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Marta Wiśniewska * , Andrzej Kulig and Krystyna Lelicińska-Serafin
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Abstract: Technological processes associated with municipal solid waste (MSW) processing are a
potential source of odorant emissions, i.e., substances that cause negative olfactory impressions.
When released into the atmosphere, these substances can cause odour nuisance complaints from
residents. Many scientists have noted the strong relationship between odorant emission sources and
odour concentrations and their significant impact on the living comfort of residents near these sources,
as well as their social and economic relations. This paper attempts to estimate the odour load of
selected elements of the technological sequence of a biogas plant processing municipal waste. Odour
load was characterised by four constituents: odorant emissions, odour emissions, the variability of
these emissions, and the emission levels per 1 Mg (1000 kg) of waste. The highest odour emissions
accompany the storage of mixed MSW, which is associated with a large amount of waste. Limiting
the storage time of waste should be an indispensable part of the technological regime. The dominant
odorant associated with mixed MSW storage is NH3 emissions. The greatest variability of odorant
and odour emissions concerns gases captured from selectively collected waste plastics and metals,
due to the varied forms of selective waste collection in the service area, and their unstable efficiency.
High variability of NH3 and odour emissions also accompanies digestate dewatering.

Keywords: anaerobic digestion; biogas plant; odorant emission; odour emission; odour load

1. Introduction

Issues related to sustainable waste management are significant in terms of environ-
mental responsibility [1–3]. These issues can be divided into economic, environmental, and
social aspects. As far as the economic aspects are concerned, the primary considerations
are the profits and losses. Environmental aspects are analysed in terms of the amount
of pollution emitted or released into the environment, while social aspects are mainly
concerned with the health and wellbeing of the inhabitants [4]. One of the directions
of management and simultaneous utilisation of municipal solid waste (MSW) is biolog-
ical treatment under anaerobic digestion (AD) conditions, combined with capture and
cogeneration of biogas produced during the digestion process [5,6]. Sourcing energy from
non-conventional sources is vital given the growing demand for energy and the need to
reduce fossil fuel consumption and greenhouse gas (GHG) emissions [7–9].

Technological processes associated with MSW processing are potential sources of
odorant emissions, i.e., substances that cause negative olfactory impressions [10–12]. When
released into the atmosphere, these substances can cause odour nuisance complaints
from residents [13,14]. According to Turin and Yoshii [15], odorants are characterised by
properties such as volatility, hydrophobicity, and a molecular weight of less than about
300 g/mol. The odour impact of waste treatment plants is mainly influenced by such factors
as the technology used, type of waste, technological regime, the occurrence of failure of
technological lines or their elements, temperature, and relative humidity of the air, as well
as compliance of plant employees with the technological regime [16–18].
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A literature review indicates that researchers are very interested in the topic of odour
emissions. In their study, Schauberger et al. [19] used the reverse dispersion technique to
determine the odour emission rate from pollution sources. On the other hand, Giungato
et al. [20] studied the odour emitted from waste treatment plants using an electronic
nose, gas chromatography–mass spectrometry, and dynamic olfactometry. In their work,
Henault-Ethier et al. [21] proposed a dynamic system model considering odour emission
rates and social, economic, and environmental aspects. Toledo et al. [22] presented a
novel approach for determining odour concentrations for different sources using dynamic
olfactometry to develop odour management, identifying critical odour points in an urban
agglomeration. This assessment can identify the most odorous areas and develop effective
strategies to minimise malodorous emissions in the urban environment. Many scientists
note the strong correlation between odorant emission sources and odour concentrations
and their significant impact on the quality of life of residents living in areas near these
sources, as well as their social and economic relations [23–31].

Several papers can be found in the literature on odour load [32–37]. The odour load
presented therein is understood in various ways, including characterisation of the dis-
persion of odour substances described by simulation models [32]; odour emission and
immission characterised by field inspections, olfactometric tests, and diffusion calcula-
tions [33]; odour concentration [34]; the combination of field inspections, olfactometric
measurements, and dispersion calculations [35]; correlation of odour index and odour stim-
ulation level, allowing the development of an odour load map of the analysed area [36]; or
the impact of odorants on odour concentration (through multiple regression analysis) [38].
The common denominator of these works is the understanding of odour load as an essential
issue in planning new housing development near industrial plants, aiding in the reduction
in the risk of odour nuisance among residents in the future.

