposit
and collect landfill gas from it.

Cheng et al. 2019 identified 6 main groups of substances
in the study of odorant emissions from a waste landfill and
composting plant: alkanes, oxygenated compounds, sulfide
compounds, aromatics, halogenated compounds, and NH,.
Among them, the main substances identified in the landfill
responsible for odor contamination were H,S (up to 129 ppb
on average), benzene (up to 291 ppb on average), NH, (up to
1132 ppb on average), ethyl acetate (up to 1292 ppb on average),
ethyl benzene (up to 143 ppb on average), ethyl disulfide (up to
216 ppb on average), p-ethyl toluene (up to 18 ppb on average),
n-hexane (up to 54 ppb on average), 1,2-dichlorobenzene (up
to 22 ppb on average), trichloroethylene (up to 0.4 ppb on
average). The odor nuisance of the tested landfill, compared
to the waste composting plant, was indicated to be much
lower. Yao et al. 2019 identified 63 substances emitted from
the waste treatment plant, which used 3 main technologies:
fermentation, eco-biological-mechanical treatment and
waste disposal. The substances were divided into 6 groups:
halogenated compounds, sulfuric compounds, alkanes,
alkenes, aromatic compounds, and oxygenated compounds.
The main odor-generating substances in the tested object
were methanethiol (15136-29087 pg/m?®), dimethyl sulfide
(36847-43307 pg/m?), dimethyl disulfide (2945-4561 nug/m?),
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carbon disulfide (23854928 pg/m?), styrene (ug/m?),
m-xylene, 4-ethyltoluene, ethylbenzene, 2-hexyl ketone
and n-hexane. Fang et al. 2012 identified a total of 35 odor-
-generating substances in 6 compound groups: aromatic
compounds, sulfur compounds, oxygenated compounds,
amines, atty acids and NH,. The highest concentrations among
the identified substances in the tested landfill were observed
for styrene (up to 555 ppb), toluene (up to 46 ppb), xylene
(up to 279 ppb for p-xylene and up to 125 ppb for m-xylene),
acetone (up to 139 ppb), methanol (up to 58 ppb), n-butanone
(up to 77 ppb), n-butylaldehyde (up to 241 ppb), acetic acid (up
to 2250 ppb), dimethyl sulfide (up to up to 78 ppb), dimethyl
disulfide (up to 121 ppb) and ammonia (up to 70 000 ppb).
Concentrations varied depending on the sampling site.

Thermal treatment of municipal waste
Waste incineration plants are another group of facilities that
may potentially emit odor-generating substances. Waste
incineration plants allow for the effective reduction of waste
mass as a result of thermal treatment of waste. Due to their mode
of operation, the primary sources of emissions of odorants and
their mixtures to the air may potentially be vehicles delivering
waste to the plant and the site of waste storage (usually in the
form of a storage bunker) (Guo et al. 2017, Oleniacz 2014).
In the case of waste incineration plants, the main emission
sources under consideration are emissions from the stack
after the waste incineration process. These emissions include,
among others, dust, SOx, HCI, NOx, Dioxins, Furans, NH,,
CO, VOC, and heavy metals (Cd, Hg, Pb) (Beylot et al. 2018,
Ciangialosi et al. 2008, Damgaard et al. 2010, Oleniacz 2014).
The waste delivered to the incineration plant is mainly waste
in an early stage of biodegradation, so the main emissions of
odor-producing substances may be similar to emissions from
collection, transport and transfer stations.

Guo et al. 2017 identified in their research a total of
75 volatile compounds emitted from waste incineration plants
with an average concentration of 33,129.25 pg/m?. The authors
measured sources such as a storage bunker (70 compounds,
53 305.83 pg/m?), waste unloading site (72 compounds,
72 053.89 pg/m?), and also measured the background value
in the incinerator (48 compounds, 1607.19 pg/m?). The waste
unloading site was characterized by the highest concentration
of substances. In the study, the authors compared the
concentrations from the waste incineration plant with those
from the transfer station and the landfill. The waste incineration
plant was characterized by the highest values. Hydrocarbons
and oxygenated compounds had the largest share in the
identified VOCs. The identified substances were divided into:
halogenated compounds, terpenes, hydrocarbons, oxygenated
compounds, aromatics, and sulfur compounds.

