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Abstract: Odorant emissions are associated with, among other things, wastewater transport in sewer
networks; they contribute to air pollution and result in complaints from residents living close to
emission sources. The critical location in terms of the formation of unpleasant odour compounds
is the pressure line that connects the pumping station and the expansion well; this is where they
are released into the atmosphere. This paper presents comprehensive results of olfactometric and
chromatographic tests in the Polish city of Białystok using portable devices that allow for multiple
determinations and instant results. The study attempts to investigate the relationship between odour
and odorant concentrations and check the suitability of field olfactometry as a tool for the ongoing
monitoring of the emission of noxious odours and for verifying complaints submitted by residents.
Statistical analysis shows a very high correlation coefficient between cod and the concentrations
of individual odorants, ranging from 0.82 to 0.91. This olfactometric research, mainly conducted
in situ, can be an appropriate method for the ad hoc monitoring of processes in sewage networks.
This method allows the detection of unwanted emissions of odours at individual points in the
network in concentrations that are not detected by standard sensors but that nevertheless cause
odour nuisances, complaints, and social conflict. The research results provide evidence in favour of
the energetic usage of wastewater, which is in line with circular economy conception, since odour
nuisance is one of its indicators.

Keywords: environment monitoring; odorants; odour impact; olfactometry; portable GC; sewage system

1. Introduction
1.1. Municipal Sewage Systems as Sources of Odorant Emissions

In recent years, odour problems caused by sewage, waste, and human and animal
activities have become increasingly important [1–7]. Emissions of odorants—the chemical
compounds that cause odours—accompany, among other things, the transport of sewage.
This contributes to atmospheric pollution as well as a deterioration in air quality and often
results in complaints from residents living near the sources of the emissions. The most
frequently emitted odorants from installations intended for wastewater transport are hy-
drogen sulphide (H2S), methanethiol (CH3SH), and other organic sulphides (e.g., dimethyl
sulphide (DMS) (CH3)2S and diphenyl sulphide (C6H5)2S). For example, the concentration
of H2S in sewers can be up to 314,000 µg/m3, while the concentration of CH3SH can reach
18,300 µg/m3, and the concentration of DMS can reach 98 µg/m3. In addition, there is an
important compound that is odourless but has explosive properties: methane (CH4) [8,9].

Both H2S and CH4 may have negative effects on the environment and also on human
health. H2S has a sharp, irritating odour, and its olfactory detection threshold is very
low (only 0.0035 ppm [10]); it is, therefore, the most frequent cause of complaints from
sewer system users [11,12]. Due to its high toxicity, it is also one of the main causes
of death in the wastewater sector. In addition, H2S may be responsible for corrosive

Energies 2022, 15, 4015. https://doi.org/10.3390/en15114015 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15114015
https://doi.org/10.3390/en15114015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6122-3169
https://orcid.org/0000-0003-3605-0109
https://orcid.org/0000-0002-5105-7424
https://doi.org/10.3390/en15114015
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15114015?type=check_update&version=1


Energies 2022, 15, 4015 2 of 15

processes in the sewage infrastructure, causing the degradation of pipes and wells [13].
The production of sulphides in wastewater collection and treatment facilities is particularly
well-known in countries with warm climates, such as Kuwait [14]. In recent years, studies
on the process of microbiologically induced corrosion resulting from the reaction of H2S
oxidation to sulphuric acid have been conducted by Grengg et al. [15], Nielsen et al. [16],
and Jiang et al. [17]. In these studies, under anaerobic conditions, methanogenesis also
took place during the reduction of sulphates (a chemical process that produces odourless
CH4 with a lower explosion limit equal to approx. 5% by volume and that contributes to
global warming [18]).

The problem of capturing emissions (especially sulphur compounds) concerns both
new and old sewage systems. The most frequent sources of emissions of odorous com-
pounds include sewers, sumps and expansion sewers, pressure pipelines, and sewage
pumping stations [19]. In addition, the odours of household sewage cause a nuisance
to well-being and quality of life, as well as dangerous problems for human health [20].
As a result of oxygen deficiency, wastewater is corrosive, and the anaerobic decomposition
of organic compounds contained in wastewater and sludge deposits occurs. The main
source of sulphur is, in this context, sulphate, with concentrations between 40 mg/dm3 and
200 mg/dm3. This process involves sulphate-reducing bacteria and methanogenic archaea
that contribute to the degradation of CH3SH [21,22].

