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Abstract: The problem of air quality and its impact on the environment and, above all, human health has been an issue in various circles for years. Awareness of the problems associated with waste management and the negative impacts of waste processing is a crucial element in managing this sector. An important element of such activities is the odour nuisance that is perceived (signalled by complaints) in municipal waste management. A brief review of the odour-causing substances most frequently emitted, during treatment, from municipal waste landfills was carried out. The impact of odours on human health is demonstrated, and methods for assessing and quantifying these emissions are discussed. Attention was drawn to the lack of normative-legal regulations on odour nuisance.
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1. Introduction
The term 'odours' is not unambiguous – in everyday language, it commonly refers to an unpleasant olfactory sensation, while in environmental engineering, it denotes an 'odour'. This approach is consistent with the Latin root word, where: õdõr, õdõs means smell; (a) odour*; incense; delicacy*; (b) unpleasant odour; stench; (c) vapour; fume; whiff; breath; weathering; conjecture; guess; hunch (Kumaniecki 1977).
Similarly, in English and French, the words odour and odeur mean odour (PN 2009). Recognition of the analogous meaning of the Polish word "odour" makes it possible to call "odorants" all volatile substances that have the ability to stimulate the nerve cells of the olfactory epithelium (odorant, French substance odorante), regardless of whether they produce pleasant or unpleasant sensations (Kosmider et al. 2002).
The perception of odour as negative and repeated generates a nuisance. The nuisance caused by 'odours' (a frequent cause of complaints from residents) is undeniably related to waste management activities, particularly those involving municipal waste.
The issue of odorants is topical and forward-looking (for this group of wastes) due to projected generation volumes (Fig. 1).
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Fig. 1. Projections of global municipal solid waste production in 2030, 2040, and 2050 if urgent action is not taken (Alves 2024, Lenkiewicz 2024)

By 2050, global municipal solid waste production is projected to increase (relative to 2020), reaching almost 3.8 billion metric tonnes. This scenario is expected if no urgent actions (procedures) are taken.
In parallel with such a vision, an increase in the odour nuisance associated with the management of such waste can be assumed. This is all the more so because, to date, Poland has no formalized legislative measures to introduce a law against odour nuisance (the so-called Odour Act); attempts have been made in this respect.
- The Act of 14 December 2012 on waste (Journal of Laws 2020, item 797) in Chapter 1, Section II specifies that waste management should be carried out in such a way that it does not cause nuisance through noise or odours (The Act 2012).
- The Regulation of the Minister of the Environment of 30 April 2013 on landfill sites (Journal of Laws 2013, item 523) states that: "landfills should be surrounded by a green belt (minimum width of 10 meters) to minimize the inconvenience associated with the operation of the landfill, including the emission of odours" (The Regulation 2013).
- The developed Code against Odour Nuisance (Polish Ministry 2016) discusses in detail, among other things, the issue of landfilling and the odour nuisance associated with it.

Regulation due to EU membership:
- Best Available Techniques Reference Document (BREF) (Pinnasseau et al. 2018),
- Best Available Techniques (BAT) conclusions for waste treatment (Commission Implementing, 2018).

These documents were implemented into the content of the Act of 27 April 2001. Environmental Protection Law (Journal of Laws 2001 No. 62, item 627) (The Act of 27 April 2001) and constitute mandatory standards for waste. Within the provisions included were solutions related to the prevention of odour emissions. The BAT conclusions provide detailed descriptions of techniques that can be used to reduce odour emissions.
Although a target of 60% recycling by 2030 has been set for the Member States of the European Union (according to the European Commission 2009), this is expected to influence the reuse of waste and thus reduce waste generation (according to the Waste Framework Directive) management forecast (Fig. 2), a large amount of municipal waste will remain untreated or end up in landfills.
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Fig. 2. Projected municipal solid waste management methods in 2030, 2040, and 2050 compared to 2020 (Storck 2024)