This study attempts to estimate the odour load on selected elements of the tech-
nological line of a biogas plant processing municipal waste (MWBP). Odour load was
characterised by four constituents: odorant emissions, odour emissions, these emissions’
variability, and emission levels per 1 Mg (1000 kg) of waste. The emission level per 1 Mg of
waste was determined based on the emission values obtained from individual emitters at
the biogas plant under study and the quantities of waste treated at individual stages of the
process line.

2. Materials and Methods
2.1. Object Characteristics

The research was carried out at an MWBP located in the southern part of Poland. The
facility is an installation of mechanical and biological processing run by the Ministry of
the Interior. In the biological part, anaerobic treatment is applied to biodegradable waste
mechanically separated from the mixed waste stream (undersize fraction < 80 mm). Raw
waste delivered to the plant is stored in a dedicated hall that, apart from mixed waste, also
houses waste collected selectively (dry fraction). In the storage hall, a unit operation is also
carried out in the form of tearing bags and transporting waste to the mechanical processing
hall equipped with a system of separators, conveyors, and screens. Two elements of the
process line were analysed in the tested facility: the waste unloading and storage hall,
and the digestate-dewatering hall, equipped with ventilation systems, with the launchers
located on the plant’s roof. Figure 1 shows a simplified diagram of the waste unloading
and storage hall.

As a result of unit operations in the mechanical processing hall, the biodegradable
fraction is separated from the mixed waste stream and directed to two independent storage
tanks, before the fermentation process is carried out in two parallel fermentation chambers.
The input material is subjected to anaerobic stabilisation in fermentation chambers for
21 days, followed by two-stage dewatering using a press and a centrifuge in the digestate
dewatering hall. Press and centrifuge effluents are directed to separate tanks, and the “dry”
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digestate is subjected to aerobic stabilisation. Figure 2 shows a simplified diagram of the
digestate dewatering hall.

Figure 1. Scheme of the hall for waste unloading and storage at the MWBP.

Figure 2. Scheme of the digestate dewatering hall at the MWBP (1—press effluent tank, 2—centrifuge
effluent tank).

2.2. Waste Streams

The service area of the analysed biogas plant is primarily the city of Kielce and rural
areas in the Świętokrzyskie Voivodeship. The research was conducted in the biogas plant
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facilities, where mixed municipal waste, as well as plastics and metals (dry fractions), are
stored and processed.

The amounts of mixed MSW, selectively collected MSW (metals and plastics), and
undersize fraction < 80 mm (fraction directed to each fermentation chamber) are kept at a
constant level of 200 Mg, 30 Mg and 12 Mg, respectively.

The share of individual fractions of waste collected and selectively delivered to the
analysed treatment plant (based on the monthly balances prepared there) is shown in
Table 1—the codes (a six-digit number) describe the different types of waste and their
source, in line with the European waste classification (Commission notice on technical
guidance on the classification of waste [39]).

Table 1. The share of individual fractions of waste collected and selectively delivered to the analysed
treatment plant (based on data from the plant).

Months in Which the Research
Was Conducted

The Share of Individual Fractions of Waste Collected Selectively (%)

Plastic Packaging
15 01 02

Composite Packaging
15 01 05

Mixed Packaging
15 01 06

Plastics
20 01 39

July 2019 24.0 - 75.6 0.4
August 2019 20.3 - 79.2 0.5

September 2019 0.3 - 99.4 0.3
October 2019 1.5 - 97.8 0.7

November 2019 1.0 - 98.7 0.3
December 2019 1.8 - 98.1 0.1

January 2020 1.2 - 98.5 0.3
February 2020 0.4 - 99.3 0.3

May 2020 1.3 - 98.7 0.0
June 2020 0.5 0.4 99.1 0.0

December 2020 0.2 0.8 99.0 0.0

“-”—Not collected selectively.

Mixed municipal waste delivered to the analysed plant is not tested there. Its morpho-
logical composition can be determined based on the Voivodship Waste Management Plan
for the Świętokrzyskie Voivodship [40], which is presented in Table 2.

Table 2. The morphology of MSW generated in Świętokrzyskie Voivodship [40].