The critical location in terms of the formation of unpleasant odour compounds is
the pressure line that connects the pumping station and the expansion well; this is where
they are released into the atmosphere. Additionally, expansion wells located in the close
vicinity of households increase the problems of odour nuisance. H2S continuous monitoring
devices are readily available and in widespread use, but however useful they may be for
H2S, they do not necessarily apply to the rest of the reduced sulphur compounds [23].

The choice of the method used to assess the intensity of odour nuisance often results
from such factors as the variability of sampling conditions and their composition over
time. These factors may influence the results obtained to a greater or lesser degree [24].
Importantly, there is no single generally accepted technique to effectively assess the envi-
ronmental impact of odorous nuisance compounds due to variabilities in hedonic tone and
the chemical character of odorous emissions [25,26].

1.2. Field Olfactometry

One of the methods for quantifying odour emissions is olfactometry. Olfactometry
methods may be categorised according to where the sample is analysed: indirect olfactome-
try (the gas sample is captured in a dedicated bag and then transported to the laboratory
for analysis) and direct olfactometry (the gas sample is analysed at the source of the odour).
In the case of indirect tests, there is a risk that chemical reactions occur during transport
inside the bag and affect the result obtained in the laboratory [27,28].

Field olfactometers were developed to overcome the drawbacks of sample storage
and evaluate low cod in ambient air [29]. Hayes et al., wrote that field testing eliminates
the potential dangers of sample degradation in laboratory-based testing and offers a better
opportunity to analyse different areas at different times but at the same site. In addition,
it greatly reduces the capacity for an odour to degrade, due to testing taking place almost
immediately after sample collection [30]. Recent research has shown that dynamic olfac-
tometry is an alternative technique to monitoring bioprocesses, reducing the number of
analyses and their time and cost [31–36]. Field olfactometry can be used for proactive
monitoring or as an enforcement tool for confident odour measurement at property lines
and at locations throughout a community near emission sources [37]. Olfactometers, which
are simplified portable dilution devices, help to determine odour levels and give a reading
of the D/T (Dilution-to-Threshold) ratio [38–40]—the dilution of an odour sample that
cannot be distinguished from odourless air by 50% of the members of an odour panel.
In addition, olfactometers are a useful tool for downwind odour intensity (iod) measure-
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ment [41]. The use of this technique, followed by the application of dispersion models,
permits the quantification of the odour impact of a process [42].

Currently, two main instruments called Nasal Ranger (St. Croix Sensors, Inc.) and
SM-100 (IDES Canada Inc.) are used. Szyłak-Szydłowski found no evidence to reject the
null hypothesis of equal average values of D/T obtained during THT and H2S research
using the above olfactometers—the achieved results were not significantly different [43].
Other researchers found that the Nasal Ranger performed well in generating dilutions for
all examined compounds and that only at the highest dilution was a discrepancy found
between the set and observed dilution ratios. The Scentroid SM-100 showed a linear
relationship between the set and observed dilution ratios. However, higher observed
dilution ratios (up to a factor of 2) were observed when compared to the dilution ratio
set points [44]. Examples of the use of field olfactometers in various research areas are
summarised in Table 1.

Table 1. Examples of the use of field olfactometers in various research areas.

Field of Study Reference

Impacts of mechanical-biological waste treatment plants and
validating the cod from piles [33,36]

Assessment of the odour nuisance of railway sleepers saturated
with creosote oil [45]

Estimation of iod in the atmospheric air near municipal
wastewater treatment plants (WWTP) [46]

Determination of cod around a water reclamation plant [47]
Determination of cod around a sewage sludge composting plant [48,49]
Assessing the range of olfactory impacts of municipal landfills [49]
Determination of cod near a sewage sludge biodrying installation [50]
Measurement of the effects of WWTP modernisation [51]
Monitoring livestock farm odours [41,52]
Evaluation of odour nuisance coupled with odour dispersion
modelling can be applied to the development of local urban
planning strategies