Based on such a scenario, it is not difficult to predict the health impacts associated with odour nuisance during the stage of inadequate waste management.
2. Sources of Odour Nuisance
In the case of municipal waste management, several phases are distinguished: collection, transport, processing, and disposal (Fig. 3). Disposal can be carried out through mechanical-biological treatment, composting, landfilling, and incineration. Each of these activities can be a source of odours, and the increase in the amount of waste generated necessitates an increase in the number of treatment and disposal facilities, which in turn can exacerbate excessive odour emissions.
[image: ]
Fig. 3. Simplified diagram of the waste management system (Jońca et al. 2022, Di Foggia et al. 2021, Jakubus 2021, Mohammadi et al. 2019, Pharino 2017)

Waste management is a multi-stage process, during which odours can be released at almost any stage. The primary source of emissions in this case is the organic waste fraction present in municipal waste (Boer et al. 2010, Chen 2018). They are a key source of odour emissions resulting from biological decomposition (Bruno et al. 2007, Sonibare et al. 2019).
Such processes produce a complex mixture of different chemical compounds. For example, 460 substances have been identified in the gases generated in a wastewater treatment plant, of which 100 are odours (Szymański et al. 2015).
When considering the percentage share of individual waste management systems (Fig. 4), it is evident that the landfill system and its various variants hold the advantage.
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Fig. 4. Trends in global municipal waste treatment and disposal (Kaza et al. 2018)

Given the high proportion (over 60%) of landfill techniques (controlled landfill, unspecified, open), it is appropriate to identify the sources of odours in this method of municipal waste management.
In the landfill, decomposition stages of organic compounds involving microorganisms with varying degrees of odour emissions occur in the waste mass:
· Aerobic phase I – negligible nuisance of substances released,
· Anaerobic phase II – unpleasant-smelling products are produced,
· Acetogenic phase III (acetogenesis) – foul-smelling products (the most troublesome compounds) are released,
· Methanogenic phase IV – the gas produced contains substances with an unpleasant odour.
Depending on the proportion of gaseous odour components, landfill gas oscillates from moderately sweet to sour, bitter, and pungent.
The chemical composition of some fragrance mixtures is given in Table 1.

Table 1. Type of most frequently emitted substances from the landfill, odour and olfactory sensing thresholds SPWW*
	Chemical Compound
	Smell
	Threshold [ppm]

	Hydrogen sulphide H₂S
	rotten eggs
	0.018

	Methanethiol CH₃SH
	pungent sulphur smell
	0.001

	Ethanethiol CH₃CH₂SH
	rotting vegetables
	0.0011

	Pentanethiol CH₃(CH₂)₄SH
	garlic
	0.000121

	Dimethyl sulphide CH₃SCH₃
	rotting vegetables
	0.0023

	Dimethyl disulphide CH₃SSCH₃
	rotting vegetables, disgusting
	7.787

	Diethyl sulphide C₂H₅SC₂H₅
	rotting vegetables
	0.004

	Butanoic (butyric) acid CH₃(CH₂)₂COOH
	rancid butter
	0.004

	Diethyl ether C₂H₅OC₂H₅
	irritating, sweet
	0.01

	Ethyl butyrate CH₃CH₂COOCH₂CH₃
	fruity
	0.015

	Butyl butyrate CH₃CH₂CH₂COO(CH₂)₃CH₃
	fruity, pineapple
	0.0048

	Propyl propionate CH₃CH₂COOCH₂CH₂CH₃
	fruity, apple
	-

	2-Butanol CH₃(CH₂)₃OH
	sweetly rancid
	0.1

	n-Propylbenzene C₆H₅CH₂CH₂CH₃
	aromatic
	-


*(Amoore et al. 1983, Devos et al. 1990, Zwoździak et al. 2016)

The list does not include all identifiable odorants (several other odorous substances are also cited), which are influenced by various factors: the composition of the waste, the age of the landfill, the phases of decomposition, the rate of gas production, and the nature of the microorganisms present in the waste. In general, odorants can be divided into several chemical groups: sulfur compounds, nitrogen compounds, hydrocarbons (both unsaturated and saturated), aromatic compounds, terpenes, halogenated compounds, volatile fatty acids, carbonyls, and alcohols.
Weather conditions, including wind speed and direction, temperature, air pressure, and humidity, determine the spread of odours beyond the landfill boundaries.
2.1. Health effects of odours
Odours affect the environment and can pose a risk to human health, as perceived according to the World Health Organisation (WHO) as: "Health is not merely the absence of disease, but a state of complete physical, mental and social well-being" (De Feo et al. 2013).
The adverse effects of odours resulting from human activities in waste management should also be understood in this context. Exposure to odours can affect psychological well-being, and prolonged exposure can lead to unpleasant reactions, including fear or anxiety, as well as physical symptoms such as eye irritation, headaches, nausea, and respiratory distress (Aatamila et al. 2011, National Research Council Committee on Odours, 1979).
Research (Ivanowa et al. 2020) has shown that odour-evoked responses are largely dependent on odour properties:
· Hedonic tone – a synonym for valence, which describes the extent to which we like or dislike certain stimuli,
· Intensity,
· The chemical structure of the odour and individual factors:
· Knowledge of a particular odour,
· Experience.