Morphological Composition of
Mixed MSW

The Share (%)

2019 2020

In Total Town Village In Total Town Village

Paper and cardboard 8.0 10.4 5.4 8.0 10.4 5.4
Glass 10.0 10.1 9.9 10.0 10.1 9.9

Metals 1.8 1.4 2.2 1.7 1.4 2.1
Plastics 11.2 11.5 10.7 11.2 11.6 10.8

Multi-material waste 4.2 4.1 4.3 4.2 4.2 4.3
Food and garden waste 32.7 34.3 30.9 32.5 34.2 30.7

Mineral waste 4.5 3.0 6.2 5.2 2.9 7.7
Fractions < 10 mm 12.1 7.2 17.7 11.1 6.4 16.4

Textiles 3.3 4.2 2.2 3.2 4.2 2.1
Wood 0.5 0.3 0.7 0.5 0.3 0.7

Hazardous waste 0.8 0.7 0.9 0.9 0.7 1.0
Bulky waste 2.0 2.6 1.3 2.0 2.6 1.3
Green waste 4.1 5.3 2.6 4.1 5.3 2.6

Others 4.9 4.8 5.1 5.4 5.7 5.1

2.3. Measurement Points

Five measuring points were selected at the analysed plant, located on exhaust venti-
lation systems, with ventilator exhaust launchers mounted on the plant’s roof. Three of
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these remove air from the unloading and storage hall for waste delivered to the plant, and
two remove air from the digestate dewatering hall. Table 3 shows the characteristics of
individual ventilator-measuring points.

Table 3. Measurement points characteristics.

No. Marking Description Ventilator Flow Rate (m3/h)

1 V1 Roof ventilator from waste storage hall; process gases captured
from overmixed MSW 6264

2 V2 Roof ventilator from waste storage hall; process gases captured
from the overhead conveyor transporting MSW to the sorting hall 6264

3 V3 Roof ventilator from waste storage hall; process gases captured
from over selectively collected dry fraction of MSW 2988

4 V4 Roof ventilator from the digestate dewatering hall 6264

5 V5 Roof ventilator from the digestate dewatering hall 6264

The tests were carried out in 15 measurement series in 2019–2020. Table 4 presents the
research schedule and average temperatures and relative humidity in the halls, from which
the process gases are directed to roof ventilators (V1–V5). These microclimatic parameters
were measured at a height of 1.5 m by means of a Kestrel 4500 NV Weather Meter.

Table 4. Schedule of measurement tests.

Measurement Series Date Temperature (◦C) Relative Humidity (%)

1. 11.07.2019 24.9 63.1
2. 25.07.2019 27.8 62.2
3. 08.08.2019 25.5 59.2
4. 22.08.2019 25.2 62.2
5. 05.09.2019 24.5 67.5
6. 03.10.2019 22.5 65.6
7. 17.10.2019 23.9 67.8
8. 07.11.2019 24.6 58.8
9. 21.11.2019 24.9 77.6
10. 30.12.2019 22.5 80.7
11. 30.01.2020 24.7 65.3
12. 12.02.2020 24.9 68.6
13. 27.05.2020 24.8 63.1
14. 17.06.2020 29.6 64.8
15. 17.12.2020 24.5 84.0

2.4. Determination Methodology
2.4.1. Chemical Determinations

Tests of pollutant concentration include chemical and olfactometric determinations. A
portable MultiRAE Pro multi-gas detector (RAE Systems, Inc., San Jose, CA, USA) was used
to conduct chemical determinations of ammonia (NH3), hydrogen sulphide (H2S), and
methanethiol (CH3SH). The determinations were performed in five replications. Detailed
characteristics of the sensors are presented in Table 5.
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Table 5. Characteristics of the MultiRAE Pro gas detector sensors.

Substance Summary
Formula Sensor Type Range (ppm) Resolution Ionization Energy

(IE) (eV)
Response
Time (s)

Calibration
Gas

Volatile
organic

compounds
- Photoionisation

(PID) 0–1000 0.01 10.6 15
C4H8

(10.02 ppm;
100 ppm)

Ammonia NH3
Electrochemical

(EC) 0–100 1.0 - 60 NH3
(46.44 ppm)

Hydrogen
sulphide H2S Electrochemical

(EC) 0–100 0.1 - 35 H2S
(25.8 ppm)

Methanethiol CH3SH Electrochemical
(EC) 0–10 0.1 - < 35 CH3SH

(5 ppm)

- Not applicable.