Main Findings and Conclusions

The analysis of the state of waste management in Poland indicated
that over two last decades much progress has been achieved in
implementing waste treatment and recovery operations which
allowed to reduce the share of municipal waste being landfilled
from 96.6% in 2004 up to 39.8% of all municipal waste in 2020.
On the other hand, the landfilling of waste remains one of the most
common methods of waste management, which, in combination

with the content of the Directive implemented into the Polish
law in the Act of Waste, does not meet the provisions of the waste
hierarchy. The waste hierarchy indicates that the disposal of
waste through landfilling is the least desirable way of managing
the generated municipal waste. Comparing the available data
on the state of waste management in Poland with the data at
the European level (Statistic Poland LDB 2021, Eurostat 2021)
Poland is one of the countries with the highest percentage of
waste designated for landfilling. Taking into account the current
growth of municipal waste quantities in Poland and the recent
increase of waste landfilling in the period 2017-2019, some
difficulties may be anticipated in meeting the goal set for the
Member States of the European Union in the Directive on the
landfilling of waste, which is to reduce the amount of municipal
waste landfilled to a maximum of 10% of generated waste in
2035. It is necessary for Poland to increase the share of separate
collection, enabling higher material recycling and, especially,
organic recycling of biowaste with the use of fermentation and
composting processes. Other waste management methods, such
as the treatment of mixed municipal waste at MBT plants and
incinerators and other thermal treatment plants, can effectively
reduce the amount of waste sent for landfilling. Recent growth
of municipal waste quantities and of the landfilling does
not necessarily mean that Poland will not be able to achieve
its goal. In many EU countries, such as Lithuania, Estonia,
Finland and Slovenia, the amount of waste sent to landfills
has been significantly reduced over the last 10 years (Eurostat
2021). Many of the European countries have achieved the
goal so far, such as Germany, Sweden, Belgium, Denmark,
the Netherlands, Austria, Luxembourg and Slovenia. The data
analyzed in Section 2 of this study indicate that it is necessary to
undertake a number of actions in Poland in order to improve the
condition of municipal waste management and to increase more
friendly and desirable methods of waste management. This was
addressed by the adopted in May 2021 amendment to National
Waste Management Plan 2022 encompassing the evaluation of
investment needs in waste management in Poland in connection
with the new EU financial perspective 20212027 (Resolution
No. 57 of the Council of Ministers of 6 May 2021 amending
the resolution on the National Waste Management Plan 2022
(M.P.2021.509). The abovementioned investments plan foresees
a need for expanding and retrofitting the existing plants and the
construction of new ones, including 200 new sorting plants for
separately collected recyclables and major developments of the
biowaste treatment capacity. For biowaste, it has been estimated
that in the short term (by 2028), the construction of installations
with a capacity of at least 1,700,000 Mg/year, including 34-50
anaerobic digestion plants with a capacity of 20,000-30,000
Mg/year and 47-70 composting plants with a capacity of
15,000-10,000 Mg/year will be needed. Moreover, an increase
of thermal treatment capacity by 2.5 mln. Mg/year is needed.

Municipal waste management is a multi-stage and complex
process characterized by a negative impact on the environment
through excessive emissions to water, soil, and air. In the case
of emissions to the air, one of the particular threats posed by
waste management processes is the emission of odorants and
their mixtures, which are mainly products of the aerobic or
anaerobic decomposition of biodegradable waste. Literature
review showed the presence of available literature in terms of
odor-generating substances from different waste management
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processes. Table 4 summarizes the identified groups of
substances for the 5 main sources of odor emissions to air, i.e.,
for the initial decomposition of organic matter associated with
collection, transport and transfer stations, for mechanical and
biological waste treatment processes, for landfilling and thermal
waste treatment processes. All groups are dominated by chemical
compounds related to self-running microbiological processes.
As a result of anaerobic processes, mainly sulfur and nitrogen
compounds are emitted: hydrogen sulfide, sulfides, ammonia
and amines (Di et al. 2013). In the case of oxygen processes,
oxygenated compounds (alcohols, esters and carboxylic acids)
(Defoer et al. 2002) have a significant share among the emitted
gases. In all groups there are also aromatic compounds (toluene,
styrene, xylenes), the presence of which is associated with the
processes of decomposition of petroleum materials (especially
polymers). These compounds, along with PAH, are also
produced in the case of thermal waste treatment processes.

As shown during the literature review, odorants and odors
are formed at the initial stages, such as collection and transport,

and at their final processing sites, for example, MBT plants.
Odor-generating substances could be divided into several groups:
sulfur compounds, nitrogen compounds, aromatics, halogenated
compounds, hydrocarbons, oxygenated compounds, alkanes,
and terpenes. Odorants are emitted in low concentrations
(usually up to a dozen or so ppm). However, due to the relatively
low thresholds of odor perception, these low concentrations
may cause a negative impact on the environment and cause
complaints from the residents. Therefore, taking into account the
growing trends in the mass of generated municipal waste, there
is a necessity in a reduction in the amount of waste directed to the
least desirable management methods with highest environmental
impact, i.e., disposal through, inter alia, landfilling. One of the
measures to reduce the mass of waste sent to landfills is to use
mechanical-biological waste treatment, with the use of aerobic
stabilization or anaerobic stabilization for mixed municipal
waste treatment. As stated above, there is a significant need in
Polish waste management system to increase the capacity for
recycling, composting and fermentation processes, and thermal

