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Abstract: Wastewater treatment plants (WWTPs) generate significant emissions of gaseous
substances, such as H,S, NH3, and VOCs, which cause discomfort and pose health risks
to residents in surrounding areas. The objective of this study was to estimate pollutant
concentrations under various scenarios through a mathematical modeling of the pollutant
dispersion in the surrounding air using the AERMOD View software platform, version
11.2.0. In this study, four mathematical models with two different scenarios were conducted
to illustrate the odor concentrations both on site and in nearby areas under the most
unfavorable weather conditions. The “1st Highest Values” and “98th Percentile” metrics
were used to represent the peak concentrations and to exclude the 2% of conditions with the
worst-case dispersion, respectively. In the first scenario, under normal operating conditions
with all treatment equipment functioning, the maximum on-site odor concentration was
estimated at 36.8 ouE/m? using the 1st highest value function, and it was 20.4 ouE/m?
using the 98th percentile function. The second scenario considered all emission sources,
with the grease collection system of the de-sanding/grease separation Unit Line 1 and the
sludge collection system of the primary settling decanter (Unit 4) out of service. In this
case, the maximum on-site odor concentration reached 749 ouE/m? over 98% of a one-year
period and 956.5 ouE/m? using the 1st highest value function. These findings underscore
the necessity for ongoing monitoring, strict adherence to environmental regulations, and
stakeholder engagement to improve mitigation techniques and foster community trust in
environmental management. Regular inspections are essential to ensure that all equipment
operates within normal parameters, supporting both regulatory compliance and improved
operational efficiency, including the control of odor emissions.

Keywords: WWTP; odor emission rate; sludge; HpS; NH3; VOCs; mathematical modeling;
area sources

1. Introduction

Air pollution from industrial sources is one of the most pressing environmental issues
in many countries [1]. Air quality and pollution levels (physical, chemical, and biological)
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have a significant impact on the health and survival of humans, animals, and the plants
exposed to them [2].

A variety of atmospheric parameters, including temperature, wind speed, wind di-
rection, precipitation, and relative humidity, influence aerosol dispersal and microbe
survival [3]. Odorous gases are known to contribute to air pollution, lower quality of
life, and induce health symptoms, such as illogical attitude, sleeplessness, and appetite
loss [4].

Wastewater treatment plants (WWTPs) are recognized as a substantial source of
aerosols, posing serious health dangers to both workers and nearby communities [5,6].

WWTPs are increasingly contributing to environmental disturbance through their
odor pollutant emissions [7,8]. In recent years, there has been an increase in the frequency
of public odor complaints due to the rapid construction of residential areas, the load on
wastewater treatment facilities, and rising public demand for various privatized water
companies [9].

Odor problems originate from the wastewater collection, transport, and treatment
operations performed in WWTPs. The objective of the municipal wastewater treatment
systems is to remove harmful substances from wastewater. During the wastewater treat-
ment process, a variety of pollutants are released into the atmosphere [10]. Volatile organic
compounds (VOCs), hydrogen sulfide (H,S), ammonia (NHj3), and methane (CHy) are
some of the gaseous pollutants that have been found in the air around WWTP, representing
the source of olfactory discomfort [11,12].

The odorous compounds could also be dimethyl sulfide, dimethyl disulfide, and mercap-
tans, as well as nitrogen-containing substances, such amines, indole, and 3-methylindole [13].
Odor emissions can include a variety of additional odorants, including volatile organic
molecules, such as organic acids, alcohols, aldehydes, esters, and ketones. All of these
odors are the result of anaerobic decomposition. Due to this degradation, wastewater
becomes anaerobic and has a high potential for becoming odorous [14].

Among multiple odorous compounds released by wastewater treatment plants, sulfur-
based compounds are generally considered to be the most dangerous ones [5]. The low
olfactory threshold concentrations of certain compounds, e.g., HyS (0.47 ppb), dimethyl
sulfide (3 ppb), dimethyl disulfide (2.2 ppb), methyl mercaptan (0.07 ppb), and ethyl mer-
captans (0.0087 ppb), are compared to toluene (330 ppb) and acetonitrile (13,000 ppb) [15].

Depending on the construction of the WWTD, the concentrations of odor-generating
compounds can vary. For example, in a study conducted by Gonzales et al. at a WWTP us-
ing a membrane bioreactor (MBR), the maximum recorded concentrations of emissions were
in the following ranges: 1.9-2.3 ppmyeq isobutylene (tVOCs); between 4.5 and 7.0 ppmy for
NHjs; and between 0.6 and 1.0 ppmy, for HyS [16].