[53,54]

Monitoring odours of dairy manure slurry [55]
Determination of cod around poultry barns [56]

Neither cod nor odorant concentration measurements conducted alone allow for ob-
taining the full range of information necessary to characterise the odour nuisance of a
studied object [28,57]. One of the methods used to assess the level of odour stimulation and
contributions of individual odorants to the odour is the Odour Activity Value (OAV), also re-
ferred to as the Odour Activity Concentration (OAC) [23,35,58]. The parameter is defined
as the concentration of a substance (Ci) to its odour detection threshold (ODT). However,
studies carried out by Gonzales et al. [49], among others, indicate a very weak correlation
between OAV and cod, which is mainly due to the adoption of the ODT value, which
is different in different literature sources; it is also due to the masking of the individual
compounds included in the odour mixture.

Evaluations of environmental quality are challenging to implement in urban and inte-
grated planning, strategic environmental assessments, and other environmental procedures,
given the often non-spatial character of the obtained results [52]. Therefore, it is important
to extend the standard analytical methodologies for monitoring extensive areas, such as
sewage networks, with olfactometric analyses. This paper presents comprehensive results
of olfactometric and chromatographic tests (H2S, CH3SH, and (CH3)2S—DMS) in the Polish
city of Białystok. The research is essential from the point of view of finding the cause of
numerous complaints about odour nuisance reported by the city’s inhabitants. The study
attempts to find the relationship between the cod and the concentration of the tested odor-
ants and check the usefulness of field olfactometry as a tool for the ongoing monitoring of
the emission of odours and for verifying the complaints reported by residents.
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The main objective of this work is to implement procedures for the determination
of cod in the assessment of the quality of the urban environment. These procedures can
significantly complement determinations of the concentrations of selected odorants, in-
fluencing the scent concentration value and, as a result, the smell nuisance. A secondary
objective is to investigate the primary relationships between cod and the essential odorous
compounds detected in sewage systems. It may be helpful to introduce the energetic usage
of wastewater in future.

2. Materials and Methods
2.1. Research Schedule

Potential sources of odour emissions were identified, inventoried, and classified in
the north-western part of the city of Białystok, where, in the years 2015–2017, residents
registered complaints about the presence of odour nuisances. The research work included:

• collecting and compiling data on residents’ complaints and potential sources of odour
emissions in the analysed area;

• field tests for odorants;
• the analysis and elaboration of the research results and the formulation of conclusions.

The data on residents’ complaints and potential sources of emissions were supple-
mented and verified during the local inspection in the analysed area and during the field
research. The direct field research on the concentrations of selected odorants and odour
was aimed at ascertaining the air quality conditions inside the sewers, in facilities in the
network, and in atmospheric air. Control of meteorological conditions accompanied the
field tests. Table 2 contains the schedule of tests performed and the number of receptor
points determined for chemical and olfactometric tests.

Table 2. Schedule of chemical and olfactometric tests with the number of receptor points.

Series No. Research Date

Number of Points

Chemical
Measurements

Olfactometry
Measurements

I 14–15 November 2017 19 48
II 16–17 January 2018 32 32
III 13–14 April 2018 20 36
IV 25–26 May 2018 20 55
V 14–15 July 2018 20 86
VI 12 September 2018 20 76

Sum: - 131 333

2.2. Location of the Research Areas

Measurements and observations were carried out in the north-western part of Białys-
tok (Figure 1). Based on survey research, analysis of potential odour sources, and local
complaints, the following areas were identified:

• Area 1: the area containing nodal sewage chambers;
• Area 2: the area containing nuisance sewage manholes in the immediate vicinity of an

apartment block;
• Area 3: the vicinity of the “Fasty” industrial wastewater;
• Area 4: the area along the street with the last section of the main sewer connecting to

the municipal WWTP;
• Other: surroundings of single manholes for sewage collectors in different parts of

the city.
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2.3. Characteristics of the Municipal Sewage System

The analysed sewage system discharges municipal sewage to the sewage treatment
plant; it is a mixture of domestic and industrial sewage. In the sewage system of the city of
Białystok, there are two other types of networks, namely the general sewage system and
the stormwater drainage system, whose integration with the sanitary network was taken
into account to the extent necessary to determine odour nuisances.