Factors such as the individual characteristics of the person being tested, attitudes and expectations, mood changes, stress, and conditioned associations all play a role in the response to odours.
For a detailed analysis, a model (Fig. 5) of the relationship between odor exposure, odor perception, and irritation, as well as the effects of irritation and confounding factors, was developed.
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Fig. 5. A model of the relationship between odour exposure, perception, and irritation, the effects of irritation and confounding factors were developed for thorough analysis (Goshin & Budarina 2022, VDI 3883 2015, Sucker et al. 2008)

Several epidemiological studies have been published on the impact of odours on populations living in areas where businesses that emit these odours are located.
The ISI Web of Science, Scopus, and Pubmed databases contain the results of studies conducted in Western Europe, as well as in the USA and Canada (Atari et al. 2012, Bayle et al. 2018, Bull & Fromant 2014, Heaney et al. 2011, Sucker et al. 2008, 2009, Rethage et al. 2007, 2008, Herr et al. 2009, Schiffman & Williams 2005).
Conclusions from various analyses taking into account frequency, odour intensity, as well as distance from the source and concentration, did not give conclusive results, but showed a reduction in quality of life in many cases. The peak of impact was particularly felt at night (Sakawi et al. 2011).
Improper landfill management also generates other environmental damage (Fig. 6).

[image: ]
Fig. 6. Impact of waste disposal site on the surrounding environment (Mor & Ravindra 2023)

It has been noted that the odour impact of a municipal landfill is not only due to the decomposition of the deposited waste, but is the result of the accumulation of other factors (fires, groundwater contamination), creating adverse air quality and health risks.
Fires in wild landfills are particularly dangerous, emitting carcinogenic substances, including polycyclic aromatic hydrocarbons (PAHs), i.e., derivatives of anthracene, pyrene, and naphthalene (Cygan 2023).
2.2. Quantification of odour
For the evaluation of odorant emissions, the European standard EN 13725:2003 (PN 2007). was developed in the member states of the European Union between 1991 and 2003.
The standard describes a method for the objective determination of the 'odour concentration' of contaminants in a gaseous sample. The method involves the use of dynamic olfactometry.
The team of assessors must meet explicitly defined olfactory sensitivity criteria.
The odour unit (ouₑ) is 1 ou₍ₑ₎‧m⁻³ ≡ 40 ppb/v n-butanol.
The odour concentration corresponding to the sensing threshold is defined as 1 ouₑ/m³ – it is expressed as a multiple of the sensing threshold.
Odour intensity refers only to the magnitude (strength) of the odour sensation.
It has been shown (Leister 2002), that odour intensity follows a power function of chemical concentration according to Steven's law:
I (perceived) = k(C)ⁿ	(1)
where:
I (perceived) – perceived intensity,
k – constant,
C – concentration,
n – power exponent (coefficient).

The above-mentioned law was confirmed (Amoore 1982) using a standard (n-butanol). The values of the power exponent (n) vary from 0.2 to 0.7 (Dravnikes 1972, Finger & Silver 1987). It was found, for example, that if n = 5, then the reduction in concentration is 75% (a reduction of 4 times), which will only result in a reduction in odour intensity by a factor of two.
The assessment of the character of the odour is carried out based on descriptive words or by confronting other odours. The verbal scale used in EU countries was adopted, based on the feelings of the assessors:
· no odour – 0,
· very faint odour – 1,
· faint odour – 2,
· clear smell – 3,
· strong smell – 4,
· very strong odour – 5,
· extremely strong smell – 6.