According to Jonca et al., in a WWTP from Poland, the content of pollutants was
measured at the receptor levels. In this situation, the tVOCs concentration ranged from
1.98 ppm to 4.2 ppm, with the highest value being reported at the sludge digestion units [17].
With respect to HyS, the highest concentration recorded was 1.49 ppm at the inlet of the
wastewater treatment plant. In the case of NH3, a maximum value of 4.9 ppm was measured
in the vicinity of the digesters [17]. High concentrations of tVOCs have been recorded
in various sections of a WWTP in northwest China: in the grid room (wastewater inlet),
the reported average value was 49.19 & 7.33 mg/m?, while it was 49.83 + 17.85 mg/m?
in the sludge dewatering room. Lower values were reported in the biological treatment
tank, with an average of 7.211 £ 10.19 mg/m? [18]. High concentrations of H,S and
NHj3 were reported in the same compartments. In the grid room, the average recorded
concentrations were 88.69 & 7.14 mg/m? for H,S and 71.96 + 9.75 mg/m?3 for NH3. Similar
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levels were observed in the sludge dewatering room, with 51.65 & 11.50 mg/m? for H,S
and 31.98 + 3.29 mg/m?3 for NH; [18].

The thresholds for olfactory comfort vary from one country to another and from one
continent to another. International regulations have established specific limits based on
the type of industrial activity, with thresholds set for both within the facility premises and
in the surrounding external areas [19]. In Denmark, a threshold range of 5 to 10 ouE/m?
is imposed for more than 1% of the time, corresponding to the 99th percentile for air
pollution from installations. For urban areas used for recreational purposes, the limit is
set at 5 ouE/m?, while, in rural areas, it is 7 ouE/m? [19]. In another European country,
the Netherlands, specific limits are established for WWTPs, both within the facility and
in residential areas or sensitive receptors, based on the 98th percentile. The values vary
depending on the year of construction of the WWTP, but they do not exceed 1.5 ouE/m?
at sensitive receptors and 3.5 ouE/m? within the facility premises [19]. In Austria, an
odor concentration of 1 ouE/m? is considered a weak odor and is regulated for both
residential areas and commercial zones. A strong odor is defined within the range of 5 to
8 ouE/m? [19]. In Romanian legislation, no specific odor concentration limits have been
established for either industrial sites or residential areas.

The primary sources of odors in wastewater treatment plants are sludge-thickening
operations, sludge digestion units, and sludge load-out systems [20].

There are several ways for measuring the emissions from an area source [11]. They
can be classified into two categories: micrometeorological methods and enclosure methods.
Micrometeorological techniques include integrated horizontal flux (IHF) and backward
Lagrangian stochastic (BLS) dispersion. Wind tunnels are an example of an enclosure
technology that uses continuous (mainly longitudinal) airflow. Micrometeorological ap-
proaches have little effect on emissions since they do not change the airflow or atmospheric
conditions above the emitting surface. Gas release experiments support the accuracy of the
resulting flux measurements [21].

Micrometeorological methods can be difficult to adopt since wind profiles must be
unchanged to correspond with the presumptions implicit in emission calculations. As a
result, large homogeneous field plots without significant objects (buildings, trees, etc.) are
required, which makes replication problematic [22]. On the other hand, the huge scale
of micrometeorological field experiments can capture natural random fluctuation in soil
parameters and unequal application using full-scale gear.

Wind tunnels require only a small plot area, making replication considerably easier.
Unlike micrometeorological approaches, wind tunnels do not rely on natural air movement;
therefore, they avoid periods where calculation assumptions are invalid, resulting in
reduced data loss. However, wind tunnels alter the airflow over the emitting surface, which
prevents precipitation and affects surface temperature [23]. In wind tunnel tests, the slurry
is frequently administered manually to avoid application outside the wind tunnel plot
area, ensuring that air entering the tunnel contains low concentrations of the pollutant and
emission is not suppressed [24].

Other studies have compared micrometeorological results with wind tunnel measure-
ments upon sediment application in the field [21]. Some experiments or periods without
precipitation and moderate-to-high wind speed showed a good correlation as long as the air
velocity or speed within the emission chambers was controlled to be equal to the ambient
wind, whereas other trials or measuring periods have shown under- or overestimation by
wind tunnels [25].

Wind tunnel design influences emissions because the air movement within the tunnel
dictates mass transfer, with higher air exchange rates. Wind tunnel probes frequently
include longitudinal air velocity or speed (m/s). This value is sometimes measured as a
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speed within the emission chamber and, at other times, as an average velocity derived
using the volumetric flow rate and the emission chamber’s cross-sectional area [26]. Neither
the measured, as well as the calculated, average values provide an understanding of the
known variations in air velocity within the chamber or the mass transfer coefficient near the
surface, which is dependent on the velocity profile and turbulence intensity [27]. Flux has
been demonstrated to increase with air velocity and turbulence intensity but decrease with
wind tunnel size, most likely due to fluctuation in profiles of velocity and turbulence [28].

Since new sludge application methods and treatments are developed with the goal
of reducing pollutant emissions, it is critical to be able to evaluate and compare them
to a reference scenario so that end users and policymakers have enough information to
make informed decisions [29]. Methods that enable the replication and simultaneous
evaluation of many treatments, such as wind tunnels, are particularly valuable. Although
these features are difficult to include into micrometeorological approaches, the estimates of
absolute emissions they provide are critical [30].