The municipal sewage system operates using a gravity-pressure system. It is a mixed
system featuring a gravitational network cooperating with intermediate pumping stations
that pump sewage from places with lower to higher elevations, usually very far away.
The pumped wastewater is directed mainly to expansion wells installed in the network,
from which it continues to flow by gravity.

2.4. Olfactometric Examinations of cod

The receptor points were located both on the windward side (for the determination
of air pollution background caused by odorants) and on the leeward side of the studied
objects. Their detailed locations considered the current wind direction (WD), among other
factors. The iod was evaluated in sensory studies according to six stages (i = 0–5).

The olfactometers used were portable field olfactometers such as Nasal Ranger® and
Scentroid SM-100. They allowed the creation of a calibrated series of dilutions by mixing
air contaminated with odorants with filtered air free from odours. Field olfactory nuisance
testing using field olfactometers is a method of quantifying the cod in the “Dilution-to-
Threshold Ratios” (D/T) system. The D/T value is the number of dilutions needed to make
the odour undetectable in the ambient air. Thanks to the application of the olfactometers
mentioned above, it is possible to calculate the D/T value, which, in turn, leads to the cod
value determined in units of odour (ou—odour unit, analogous to the European standard
PN-EN 13725:2007) per unit of volume [ou/m3] [51].
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2.5. Chemical Examinations of Odorant Concentrations

The studies on the selected odorants, namelyH2S, CH3SH, and DMS ((CH3)2S), were
carried out using the Photovac Voyager portable gas chromatograph (GC). This is a portable,
automatic gas analyser for identifying airborne chemicals and measuring their concen-
trations. The Voyager uses a GC to collect and analyse the air samples. It uses a 10.6 eV
photoionization detector (PID), a pre-column, and three columns for heavy (C7–C12), mid-
dle (C3–C7), and light (C1–C3) compounds): 4 m × 0.53 mm × 2.0 um SPB-35 (pre-column),
8 m × 0.25 mm BLANK Fused Silica (column A), 20 m × 0.32 mm × 1.0 um Supelcowax10
(PEG) (column B), and 15 m × 0.32 mm × 12 um Quadrex 007–1 (column C). The carrier
gas used for determinations was high-purity nitrogen. The column oven in the Photovac
Voyager is isothermal, 55 to 80 ◦C. The Voyager can be effectively used to monitor many
of the volatile organic compounds (VOCs) listed in EPA Method 8240A, including chlori-
nated and aromatic hydrocarbons. Method detection limits for VOCs range from parts per
trillion (ppt) in water (ng/dm3) to about 500 parts per million (ppm) in the ambient air,
depending upon the type of compound and the detector used [59]. The limit of detection
for the selected odorants was 0.001 ppm, while the limit of quantitation was 0.005 ppm [60].
In addition, analyses of CH3SH and DMS were performed, but concentrations of those
compounds were lower than the limit of detection.

2.6. Meteorological Examinations

The air tests were accompanied by an assessment of the current meteorological condi-
tions (WD, wind speed (WS), air temperature (AT), relative humidity (RH), and degree of
cloudiness (DC)). The information on meteorological conditions was used directly during
the tests and recorded for every measurement as data necessary for the analysis of cod.
The meteorological parameters were determined at each of the receptor points. WD was
determined by the streak method every time before the beginning of observations and
measurements. WS was measured with a hand anemometer, the Kestrel 4500 NV, with a
wing rotor. The WD and WS were measured at a height of 2 m. AT and RH were measured
at a height of 1.5 m. The Rotronic HygroPalm psychrometer with a HygroClip2 HC2-S3
sensor was used for the measurements. The DC was determined as the degree of cloud
cover in the sky. To determine the DC, an octant scale from 0 to 8 was used (8 means full
cloud cover, while 0 indicates none).

2.7. Statistical Analysis

One-way analysis of variance was used to compare means across populations. The to-
tal variance (variation in outcomes) was divided into a portion derived from the differences
between populations (treatments) and a portion derived from the differences between out-
comes within populations (random error). The analysis of variance only gives information
about whether there are statistically significant differences between populations.