2.4.2. Olfactometric Determinations

Olfactometric determinations were made using a Nasal Ranger® field olfactometer
(St. Croix Sensory Inc. of Lake Elmo, Minnesota), which is equipped with a sort of gas
mask with two activated carbon filters, in which a known portion of the inhaled air can
bypass the filters, and there is a control valve that allows the selection of one of six dilution
multiples of the clean air stream with contaminated air (dilution to the threshold (D/T)).
The olfactometer has two interchangeable control valves with the following D/T values:

(1) 2, 4, 7, 15, 30, 60 (accuracy and reproducibility of ±10%);
(2) 60, 100, 200, 300, 400, 500 (accuracy and reproducibility of ±5%).

In addition to the indicated dilution times, each valve is equipped with a blank position
(during its use, the entire inhaled air stream is cleaned by the activated carbon filter). The
device is also equipped with a sensor of the flow velocity of inhaled air, with an indicator
informing that the recommended level of 16–20 dm3/min has been reached. The assessor
gradually increases the proportion of the stream bypassing the filters until the odour is
perceptible (according to EN 13725: 2003 [38], it is the dilution of ZYES). After calculation,
the determined D/T values correspond to the ZITE value defined in [38] (individual estimate
of the dilution ratio up to the detection threshold):

ZITE = (ZYES·ZNO)
0.5 (1)

The value of the odour concentration cod (ou/m3) is the geometric mean of the set
of individual estimates (ZITE; ITE (individual threshold estimation)). At each measuring
point, olfactometric measurements were performed in duplicate.

2.4.3. Emission Calculations

Based on the results obtained during chemical and olfactometric tests and data on
air flows from individual exhaust ventilators, the emission levels in each measurement
series were calculated according to the following Formulas (2)–(7). The gas volume at
a temperature of 25 ◦C was used for the calculation, which is the average value of all
measurement series. Considering the range of air temperatures at which the measurements
were carried out (22.5–29.6 ◦C), the differences in the results were minor, and were in the
range of 1–5%.

The emission levels per 1 Mg of waste were determined by dividing the average
emissions of individual chemical compounds or odours by hourly streams of waste fractions
(this is also the amount of waste that is constantly present in the treatment plant).

(1) Ammonia emissions:

ENH3 =
CNH3 ·MNH3 ·VR

24.45·1000
(2)

where:
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CNH3 —ammonia concentration (ppm)
MNH3 —molecular weight of ammonia in g/mol (MNH3 ≈ 17.03 g/mol)
24.45—the volume (in dm3) of a mole (gram molecular weight) of a gas at 1 atmospheric
pressure and 25 ◦C
VR—ventilation rate (m3/h)
ENH3—ammonia emissions (g/h)
1000—conversion from mg to g

(2) Hydrogen sulphide emissions:

EH2S =
CH2S·MH2S·VR

24.45·1000
(3)

where:

CH2S—hydrogen sulphide concentration (ppm)
MH2S—molecular weight of hydrogen sulphide (g/mol) (MH2S ≈ 34.08 g/mol)
24.45—the volume (in dm3) of a mole (gram molecular weight) of a gas at 1 atmospheric
pressure and 25 ◦C
VR—ventilation rate (m3/h)
EH2S—hydrogen sulphide emissions (g/h)
1000—conversion from mg to g

(3) Methanethiol emissions:

ECH3SH =
CCH3SH·MCH3SH·VR

24.45·1000
(4)

where:

CCH3SH—methanethiol concentration (ppm)
MCH3SH—molecular weight of methanethiol (g/mol) (MCH3SH ≈ 48.11 g/mol)
24.45—the volume (in dm3) of a mole (gram molecular weight) of a gas at 1 atmospheric
pressure and 25 ◦C
VR—ventilation rate (m3/h)
ECH3SH—methanethiol emissions (g/h)
1000—conversion from mg to g

(4) Volatile organic compound emissions:

According to Jia et al. [41], the concentration of VOCs determined with the PID detector
is converted from the concentration resulting from the chromatographic determination. As
the calibration PID is 10 ppm of isobutylene, the concentration readings are also based on
isobutylene. Coy et al. [42] used two gas sampling methods in their research: standard tubes
with a carbon sorbent, analysed via gas chromatography (GC-FID), and a direct reading
photoionization detector. Linear regression analysis between the log concentrations for the
two sampling methods showed a high correlation at r = 0.95, so:

0.95lnCVOCs GC = lnCVOCs PID − 0.04 (5)

where:

CVOCs PID—the isobutylene-based VOC concentration measured by PID (ppb)
CVOCs GC—the VOC concentration determined by GC (ppb)
CGC in µg/m3 can be converted to CGC in ppb using the ideal gas law. Assuming CGC is a
toluene-equivalent VOC concentration, VOC emission can be presented as:

EVOCs =
MC7 H8 ·e

lnCVOCs PID−0.05
0.95 ·VR

24.45·1,000,000
(6)

where:
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CVOCs PID—the VOC concentration measured by PID (ppb)
MC7 H8—molecular weight of toluene (g/mol) (MH2S ≈ 92.14 g/mol)
24.45—the volume (in dm3) of a mole (gram molecular weight) of a gas at 1 atmospheric
pressure and 25 ◦C
VR—ventilation rate (m3/h)
EVOCs—volatile organic compound emissions (g/h)
1,000,000 —conversion from µg to g

(5) Odour emissions:

Ecod = cod·VR (7)

where:

VR—ventilation rate (m3/h)
Ecod—odour emission (ou/h)
cod—odour concentration (ou/m3)

2.4.4. Statistical Analysis

The statistical analysis was conducted using Statistica 13 software. These analyses
included the mean, median, non-outlier range, outlier values, extremes, lower and upper
quartiles, standard deviation (SD), and relative standard deviation (RSD). RSD is the
coefficient of variation, which is defined as the ratio of the standard deviation to the mean;
the greater the value of the coefficient, the stronger the differentiation. The statistics,
including measures of both location and dispersion, are presented in graphical and tabular
form.

3. Results and Discussion

Figures 3–8 present the emission levels in 15 measurement series at individual points
with the abovementioned statistics.

At the first measuring point (Figure 3), the highest emissions were related to NH3 and
VOCs. The SD of the mean values of individual emissions is on a similar level.

At the second measuring point (Figure 4), as with the first one, the emissions of VOCs
and NH3 dominated. The average H2S and CH3SH emissions were 4.33 g/h and 8.94 g/h,
respectively and these results were characterised by the highest SD.

At the third measurement point (Figure 5), as with the two previous ones, the emissions
of VOCs and NH3 were dominant. The average H2S and CH3SH emissions were 1.04 g/h
and 2.18 g/h, respectively, and these results were characterised by the highest SD.

At the fourth measuring point (Figure 6), only NH3 and VOC emissions were recorded.
The SD of the mean value was greater in the case of NH3 emissions.

At the fifth measuring point (Figure 7), as with the fourth one, only NH3 and VOC
emissions were recorded. The SD of the mean values for both of these emission results was
similar.

The highest odour emissions are related to the first measuring point (storage of mixed
MSW). At the same time, these emissions are characterised by the lowest variability. The
results of odour emissions at the third and fourth measuring points show the highest SD.

Table 6 shows the odour load characteristics at individual measuring points, indicating
for which odorants the average emissions are the highest and the lowest, and for which
odorants the variability of emissions is the highest. The lowest and highest odorant
emission values were indicated among the average values from 15 measurement series at
each given measurement point (shown in Figures 3–7).
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Figure 3. Odorant emission levels with median (a) and average (b) values at the first point (above
the mixed waste) in every measurement series.
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Figure 4. Odorant emission levels with median (a) and average (b) values at the second point (above
the overhead conveyor transporting MSW) in every measurement series.
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Figure 5. Odorant emission levels with median (a) and average (b) values at the third point in every
measurement series.
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Figure 6. Odorant emission levels with median (a) and average (b) values at the fourth point (from
the digestate dewatering hall) in every measurement series.
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Figure 7. Odorant emission levels with median (a) and average (b) values at the fifth point in every
measurement series.
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Figure 8. Odour emission levels with median (a) and average (b) values at all measurement points
and in every measurement series.
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Table 6. Odour load characteristics from individual measuring points.

Measurement Point 1 2 3 4 5

The highest odorant
emissions NH3 VOCs VOCs VOCs VOCs

The lowest odorant
emissions H2S H2S H2S

H2S and
CH3SH—below
detection level

H2S and
CH3SH—below
detection level

Range of RSD for all
individual odorants 52–73% 84–226% 104–279% 76–182% 71–87%

RSD of odour emissions 6% 99% 128% 189% 100%

The dominant odorant accompanying mixed MSW storage was NH3 emissions. VOC
emissions dominated at the remaining measuring points. Among all analysed odorants,
the lowest emissions from all measurement points were emissions of H2S. There were no
H2S and CH3SH emissions from the digestate dewatering hall.