One of the primary reasons for the spread of odor impact assessment approaches
based on pollutant dispersion modeling is that they overcome the limitation of accounting
only for the emission at the source [14]. In fact, along with source characterization and
quantification of the emission rate, the impact assessment should take into account other
factors, such as the topography of the terrain where the source and receptors are located,
the meteorology, and the land use [31].

Dispersion modeling accounts for these elements by simulating how the odors diffuse
into the atmosphere and, as a result, calculate the ground odor concentration values at each
simulation point. Dispersion models also have the advantage of being both descriptive
and predictive, which means they may be used to examine the impact of both existing and
intended plants [32]. Based on these considerations, it is obvious that emission factors and
inventories are critical instruments for managing air quality. Emission estimates are critical
for developing emission control strategies, determining the applicability of permitting
and control programs, assessing the feasibility and effectiveness of appropriate mitigation
strategies, and for a variety of other related applications by various users, such as national
and local agencies, consultants, and industry [3].

The aim of the present study was to establish the influence of odor in the surrounding
air from a municipal WWTP. This paper presents a methodology for evaluating the impacts
of a wastewater treatment plant on air quality using direct measurements at the source, as
well as mathematical modeling of the pollutant’s concentration in the surrounding air. To
meet the study’s objectives, the odor emission measurements of the wastewater treatment
plant units were performed using wind tunnel equipment, and the AERMOD dispersion
model was used to assess the WWTP’s impacts on the environmental air.

2. Materials and Methods
2.1. Description of the Wastewater Treatment Plant and Main Odor Sources

The WWTP is located on the upper terrace of the Olt River, northwest of the town,
and it is outside the urban area region and about 300 m from the municipality’s residential

zones (Figure 1). This facility operates as a mechanical-biological treatment plant, and it
uses activated sludge and an integrated advanced treatment stage.
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Figure 1. Location of the WWTP in the studied municipality.

The WWTP was designed to process wastewater from an equivalent population of
500,000 individuals, with a current treatment capacity of 140,000 m3/d (including industrial
wastewater). The WWTP performs biological secondary treatment (active sludge) and
sludge stabilization by dehydration and anaerobic digestion.

The facility’s principal odor sources, including the wastewater and sludge lines,
indicate that three technical processes, i.e., mechanical treatment, biological treatment, and
sludge processing, are the main sources for the odors in the surrounding air.

The diffuse surface emission sources were represented by the emission surfaces of the
following installations: sand remover/grease separator, primary decanters, primary sludge
pumping tank, primary sludge gravity concentrator, primary and excess sludge mixing
tank, fermented sludge buffer tank, activated sludge tank distribution chamber, activated
sludge tanks, aeration tanks, and secondary decanters. The entire technological process
that is applied to the sludge and wastewater is presented in Figure 2.

The contribution of emissions from other technological processes related to the WWTP
was decided to be insignificant in terms of air pollution with odorous compounds and was
not considered in the process of estimating the odor concentration in the surrounding air
using mathematical modeling.
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Figure 2. The technological process applied in the selected WWTP.

2.2. Odor Measurements

Odor emissions into the air were characterized by measuring the physical characteris-
tics of each emission source, as well as the associated odor concentration. In contrast, for
surface sources, the specific factors measured to estimate the emission rate are the emission
surface and the air flow rate inside the sampling hood. During the sampling sessions on
27 and 29 May 2024, odor sampling and physical parameter measurements of the sources
and gaseous effluents were performed [25].

One sample was taken from each sampling point from the WWTP unit sources using
a wind tunnel-specific sampling hood with a surface area of 0.5 m?, which was placed on
the sampling locations’ surfaces (Figure 3a).

The hood was equipped with two radial fans that ensure a constant volumetric flow for
representative ventilation. The inlet fan draws the outside air through an orifice equipped
with a replaceable activated carbon filter and directs it over the entire surface covered by
the hood, capturing the released pollutants emitted by the surface source. At the same time,
the air was extracted in the opposite corner by the second radial fan using another orifice
with the same volumetric flow rate. The sample was taken through an orifice positioned
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in the cavity of the hood, where the neutral air mixes with the raw gas emitted by the
source [33].

(a) (b)

Figure 3. (a) Wind tunnel-specific sampling hood with a surface area of 0.5 m?2. (b) The TO8
olfactometer used in the experimental part.

The technique involves collecting samples of the gaseous effluent released from the
emission sources in containers made of inert materials, which are not contaminated with
substances corresponding to the possible chemical components present in the sample gas.
The odor concentration is then assessed using the dynamic olfactometry method. Samples
from fixed emission sources were collected in specially certified Nalophan bags using 10 L
vacuum equipment over a 30 min period, covering the entire area sources (Figure 3a).