In addition, the value of the Pearson correlation coefficient was calculated. It was
located in the closed interval [−1, 1]. The greater its absolute value, the stronger the linear
relationship between the variables. The linear correlation coefficient can be thought of as a
normalised covariance.

Basic regression parameters, a method based on linear combinations of variables and
parameters that fit the model to the data, were also calculated. The fitted regression line or
curve represents the estimated expected value of variable Y at specific values of another
variable or variables X.

3. Results and Discussion
3.1. Sampling Air from under and above the Manhole to the Sewer

At selected test points, samples were taken from the canal manholes at various depths
and at the level of the canal manholes. Table 3 presents the values of minimum, average,
median, and maximum cod results.
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Table 3. Values of minimum, average, median, and maximum results of odour and selected odorant
concentrations at test points at different depths from under the manholes to the sewers. Depths:
2.5 m, 1 m, at the level of the manhole, and at the height of 1.8 m.

Parameter Value
Sampling Level

−2.5 m −1 m 0 m 1.8 m

cod (ou/m3)

min 515 94 0 0
mean 2487 1245 160 17

median 1500 750 44 6
max 10,000 10,000 750 106

H2S concentration
(mg/m3)

min 0.020 0 0 0
mean 1.852 0.524 0.042 0

median 1.144 0 0 0
max 8.715 5.584 0.274 0

CH3SH concentration
(mg/m3)

min 0 0 0 0
mean 0.166 0.009 0 0

median 0.015 0 0 0
max 1.720 0.093 0 0

(CH3)2S
(DMS) concentration

(mg/m3)

min 0 0 0 0
mean 0.059 0.003 0 0

median 0 0 0 0
max 0.942 0.065 0 0

H2S was between 0 and 8.7 mg/m3, depending on sample depth, and Sivret et al.,
reported a median value between 1.9 and 16.0 mg/m3, depending on the sewer lo-
calisation [61], so the achieved results fit the “standard” values of H2S concentrations
in sewer networks. Austigard et al., found high values of H2S in a sewer network:
56.0 mg/m3 downstream and 354 mg/m3 upstream [62]. Mantos et al., measured values
between 145 mg/m3 and 482 mg/m3 [63], whereas Zhang et al., reported H2S concen-
trations up to 300 mg/m3 [64]. However, these values were observed in closed pipes,
whereas the present study was conducted by sampling through manhole covers from
which H2S was emitted into the outside air. CH3SH and DMS values were compa-
rable to those reported by Sivret: the medians, respectively, were 0.3–4.3 mg/m3 and
0.06–0.45 mg/m3 [65]. Hwang et al., measured an average CH3SH concentration in the in-
fluent of a WWTP of about 3–200 times higher than other VOCs, such as DMS, CH3S2CH3,
and CS2 [66]. Wang et al., as part of a monitoring program for sewers located at 18 dif-
ferent sites in Sydney and Melbourne, concluded that, in both cities, the CH3SH concen-
tration (0.675–1.421 mg/m3) was substantially higher than the concentrations of DMS,
CH3S2CH3, CH3S3CH3, and CS2 (0.008 mg/m3–0.094 mg/m3) [67]. Devai and DeLaune
measured 8.0–8.7 mg/m3 of CH3SH and 3.8–26.4 mg/m3 DMS in WWTPs in the United
States [68], while Chan and Hanaeus measured 13.7 mg/m3 and 114.1 mg/m3, respec-
tively, in Swedish WTTPs [69]. Lasardi et al., detected H2S concentrations in Greek WWTP
sewers between 0.001 and 111.5 mg/m3, while the CH3SH concentration was less than
0.466 mg/m3 [70]. Sun et al., measured H2S concentrations in sewers between 5.575 mg/m3

and 250.9 mg/m3 [21].
Additionally, a one-factor analysis of variance was performed, examining the signifi-