This scale was proposed based on the German standard VDI 3940 (VDI 3940, 2008).
In the case of landfill odour, the hedonic tone is usually unpleasant.
The relationship between perceived intensity and odour concentration is represented graphically as a logarithmic function – a regression line characterizes it, and its point of intersection with the axis level corresponds to the detection threshold.
3. Methods of Assessing Odour
Different methods are used to measure odour – based on mathematical analyses, instrumental measurements, sensory assessments (sensory measurements), or citizen surveys. Some methods are used to measure odours at the source of emissions, but also in the surrounding air – where residents are located and report these phenomena (citizen complaints about unpleasant sensations).
The emission measurement methods used are shown schematically in Fig. 7 (Bax et al. 2020).
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Fig. 7. Flow chart of unpleasant odor assessment methods (adapted from Bax et al. 2020)

The sensory method based on dynamic olfactometry is a standardized method (PN 2007) and can be used to verify compliance of odour concentration with regulatory limits. An instrument – olfactometer – is used for measurement. During the measurements, it is determined to what extent a sample of the tested gas should be diluted with clean air so that its odour is no longer perceptible by a group of people participating in the test.
Instrumental – chemical methods are not susceptible to human error and are among the reliable assessments.
Chemical analysis (with speciation) of odours involves the full identification of chemical compounds in an odour sample. The most common technique used for this is gas chromatography combined with mass spectrometry (GC-MS) – involves the full identification of the chemical compounds in an odour sample.
Chemical analysis of single gases (a rare case) involves the evaluation of the concentration of selected odorants, such as NH₃ and H₂S. At high concentrations (1-10 ppm), electrochemical sensors can be used for such substances. For concentrations in the ppb range, complex instruments are selected – for NH₃ determination, a chemiluminescence analyzer, and for H₂S, a gold flake analyzer (Wiśniewska et al. 2021).
Non-specific chemical analysis is usually applied for odour problems involving hydrocarbons.
The techniques used in this area include a flame ionisation detector (FID) or a photoionisation detector (PID) to assess the total amount of hydrocarbons. The total measured hydrocarbon concentration is difficult to correlate with the odour concentration.
An electronic nose is a device designed to mimic the mammalian sense of smell in detecting simple or complex odours. It consists of a sampling system, a gas sensor array that produces signals upon contact with volatile compounds, and a corresponding pattern classification system (Lu et al. 2021). The analytical signals received from the sensor arrays are processed in the following steps: data preprocessing, feature extraction, and dimension reduction, and pattern recognition algorithms.
Electronic noses provide rapid measurements, enabling continuous monitoring of the effectiveness of odour reduction systems (they are used in devices of this type) or direct determination of the effect of odour on receptors.
Mathematical methods, such as Odour Emission Factors (OEFs) and emission databases, are a simple way to predict odour emissions from a type of enterprise using one (or more) parameters (activity indicators) related to the odour emissions themselves. The activity indicator can be, for example, the area of the landfill or a unit of time (Lucernoni et al. 2016).
Some studies of the application of the OEF methodology estimate the odour emissions associated with landfill gas emitted from its surface. It has been recognized (Dincer et al. 2006, Sarkar et al. 2003, Saral et al. 2009) that landfill gas odour is the main source of nuisance odours from landfills.
In most cases, it is impossible to determine what the best method for measuring odours is – an individual approach is required. Each method has its limitations (advantages and disadvantages), and what is important is, besides the cost, the specific information that can be obtained using the method.
4. Summary
Odour nuisance related to landfilling and the transformations that take place at landfills is not an easy or straightforward issue to resolve. Firstly, there are still no clear legal regulations in this area. The issue is complicated by the variety of determination methods, which do not give unambiguous results and lead to misleading conclusions. The costs associated with testing are not insignificant.
Landfills are expected to play a crucial role in waste management in the long term, and this situation is not expected to change significantly in the future.
The variety of methods for analysing odour nuisance may make it easier to choose the most appropriate one for assessing the phenomenon of odorous emissions. Still, it seems unlikely to be the primary focus.
The efficiency of waste segregation and the proper management of landfills as engineering facilities can improve air quality in the surrounding area and thus reduce the number of complaints from residents living near such facilities.
It is reassuring that landfills are typically located away from residential areas, and thus the odour nuisance from such sources is limited.
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