Odor measurements were carried out using sensory determination with a dynamic
olfactometer, which use the human nose as a detector (Figure 3b). This equipment is a
high-accuracy diluter, and it is necessary for a group of four human assessors to conduct
the odor evaluation, as has been applied in our previous studies [34].

Evaluators represent a group of people with an average response to the odor, and they
are trained, selected, validated, and periodically checked to identify the presence of odor
in the gas transmitted by the dynamic olfactometer. The validation/verification tests of
the assessor use certified reference material, N-butanol, and the acceptability criteria are
similar to the classical analytical methods [35].

The applied method involves panelists testing the odorous air at predefined dilutions.
The EN 13725:2022 standard approach selects these panelists based on their average sensing
capacity. The level of odor perception that the panelists reported is measured, and the
results are used to figure out the stimulant’s odor concentration in ouE/m? using the usual
method [36].

The odor concentration, generally expressed as odor units relative to volume (ouE/m?),
is numerically equal to the dilution factor of the sample required to reach the panel-
specific perception threshold, which is the minimum concentration perceived by 50% of
the population. According to EN 13725:2022, an odor unit (1 ouE/m?3) is defined as “the
amount of (a mixture of) odor substances present in a cubic metre of odor gas (under
standard conditions) at the perception threshold of the assessor group”. In other words, at
a concentration of 1 ouE/m?3, 50% of the population can perceive an odor if exposed to an
environment containing odorant mixture with this concentration [36].

Regarding the quality control of the results, the method used for odor concentration,
using dynamic olfactometry, was verified in an International Interlaboratory Comparison
Scheme organized by Olfasense GmbH, Kiel, Germany, in September 2023. In the test,
a certified reference material (CRM), consisting of n-butanol in nitrogen with various
unknown concentrations was used. The performance parameters verified was accuracy
(Aoq) and repeatability (r). The values obtained were compared with the values provided by
the scheme organizer: A,q = 0.125 < 0.217 and r = 0.083 < 0.477. The limit of quantification,
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calculated from the olfactometer specifications, was 13.6 ouE/m?>. Internal laboratory
reproducibility was 12.51%, and uncertainty budget of the method was 46.85%.

2.3. Determination of Odor Emission Rate from Area Source

The specific odor emission rate (SOER) is similar to emission factors for other pollu-
tants/chemical compounds in that they relate the quantity of a pollutant released into the
atmosphere to a particular associated activity [31].

The specific flow of the surface source is expressed in m®/(m?h) and is determined by
dividing the defined flow m3/h and multiplying it by the size of the entire surface m? [28].

In this study, the emission from the diffuse area source was calculated using
Formula (1).

SOER = Coq X Qair/ Anood. 1)

where:

SOER is the specific odor emission rate in ouE/m?/s;
Q.ir is the airflow inside the hood (m3-s~1) (equal to 180 L/h);
C,q is the odor concentration in ouE/m3;

Apood is the area of the wind tunnel in m? (equal to 0.5 m?).

It is essential to note that the odor concentration of the sample withdrawn from the
wind tunnel is proportional to the sweep air flow rate: the higher the latter, the greater
the dilution for the emitted sample, resulting in lower odor concentrations. Experiments
show that if the fan operates with sweep air flows of 50-500 L /h that do not interfere with
surface emission, the odor concentration and sweep air flow remain constant [37].

The odor emission rate (OER) can be obtained as a product of the SOER and the total
emitting surface (Asource) using Formula (2).

OER = SOER X Agource. )

2.4. Model Description

Gaussian atmospheric dispersion models, such as the industrial source complex model
AERMOD, have been utilized to evaluate pollution impacts in a variety of scenarios.
Dispersion modeling is capable of predicting pollutant dispersion using emission data [38].

AERMOD View uses an atmospheric dispersion model based on the turbulence struc-
ture of the atmosphere layers and scaling concepts, including the treatment of multiple
point sources at ground level or at altitude (AERMOD View software platform version
11.2.0.). It can be used for flat or complex terrain, rural or urban, and it includes algorithms
for the effects that occur due to buildings. In the study, the Gaussian dispersion model
was used for stable atmospheric conditions and the non-Gaussian models were used for
unstable conditions. The simulation of dispersion in a complex terrain is achieved by
procedures based on the separation of streamlines that allow pollutants to move over
or around landforms, depending on the height of the pollutant plume and the stability
conditions [39].