cance of the influence of the grouping factor, i.e., the sampling level, on the values of cod
and the concentrations of individual odorants. A graphical interpretation of the results
of the analysis of variance is shown in Figure 2. Both the graphical interpretation and the
value of the F value (the ratio of two mean square values), at p < 0.05, allow the rejection
of the zero hypothesis regarding the lack of significant differences between the obtained
results of dependent variables.
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Then, for each of the variables, a second factor was determined, revealing the extent to
which knowledge of the grouping factor explains the variability of the dependent variable.
It is a proportion of the total variance explained by the experimental effect (level). For the
variables cod, H2S, CH3SH, and (CH3)2S (DMS), the values of this coefficient—and, at the
same time, the percentage of variance of the results of individual variables, which can
be explained by the level—were 33%, 33%, 13%, and 10%, respectively. This measure
describes the percentage of variance explained by a given effect only for a given sample.
Additionally, the Pearson correlation coefficients between the examined variables were
calculated. Table 4 presents the values of these coefficients and basic regression parameters.

In most cases, the correlation coefficient value is very high, ranging from 0.82 to 0.91.
Smaller values were observed for variable pairs: cod—DMS and H2S—DMS for levels of
−2.5 m and −1 m and CH3SH—DMS for a level of −1 m. This correlation is significant—the
coefficient p was lower than 0.05 in each case. By analysing the parameters of the regression
function, it was proved that the measure of adjustment of the regression line to the values
observed is also high in most cases. The highest values of the determination factor were
obtained for the cod—H2S, cod—CH3SH, and H2S—CH3SH variable pairs, both at the
−2.5 m and −1 m levels. Similar results were achieved by Perez et al., and Gostelow et al.;
for the different types of points in the sewer network, the regression coefficients between
odour and H2S concentration were 0.91–0.99 [71,72]. A study by Thistlethwayte and
Goleb [73] showed close relationships between the concentrations of sulphides, amines,
aldehydes, and H2S. The authors argue that although the H2S test is not sufficient to
determine the level of odour nuisance, it can be taken as an indicator of this nuisance.
Research conducted by authors in dry weather conditions in sewers showed H2S levels in
the range of 0.2–14 mg/m3. Investigations by Van Gemert [74] showed H2S values in the
sewage system between 0.003 and 0.59 mg/m3.
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Table 4. Correlation coefficients and basic regression parameters of variables: cod and concentrations
of individual odorants.

Factor R R2 t Constant Y Slope Y Constant X Slope X
Level −2.5 −1.0 −2.5 −1.0 −2.5 −1.0 −2.5 −1.0 −2.5 −1.0 −2.5 −1.0 −2.5 −1.0

Cod
H2S 0.91 0.97 0.83 0.94 19.74 34.72 −23.98 −349.5 0.72 0.58 456.7 649.4 1.16 1.61

Cod
CH3SH 0.82 0.83 0.67 0.69 12.54 12.88 −178.3 −6.29 0.13 0.01 1758 909.1 5.07 72.53

Cod
DMS 0.54 0.73 0.29 0.53 5.60 9.26 −37.29 −2.95 0.04 0.00 2138 1068 7.82 132.1

H2S
CH3SH 0.84 0.80 0.71 0.65 13.59 11.71 −152.4 −0.12 0.17 0.02 1171 181.1 4.10 42.23

H2S
DMS 0.63 0.76 0.40 0.57 7.21 9.99 −43.43 −0.54 0.06 0.01 1422 258.5 7.29 82.16

CH3SH
DMS 0.88 0.63 0.77 0.40 16.04 7.00 −3.02 0.64 0.37 0.30 44.47 3.71 2.06 1.30

Abbreviations: Level—sampling level (m), R—Pearson correlation coefficient, R2—coefficient of determination,
t—value of statistics t examining the significance of the correlation coefficient, Constant—free linear regression of
Y to X and X to Y, Slope—linear regression coefficient of Y to X and X to Y, respectively.