Comparing odorant emissions from all measuring points, the highest value of VOC
emissions was associated with the storage of mixed municipal waste. These emissions
were lower by 58–67% at the remaining measurement points. On the other hand, the
most significant variability of VOC emissions (RSD 104%) concerned gases taken from
selectively collected waste, constituting the dry fraction of municipal waste. The cause
of this variability was most likely related to the different “purity” of separately collected
packaging waste and the changing separate collection systems of these fractions in the
service area. This is confirmed by the data from the analysed treatment plant, presenting
the composition of plastic waste and metals delivered to the installation (Table 1). The share
of plastic packaging in the selectively collected fractions of plastics and metals transferred
to the analysed plant in the months when the research was conducted shows a very wide
range of 0.2–24%, and the share of mixed packaging is at the level of 75.6–99.4%. Selective
collection of composite packaging began in the service area only in June 2020. At the biogas
plant analysed in [16], VOC emissions from the waste storage hall were reported at a similar
level, in the range of 150–415 g/h (average 298 g/h, RSD 245%). At other biogas plants
processing mixed MSW, the VOC emission values from above mixed MSW in the unloading
and storage hall were set at a slightly lower level; they were 25–106 g/h (average 54 g/h,
RSD 44%) in the case of one biogas plant, and 11–264 g/h (average 102 g/h, RSD 81%) in
the case of the second tested biogas installation [17].

The highest value of NH3 emissions was also associated with mixed MSW storage.
These emissions were lower by 81–90% at the remaining measurement points. The most
significant variability of NH3 emissions applied to gases collected from the digestate dewa-
tering hall (RSD 182%), but only in the case of V4, which was related to the failure of one of
the technological fermentation lines. Periodic failures largely influenced the variability of
the composition of the captured process gases. A properly working fermentation line (V5)
did not cause significant differences. Comparing NH3 emissions from mixed municipal
waste in the unloading and storage halls at two biogas plants tested in [17], one of them
reported emissions at a similar level—0–415 g/h (average 134 g/h, RSD 105%)—while in
the second they were in a much lower range of 0.023–65 g/h (mean 22 g/h, RSD 86%) [17].
The authors of [18] present the scope of NH3 emissions from the municipal waste storage
hall of a biogas plant at the level of 230–440 g/h.

The highest value of H2S emissions was associated with the storage of mixed municipal
waste. These emissions were lower by 81% to over 99% at the remaining measurement
points. The most significant variability of H2S emissions applied to gases collected from the
waste collected separately, constituting the dry fraction of municipal waste (RSD 267%), for
the same reasons as indicated earlier. No H2S was found in the digestate dewatering hall.

The highest value of CH3SH emissions was also associated with mixed municipal
waste storage. These emissions were lower by 97% to over 99% at the other measurement
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points. No CH3SH was found in the digestate dewatering hall. The tremendous variability
of CH3SH emissions (RSD 279%) relates to gases collected from separately collected waste,
constituting the dry fraction of municipal waste. No CH3SH was found in the digestate
dewatering hall.

The highest odour emissions were also associated with the storage of mixed MSW
(17 times higher than the odour emissions from selectively collected waste storage, and
about 20 times higher than the odour emissions from the digestate dewatering). These
highest odour emissions (for mixed MSW) were accompanied by the lowest variability.
This is due to a slight variation in the composition of mixed municipal waste generated
in the Świętokrzyskie Voivodeship (presented in Table 2), which is the service area for the
analysed biogas plant, and receives municipal waste mainly from the city of Kielce, which
is the capital of the voivodeship.

On the other hand, the greatest variability in odour emissions concerned gases from
the digestate dewatering plant (RSD 100–189%) and storage places for packaging waste
collected selectively (RSD 128%) which, like the variability of odorant emissions, was related
to the diversity of these fractions (Table 1). The odorant emissions from various stages
of the technological line of the MWBP were also examined in [16–18], which concerned
the unloading and storage of waste and the mechanical treatment and purification of
process gases, and found emission values in the following ranges: for VOCs—25–264 g/h,
12–253 g/h, and 0–153 g/h, respectively; for NH3—0.023–65 g/h, 0.023–271 g/h, and
0–335 g/h, respectively.