The mathematical modeling was performed under the following modeling conditions:

e A Uniform Cartesian Grid was used to apply two receptor networks, with one on the
entire surface of the dispersion map (6200 x 6200 m) and 32 points spaced 200 m apart,
giving a total of 1024 receptors. The second network was applied centrally at the site
level, covering 2450 x 2450 m and having 50 points spaced 50 m apart, giving a total
of 2500 receptors for a uniform distribution of the iso—concentration curves at the level
of the dispersion maps.

e Topographic data processing was performed using the AERMAP terrain processor,
which is included in the AERMOD software platform. The “flat terrain” option was
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used with a digital map in SRTM 30 format (Shuttle Radar Topography Mission) with
the aim of creating digital terrain maps over almost the entire surface of the Earth with
a resolution of 30 m.

e To draw attention to the odor concentrations estimated at the property’s edge and in
populated areas close to the WWTP, 14 locations of sensitive Cartesian receptors were

inserted in the model (4 at the property’s edge and 10 in populated areas), as shown in
Table 1.

Table 1. The sensitive receptor code and relative position to the investigated site.

Identification Location Identification Location Identification Location
Code Code Code
N1 h’lﬁ?%&%’msiittg f 1.5 Southwest 6_10 East
V2 ﬁeeswyv??gtoef 2.6 Southwest 7 11 East
E3 Eﬁes t\?\;/lvl%r;isti?ef 3.7 South 8_12 Northwest
54 thf}\i\iwéil’msiittg f 4.8 South 9_13 North

The spatial distribution of the introduced sensitive receptors is found in Figure 4.

Y-Direction [m]

. %

gmap data: © HERE.com|

T 1 5 5
544100 544300 544500 54700 544900 545100 545300
X-Direction [m]

Figure 4. The locations of the points where the sensitive receptors were introduced.

2.5. Meteorological Data Used

To perform the mathematical modeling of the odor dispersion in the atmospheric air,
validated meteorological data were used, which were provided by the Romanian National
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Resultant Vector
267 deg - 15%

Meteorological Administration, RNMA [40]. The data used were for the year 2023, and
they were provided by the municipal meteorological station. The data characterized six
meteorological parameters (temperature, pressure, humidity, cloudiness, wind speed, and
direction) as hourly averages, according to the requirements of the dispersion program.
The approximate distance of the weather station from the studied location is 4500 m. This
proximity enables the collection of relatively accurate weather data, guaranteeing that the
observed conditions accurately reflect the local environment.

The weather data were statistically processed with the AERMET View program to
eliminate outliers and create a wind rose (Figure 5a), which represents the annual distri-
bution of the wind direction in the area, and it is presented in a “blowing from” format.
In general, a distribution of winds with dominant directions from the W-NW and SW
was observed.

" INORTH . 60 :
55 : 53§
10% =
sof
as—+
40
35+
Ob E
30
25 =
20F
- E
WIND SPEED L= -
(m/s) -
: . m >=11.10 10
\SOUTH .-~ B 880-11.10 -
B 570-880 -
B 360-570 5+
] 210-360
] 050-2.10 o
calms: 5.65% Calms 2.10—-3.60 5.70—8.80 >=11.10

0.50—-2.10 3.60—-5.70 8.80—11.10
Wwind Class (m/s)

(@) (b)

Figure 5. (a) The wind roses in the selected municipality—blowing from format. (b) The frequency of
the winds.

In this project, the upper air estimator was utilized as a preprocessing tool. This
feature, which is a non-US EPA AERMET option, enables the generation of upper air data,
and it is based only on hourly surface meteorological data. It provides an alternative to
using actual upper air sounding data, allowing for more flexible and efficient processing
when such direct measurements are unavailable [39]. During the data conversion process,
the surface roughness, Bowen ratio, and albedo were specified by land use type, and it was
divided into 12 sectors and selected as the annual average. The values of the surface used
for processing meteorological data are presented in Table 2.

Regarding the frequency of winds, a strong presence of wind classes in the range
of 0.5-2.1 m/s was observed throughout approximately 54% of the year, whereas the
range of 2.1-3.6 m/s and 3.6-5.7 m/s, covering a smaller period, was observed throughout
approximately 29% of the year (Figure 5b). Winds with higher intensity were present in a
percentage of approximately 12% of the year.
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Table 2. The values of the surface data based on the proximity from the meteorological station.

Specify Sectors Albedo Bowen Ratio Surface Roughness Land Type

1 (0-30°) 0.28 0.75 0.0725 Cultivated Land
2 (30-60°) 0.28 0.75 0.0725 Cultivated Land
3 (60-90°) 0.2075 1.625 1 Urban

4 (90-120°) 0.2075 1.625 1 Urban

5 (120-150°) 0.28 0.75 0.0725 Cultivated Land
6 (150-180°) 0.28 0.75 0.0725 Cultivated Land
7 (180-210°) 0.28 0.75 0.0725 Cultivated Land
8 (210-240°) 0.28 0.75 0.0725 Cultivated Land
9 (240-270°) 0.28 0.75 0.0725 Cultivated Land
10 (270-300°) 0.29 0.905 0.4025 Grassland

11 (300-330°) 0.29 0.905 0.4025 Grassland

12 (330-360°) 0.29 0.905 0.4025 Grassland

2.6. Analyzed Parameters

To verify the toxicity of the air samples, the H,S, NHj3, and VOCs levels were measured

with three different pieces of equipment.