The results presented vary widely, confirming the need to monitor sewage network
emissions. The highest value (10,000 ou/m3) of the cod at depths of 2.5 m and 1 m were
recorded at points located in Area 3 (2 m to the north-east of the “Fasty” industrial wastewa-
ter). Values of cod equal to 7500 ou/m3 were found at one of the Other measurement points
(at a depth of 2.5 m). A concentration of 7500 ou/m3 was also found at a point located in
an uncovered pipe above the chamber in Area 1 (at a depth of 1 m). As for other extremes,
the following values of cod at a depth of 1 m were recorded at the following points:

6000 ou/m3—in Area 1 and at one of the Other sites;
4300 ou/m3—in Area 2;
3750 ou/m3—in Area 3 and at one of the Other sites;
3330 ou/m3—in Area 1;
2700 ou/m3—in Area 1 and Area 4 (near the municipal WWTP).

Perez et al., using a stationary olfactometer (samples were transported to the labo-
ratory), also measured maximum values of cod lower than 10,000 ou/m3 in manholes in
summer, except at one point where the cod was 35,000 ou/m3. That value was related to the
fact that the points selected for the site were ‘critical’ points: the chimney and the manhole
were both located close to the exit of a forced main [72].

3.2. Atmospheric Examinations—Sampling at a Height of 1.80 m

cod values in the atmosphere are presented in Figure 3, while Figure 4 shows the iod
values in the north-western part of Białystok.

As a result of the direct field studies in particular areas of the city, it can be con-
cluded that:

• No other sources of odorant emissions were identified except for those from the
municipal sewage system.

• Sewerage wells are a significant source of emissions of catch compounds (including
H2S, even in concentrations greater than 100 µg/m3), regardless of the season and
weather conditions. The odour nuisance occurred in Area 4 and in other places in
Białystok, such as in Area 1 and Area 2.

• Area 1 is also an essential source of odour impacts. Odour emitters include both
manholes above the sewer and above the canal, which was used not only for rainwater
but also for sewage.
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• Significant odour nuisances were found during the rehabilitation of the sewer cham-
bers (series no. V). Uncontrolled floodplains of raw sewage affecting the surrounding
areas were formed.
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H2S, even in small concentrations, is not only a nuisance but also poses a danger to
human life and health, especially for those involved in the internal operation of sewage
systems. Therefore, water and sewage companies have an obligation to implement the
necessary safety measures before workers enter the sewage system. There is a role in
these measures for portable measuring devices that make it possible to check the con-
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centration values of toxic and explosive gases present in the sewer system, such as H2S
and CH4. Therefore, the current H2S in situ field monitoring technologies are inadequate
because of lower detection limits and/or complexity [20,75]. The human nose is more
sensitive to H2S than most of the analytical methods: the odour threshold of that com-
pound is about 0.47 ppbv in air [76] and between 0.025 and 0.25 µg/dm3 in clean water [77].
This is the concentration at which 50% of humans can detect the odour [20]. A synthetic,
multidisciplinary approach, combining field olfactometry with in situ chemical analysis,
is therefore appropriate.

4. Conclusions

Based on olfactometric and chemical determinations, the following corrective actions
were proposed in order to minimise the odour nuisance of the sources identified in the
sewage network operating in the analysed area of the city:

• The improvement of the operation works in the sewage network through the pur-
chase and possible replacement of specialised equipment designed for and dedicated
exclusively to operation works in sewage networks.

• Maintaining proper functioning of the sewer network in terms of hydraulics, while min-
imising the negative effects on the environment, requires the implementation of on-line
monitoring of filling and flow rates in the sewers. This enables the identification of
irregularities in network operations, e.g., very low levels of filling and filling speeds
(which do take place in the examined sewer network), which favour the development
of anaerobic processes in sewers. On the other hand, high filling levels and overfilling
of the network are also recorded. These may result from, among other things, uncon-
trolled and even illegal discharges of wastewater into the city’s network. Monitoring
should also cover the rainwater network, which makes it possible to record events
involving the illegal discharge of sanitary sewage into the rainwater network.

• The modernisation of connection-and-branch chambers located in large sewers, where
unpleasant odours are found to be a nuisance to the environment, in order to stabilise
the flow without reversing it and while ensuring the proper ventilation of the sewers.

• A full inventorying and securing of the non-drainage tanks in the city area with the
systematic control of their proper use and operation.

• The elimination of rainwater discharge into the sanitary sewage system.