Table 2. Odorants groups and dominant odorants identified in various waste management processes

Process/Source
of odor
emissions to air

Identified groups of substances

Dominant substances

Literature source

Collection,
transport

sulfur compounds, sulfide
compounds, aromatics,
halogenated compounds,
hydrocarbons (unsaturated
and saturated), oxygenated
compounds, alkanes, terpenes

ammonia, ethanol, propylene, methyl
sulfide, dimethyl disulfide, methylene
chloride, methyl mercaptan, acrolein,
methacrolein, benzene, toluene,
ethylbenzene, m,p-xylene, ethyl acetate,
hydrogen sulfide

(Cheng et al. 2020, Liu et al.
2020, Shi et al. 2020, Tan et
al. 2017, Xu et al. 2020)

Transfer stations

sulfur compounds, aromatics
compounds, oxygendated
compounds, halogenated
compounds, (saturated and
unsaturated), alkanes, terpenes

Ammonia, ethanol, acrolein, methyl
mercaptan, methacrolein, dimethyl
disulfide, dimethyl sulphide, hydrogen
sulphide, methane thiol, benzene, toluene,
m,p-xylene, propanal, acetaldehyde,
acetic acid, butyric acid

(Chang et al. 2019, Cheng et
al. 2020, Curren et al. 2016,
Zhao et al. 2015)

Mechanical
biological
treatment of
waste (including
composting and

nitrogen compounds, sulfur
compounds, carbonyls, alcohols,
aromatics, alkanes, alkenes,
terpenes, and volatile fatty acids

ammonia, hydrogen sulfide, dimethyl
sulfide, methyl mercaptan, acetic acid,
butyric acid, valeric acid, isovaleric
acid, dimethyl sulfide, ethyl acetate,
benzene, ethyl benzene, n-hexane,

(Wisniewska 2019b,
Wisniewska and Szytak-
-Szydtowski 2021, Wisniewska
et al. 2021, Wisnieska et al.
2020a, Wisniewska et al.

sulfide compounds, aromatic
compounds, halogenated
compounds, alkenes, amines,
fatty acids

ehyl benzene, ethyl disulfide, p-ethyl
toluene, n-hexane, 1,2-dichlorobenzene,
trichloroethylene, methanethiol, dimethyl
sulfide, dimethyl disulfid, carbon disulfide,
styrene, m-xylene, 4-ethyltoluene,
ethylbenzene, 2-hexyl ketone, n-hexane,
toluene, xylene, acetone, methanol,
n-butanone, n-butaaldehyde, acetic acid,
ammoniathyl disulfide

fermentation) dimethyl disulfide, hexachlorobutadiene, 2020b, Wisniewska et al.
naphtalene, o-xylene, benzyl chloride 2019, Fang et al. 2013, Cheng
et al. 2019)
Landfilling alkanes, oxygenated compounds, | H,S, benzene, NH,, ethyl acetate, (Fang et al. 2012, Cheng et al.

2019, Yao et al. 2019)

Thermal waste
treatment

halogenated compounds,
terpenes, hydrocarbons,
oxygenated compounds,
aromatics, sulfur compounds (also
could be simillar as for collection,
transport and transfer stations)

Ethyl acetate, 2-butanone, iso-butane,
hydrogen sulfide, dimethyl disulfide,
methyl mercaptan (also could be simillar
as for collection, transport and transfer
stations), dust, SOx, HCI, NOx, dioxins,
furans, NH,, CO, VOC, heavy metals

(Beylot et al. 2018, Cangialosi
et al. 2008, Damgaard et

al. 2010, Guo et al. 2017,
Oleniacz 2014)
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treatment of waste. Despite the fact that reducing the amount
of waste being landfilled with increase of share of waste being
processed with more environmental friendly methods, odor
could be still potentially emitted from waste management due to
the presence of organic fractions. In accordance with the waste
hierarchy introduced in the European Union Waste Directive,
preventing excessive waste generation should be considered the
main and the most important activity in terms of odor emission.
Reducing the organic fraction in municipal waste, especially in
mixed municipal waste, can significantly reduce odor emissions
in waste management. Therefore, decreasing waste generation
should become a priority action in the EU countries, including
Poland.

This paper was co-financed within the “Excellent Science”
program of the Polish Ministry of Science and Higher Education.

Ministry of Science
and Higher Education

Republic of Poland
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