A Horiba APSA-370 for ambient HyS monitoring measured the SO, converted H,S
through an oxidation catalyst based on Ultra Violet Fluorescence. In order to reduce
the measurement error by water concentration fluctuation in ambient conditions, the
humidifier was set at the sample line. This enables long-term stability according to
stabilizing catalytic reaction. The analyzer operates within a measurement range of
0 to 0.5 ppm, making it well suited for monitoring low concentrations of H,S in a
variety of environments. It delivers high performance, with a repeatability of +1.0%
and linearity of +1.0%, ensuring both precision and reliability throughout the entire
measurement range. The measurement uncertainty is estimated at +19%.

A Horiba APNA-370 automatic analyzer for ambient ammonia monitoring measured
increased nitrogen oxide (NOx), which was found to have reacted through oxide
catalyst treatment via the ammonia (NH3) concentration with the chemiluminescent
(CLD) method. HORIBA's original cross-flow modulation method ensures long-term
stability and reliable measuring value with 5 ppb for minimum detectable sensitivity.
This analyzer is capable of measuring NH3 within a range of 0 to 0.5 ppm, making it
suitable for monitoring the low concentrations typically found in environmental and
industrial settings. It offers excellent performance characteristics, with a repeatability
of £1.0% and linearity of +1.0%, ensuring both consistent and accurate results across
its full measurement range. The measurement uncertainty was estimated at £18.3%.
The Thermo-FID model PT introduces a complete plug and play portable analyzer
measuring Org.C components from a high range (ppm) to very low range (LEL).
The portable unit includes gas bottle compartments and pressure regulators for both
hydrogen and span gas. The instrument provides a built-in temperature regulator
and mains supply for the standard external heated sample line (samples). It has
a measurement range between 0 and 100 mg/Nm?. Calibration gases, specifically
propane of a known concentration, are used to calibrate the analyzer. The measurement
uncertainty was estimated at £7.5%.

3. Results
3.1. Results of the Odor Concentrations by Dynamic Olfactometry

The odor concentration was obtained using the dynamic olfactometry method, which

measures the odor concentrations generated by on-site sources, as well as by mathematical



Atmosphere 2025, 16, 577

12 of 22

modeling of the odor dispersion in the air, which was used to estimate the odor concentra-
tions in the surrounding air.

The main odor sources found were the 13 surface emission sources, which were the
tanks related to the technological processes of mechanical-biological treatment and sludge
processing. These sources were surface emissions. The odor emission rate was determined
in ouE/m? /s and used to estimate the total emission factor of the odor concentration from
the area source.

Table 3 shows the results of olfactometric measurements, including the odor concen-
trations and emission rates. The results of the H,S, NH3, VOCs, and odor are reported with
the uncertainty value associated. Odor concentrations in the samples ranged from 22 to
4171 ouE/m3, with a geometric mean of 159.6 ouE/m?>. For the odor emission rate, we
obtained a range from 0.16 to 34.76 ouE/m? /s, with a geometric mean of 1.54 ouE/m?/s.

Table 3. The results of the olfactometric measurements and odor emission rates.

Odor Odor
Sampling Source Code  Height (m) H,S ppb NH, VOGs Concentration  Emission Rate Area of thze
ppb ppm Source m
ouE/m3 ouE/m?/s
Sand remover—grease ) 1 166+32 177432 23840.18 48 £ 22 0.40 506
separator line 2
Primary decanters 1-3 P2 1 145428 102419 2524019 43 +£20 0.36 2661
Activated sludge tank 4 164+31 675+123 5.12+0.38 54 + 25 0.45 24
distribution chamber
Biological reactor P4 4 174433 472486 4344033 54+ 25 0.43 300
(anaerobic zone)
Biological reactor P5 4 172433 501492 4124031 25412 0.21 1200
(anoxic zone)
Biological reactor P6 4 163+31 425478 468+035 48 £ 22 0.40 4100
(aerobic zone)
ff;ondary decanters P7 1 101+19  194+36 3.12+0.23 22410 0.16 7950
Primary sludge PS8 1 269+51 543+99 6884052 532 = 249 443 80
pumping station
Primary sludge gravity 3 475490 13.6+25 6.85+ 051 1166 + 546 9.27 227
concentrator
Primary and excess P10 5 263+50 108+20 818+061 2793 + 1309 23.28 79
sludge mixing tank
Fermented sludge P11 4 205439  133+24 659 +0.49 117 + 55 0.98 79
buffer tank
Sand remover—grease
separator line 1 P12 1 245+47  114+21  426+032 2793 + 1309 23.28 240
(grease collector system
out of operation)
Primary decanter no. 4
(sludge collector P13 1 26+43  153+28 559+042 4171 + 1954 34.76 887

system out of
operation)