An attempt was made to estimate the unit value of odorant emissions per 1 Mg
of processed waste. The waste streams, as reported in Section 2.2, were instantaneous
streams (streams that are continuously present in the treatment plant) assumed for the
calculations. The unit value of NH3 emissions per 1 Mg of MSW was estimated in the range
of 1.3–1.6 g/Mg, while for digestate it was determined to be 2.3 g/Mg. The specific VOC
emissions per 1 Mg of MSW and 1 Mg of digestate were estimated to be 1.1–3.2 g/Mg and
6.8 g/Mg, respectively. The unit value of odour emission per 1 Mg of mixed MSW was
estimated at the level of about 20,000 ou/Mg, while per 1 Mg of dry fraction it was about
8000 ou/Mg. Such differentiation results from a much smaller share of biodegradable
fractions in the packages as compared to mixed MSW. The unit value of odour emission per
1 Mg of digestate was determined to be at the level of about 16,500 ou/Mg for V5 (working
properly), while it was twice as high for V4 (characterised by failure rate). However, these
results are highly dependent on accurately determining the amount of waste present at
each stage of the process line.

In [17], the authors focused on the analysis of temperature and relative humidity for
odorant concentrations and emissions. The studies were carried out at two municipal waste
biogas plants in Poland. The analysis results show a statistically significant relationship
between the investigated parameters for the selected elements of the technology series and
for the roof exhaust ventilators, which absorb the process gases from the individual halls. A
significant correlation between air temperature and VOC concentration/emissions was ob-
served (positive correlation—with increasing temperature the VOC concentration/emission
increased). Furthermore, a significant impact of relative humidity on ammonia concen-
tration and emissions was demonstrated (negative correlation—with increasing relative
humidity, ammonia concentration/emissions decreased). These relationships point to
additional difficulties in the odour load characterisation.

4. Research Limitations and Future Research Work

The main limitation of this analysis was that it was not possible to estimate precise
quantities of particular types of waste, which are related to the varied volumetric weight
of fractions and to the specifics of plant operation (waste delivery, diversion to treatment,
etc.). Moreover, other experiences in this field show that possible microclimatic conditions
impact on odour and odorant emissions. Another limitation was the threshold and the
range of detection of compounds analysed by the detector, along with the range of deter-
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mination of odour concentration by the olfactometer. Further research should focus on
increasing their frequency for multiple regression analysis, building on the experience of
other researchers [33–38]. The relatively small dataset obtained in this pilot study makes it
impossible to conduct a reliable statistical analysis at this stage.

5. Conclusions

The odour load of various technological line elements at the MWBP is characterised
by four constituents: (1) odorant emissions, (2) odour emissions, (3) the variability of these
emissions, and (4) emission levels per 1 Mg of waste. This study identified the odour load
of the waste storage hall (for mixed MSW and waste plastics and metals) and digestate
dewatering hall.

1. The dominant odorant associated with mixed MSW storage was NH3 emissions. VOC
emissions dominated at the remaining measurement points. The highest emission
values of all studied odorants accompanied the storage of mixed MSW. At the remain-
ing measurement points, the emissions were lower by 58–67% (for VOCs), 81–90%
(for NH3), 81–99% (for H2S), and 97–99% (for CH3SH). The VOC and NH3 emissions
accompanying the storage of MSW at various biogas plants were 11–415 g/h (with
average values in the range of 54–228 g/h) and 0–440 g/h (with average values in the
range of 22–251 g/h), respectively [16,17];

2. The highest odour emissions also accompanied the storage of mixed MSW, which was
associated with a large amount of this waste in the treatment plant. The quantities of
each waste fraction stored and treated in the plant are therefore essential, and limiting
the storage time of waste should be an indispensable part of the technological regime;

3. The greatest variability of VOC, H2S, CH3SH, and odour emissions concerned gases
captured from selectively collected waste plastics and metals, due to the varied forms
of selective waste collection in the service area, and their unstable efficiency. Effective
separate collection in the future will contribute not only to increasing recycling of this
waste, but also to reducing odour and odorant emissions from storage areas. High
variability of NH3 and odour emissions also accompanies digestate dewatering;

4. Difficulties in determining the unit emission value of odorants per 1 Mg of waste
result from the problems in estimating the quantities of particular types of waste
present at particular stages of the process line due to uneven delivery, lack of precise
waste records, downtime in the plant operation, and varied bulk density of particular
fractions.
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cod Odour concentration
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ITE Individual threshold estimation
MSW Municipal solid waste
MWBP Municipal waste biogas plant
RSD Relative standard deviation
SD Standard deviation
VOCs Volatile organic compounds
VR Ventilation rate
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