Therefore, olfactometric research combined with the determination of odorants re-
sulted not only in making a “map” of the olfactory impact of the sanitary sewage system
over a wide area but also in the detection of irregularities in the operation of the network
and an analysis of the basic dependence of the odour-odorant relationship at several depths
under the sewer wells. Additionally, these studies have allowed the identification of the
above-mentioned corrective actions.

Increasing urban growth and lifestyle expectations have led to increased public com-
plaints regarding odours from sewer infrastructure, mainly from those in close proximity
to a discharge source such as a manhole, sewer vent, or sewer pumping station. Closing
sewer vents to prevent odour complaints can lead to an increase in humidity and H2S
accumulation within the sewer, leading to increased biogenic corrosion [78]. Studies about
odours/odorants in sewer networks are mainly focused on sulphuric compounds inside
the pipes of closed sewer networks. This paper provided an improved methodology for
odour/odorant monitoring in sewers, mainly in the vicinity of sewage manholes that
are often the source of odour complaints. A significant added value of the work is the
analysis of the concentration of odours and selected odorants at several depths under
the sewage manhole, at the level of the manhole, and at the height of 1.8, which showed
the stratification of the above-mentioned pollutants and the potential impact on reported
odour nuisances. Olfactometric research, especially when conducted in situ, may be an
appropriate method for the ad hoc monitoring of the processes taking place in sewage net-
works, both as a standalone method and in combination with the methods currently used.
It is particularly important in this context to know the relationship between commonly
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tested odorants and odour emissions. Olfactometric examination allows the detection
of unwanted emissions of odours at individual points in the network in concentrations
that are not detected by standard sensors but which nevertheless cause odour nuisances,
complaints, and social conflict.
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Abbreviations

AT air temperature
cod odour concentration
DC degree of cloudiness
DMS (CH3)2S—dimethyl sulphide
D/T Dilution-to-Threshold Ratio
EPA The United States Environmental Protection Agency
GC gas chromatograph
iod odour intensity
PID photoionization detector
RH relative humidity
VOCs volatile organic compounds
WD wind direction
WS wind speed
WWTP wastewater treatment plant
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46. Lewkowska, P.; Cieślik, B.; Dymerski, T.; Konieczka, P.; Namieśnik, J. Characteristics of odors emitted from municipal wastewater

treatment plant and methods for their identification and deodorization techniques. Environ. Res. 2016, 151, 573–586. [CrossRef]
47. Wang, T.; Sattayatewa, C.; Venkatesan, D.; Noll, K.E.; Pagilla, K.R.; Moschandreas, D.J. Modeling indoor odor–odorant con-

centrations and the relative humidity effect on odor perception at a water reclamation plant. Atmos. Environ. 2011, 45,
7235–7239. [CrossRef]

48. Pearson, C.; Littlewood, E.; Douglas, P.; Robertson, S.; Gant, T.W.; Hansell, A.L. Exposures and health outcomes in relation to
bioaerosol emissions from composting facilities: A systematic review of occupational and community studies. J. Toxicol. Environ.
Health. B Crit. Rev. 2015, 18, 43–69. [CrossRef]

49. González, D.; Colón, J.; Sánchez, A.; Gabriel, D. A systematic study on the VOCs characterization and odour emissions in a
full-scale sewage sludge composting plant. J. Hazard. Mater. 2019, 373, 733–740. [CrossRef]

50. González, D.; Guerra, N.; Colón, J.; Gabriel, D.; Ponsá, S.; Sánchez, A. Filling in sewage sludge biodrying gaps: Greenhouse gases,
volatile organic compounds and odour emissions. Bioresour. Technol. 2019, 291, 121857. [CrossRef]

51. Kulig, A.; Szyłak-Szydłowski, M. Assessment of the Effects of Wastewater Treatment Plant Modernization by Means of the Field
Olfactometry Method. Water 2019, 11, 2367. [CrossRef]

52. Man, Z.; Dai, X.; Rong, L.; Kong, X.; Ying, S.; Xin, Y.; Liu, D. Evaluation of storage bags for odour sampling from intensive pig
production measured by proton-transfer-reaction mass-spectrometry. Biosyst. Eng. 2019, 189, 48–59. [CrossRef]
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