3.2. Pearson Correlation for the Analyzed Parameters

Figure 6a shows a correlation heatmap representing the relationships between the
odor concentration and three key pollutants: hydrogen sulfide (H,S), ammonia (NHj3),
and volatile organic compounds (VOCs). The color scale ranges from —1 (strong negative
correlation) to +1 (strong positive correlation), with red indicating positive correlations
and blue indicating negative ones. Asterisks (*) denote statistically significant correlations
with p-values < 0.05, suggesting strong evidence against randomness in the observed
relationships. As shown in Figure 6a, there is a significant correlation between the odor
concentration and the concentration of H,S (p < 0.05). The VOC concentrations were
also correlated significantly with the odor concentration, reinforcing their role as a major
contributor to odor pollution.
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Figure 6. (a) The correlations between the odor concentration and the H,S, NH3, and VOC results
(p-valuey. (b) The correlations between the sampling sources regarding odor concentrations (p-value).

Figure 6b illustrates the correlations between the different sampling sources (P1 to
P13) regarding odor concentrations. The size and color intensity of the circles indicate
the strength of the correlation. Red represents positive correlations, with deeper red and
larger circles indicating stronger positive relationships. White or small faded circles imply
weak or non-significant correlations. Blue (though not visibly present here) would indicate
negative correlations.

Concerning the odor-generating sources, the correlations among them are illustrated
in Figure 6b. The results obtained from Sources P1 (sand remover—grease separator,
line 2) and P2 (primary decanters 1-3) were correlated with those from Sources P8-P11,
which represent the areas where the sludge is stored, concentrated, mixed, and fermented.
The results were also implicitly correlated with Sources P12 and P13 (which were non-
operational at the time of sampling), with the p-value being < 0.05.

3.3. Results of the Odor Concentrations by Mathematical Modeling in the Surrounding Air

In order to estimate the odor concentration in the ambient air on the site and in the
areas surrounding the WWTPs, two simulations with two mathematical modeling were
performed using the 98th percentile function. The objective was to identify the level of
the odor pollution generated by diffuse area sources on the site and in the surrounding
area in 98% of a year, or over 8585 h under prevailing meteorological conditions specific to
an entire year, apart from the most unfavorable dispersion conditions (1st highest value).
These values represent an hourly average and are unique for each receptor. Two other
mathematical models were constructed for the remaining 175 h of the year (2%). In this
situation, it was found that the concentrations may reach higher values, largely due to
meteorological conditions that are unfavorable to dispersion. This situation corresponds to
the most unfavorable weather conditions for odor dispersion in the surrounding air, also
known as the worst-case scenario.

Type A simulations were performed with the 1st highest value and 98th percentile
functions for all diffuse area emission sources. The dispersion maps for this type of
simulation includes the total contribution of all the diffuse area sources that were identified
on the site of the WWTP under normal operating conditions, as shown in Figure 7a,b.
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Figure 7. (a) The hourly average of the highest values over 98% of a one-year period for all emission
sources represents the 98th percentile for type A simulation. (b) The hourly average of the high-
est values over 2% of the year for all emission sources represents the 1st highest values for type
A simulation.

Type B simulations were performed with the 1st highest value and 98th percentile
functions for all diffuse surface emission sources. The dispersion map for this type of
simulation includes the total contribution of the diffuse area sources that were identified on
the site of the WWTP with the grease collection system of the de-sanding/grease separation
Unit Line 1 and the sludge collection system of the primary settling Decanter 4 out of
operation, i.e., a situation that may be encountered at the time of sampling, as shown in
Figure 8a,b.

Under these conditions, the following data were taken into account for the interpreta-
tion of the results, which were obtained through mathematical modeling;:

e The concentration of 1 ouE/m® was considered as the minimum odor concentration
perceived by 50% of the population, although only a part of the population showed a
biological response at this concentration.

e  The limit values established by some European countries for residential areas are
located in the range of 2-7 ouE/m?, and these are accompanied by a maximum
number of hours per year when these limits can be exceeded or the 98th percentile
value is applied.

e Therange of 5 ouE/m? to 10 ouE/m? is where olfactory discomfort occurs.

The Type A simulation within the 98th percentile function is presented in Figure 7a
for all emission sources under normal operating conditions, and it shows a maximum
concentration of 20.4 ouE/m?3, which was recorded on the site, over 98% of a one-year
period. The odor plume presents a reduced shape compared to the 1st highest values
function, with halved iso—concentration curve values and a trend toward the east.
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Figure 8. (a) The hourly average of the highest values over 98% of a one-year period for all emission
sources represents the 98th percentile for type B simulation. (b) The hourly average of the high-
est values over 2% of the year for all emission sources represents the 1st highest values for type
B simulation.

At the boundary of the WWTP, the highest value of the odor concentration was
12.48 ouE/m? at Point (S_4), which is located in the southern part of the site (Table 4). At
the level of the sensitive receptors located outside the site, the maximum concentration was
at Point (6_10), which is east of the WWTP, and it had a concentration value of 4.91 ouE/ m3.

The simulation in Figure 7b shows a maximum concentration of 36.8 ouE/m? in the
southern area of the site under the most unfavorable meteorological dispersion conditions
for the entire year. At the site boundary, the highest value of the odor concentration
was 20.17 ouE/m? in the same point (S_4) located in the southern part of the site. The
concentrations gradually decreased in the direction of the odor plume, reaching values
between 2-1 ouE/m3 at distances greater than 1000 m outside the site. The highest values
encountered at the level of sensitive receptors were 13.16 ouE/m? at Point (4_8) and
12.20 ouE/m? at Point (3_7); the values for the remaining points outside the site, where the
sensitive receptors were introduced, were in the range of 4-9.8 ouE/m?.

The Type B simulation presented in Figure 8a for all emission sources modeled the
grease collection system of the de-sanding/grease separation Unit Line 1 and sludge
collection system of the primary settling Decanter 4 not working, and this modeling
showed a maximum concentration of 749 ouE/m3, which was recorded on the site, over
98% of the one-year period. The odor plume presented an increased shape compared to
the Type A simulation, with halved iso-concentration curve values and a trend toward
the northeast.
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Table 4. Results of the odor concentrations through mathematical modeling at the level of sensitive
receptors for the Type A and Type B simulations.

Sensitive Receptor Odor Concentration Odor Concentration
Name Code ouE/m3 98th Percentile ouE/m3 1st Highest Values
Type A Type B Type A Type B
N_1 Northern limit
of the WWTP site 7.50 19.37 13.43 148.93
V_2 Western limit of
the WWTP site 8.87 76.17 19.47 382.58
E_3 Eastern limit of
the WWTP site 9.94 174.79 14.18 407.64
S_4 Southern limit of
the WWTP site 12.48 76.44 20.17 395.32
1_5 Southwest 1.68 3.74 3.99 20.65
2_6 Southwest 1.86 3.96 8.58 117.53
3_7 South 1.66 3.90 12.20 101.87
4_8 South 1.33 5.43 13.16 140.56
5_9 Southeast 3.05 5.93 9.41 84.87
6_10 East 491 18.63 9.81 126.05
7_11 East 3.54 11.82 7.63 84.18
8_12 Northwest 1.68 8.63 7.63 69.92
9_13 North 1.76 2.86 7.84 70.08
10_14 Northwest 2.85 8.44 8.68 70.72

At the boundary of the WWTP, the highest value of the odor concentration was
174.8 ouE/m? at Point (E_3), which is located in the eastern part of the site. At the level
of sensitive receptors located outside the site, within the 98th percentile simulation, the
maximum concentration was at Point (6_10), which is east of the WWTP, and it had a
concentration value of 18.63 ouE/m3.

The simulation, as presented in Figure 8b, under the most unfavorable meteoro-
logical dispersion conditions for the entire year showed a maximum concentration of
956.5 ouE/m? in the central area of the site. At the site boundary, the highest value of
the odor concentration was 407.6 ouE/m?3 in the same Point (E_3), which is located in the
southern part of the site. The odor plume disperses in all directions, mainly to the west, due
to the prevailing easterly wind direction. In the directions of the plume, the concentrations
gradually decrease, reaching values between 2-1 ouE/m?3 after distances of over 3000 m.

The highest values encountered at the level of sensitive receptors for this simulation
was 140.6 ouE/m? at Point (4_8) and 126 ouE/m? at Point (6_10); the values for the
remaining points outside the site, where sensitive receptors were introduced, were in the
range of 20-117 ouE/m3 (Table 4).

In Table 4, the odor concentrations for both the simulation with the 98th percentile
and 1st highest values functions at the level of sensitive receptors are presented.

In order to identify the sources with the greatest influence on the level of odorous air
pollution on the site and in its vicinity, especially in areas where homes are located, all of
the sources were analyzed and modeled individually for the two distinct simulations using
the “98th Percentile” and “1st Highest Values” functions. The results obtained through
mathematical modeling in these conditions were specific to each source and can be found
in Figure 9.
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Figure 9. The results of the odor concentrations for each odor source identified on the WWTP site for
the two types of simulations: 1st highest values and 98th percentile.

3.4. Result of the Odor Concentrations on the Environmental Air

The results obtained for the odor concentrations in the ambient air are presented in
Table 5. The highest value, 23 ouE/ m?3, was recorded at Point 8_12, which is northwest, in
June 2024. All other measured values were either below the method’s determination limit
or close to this threshold.

Table 5. The results of the odor concentrations on environmental air.

Odor Concentration

Sensitive Receptor Name Code Data of Analysis ouE/m3

4_8 South 10 June 2024 14

27 September 2024 <13.6
6_10 East 29 March 2024 15
11 June 2024 14

27 September 2024 <13.6

17 December 2024 <13.6
8_12 Northwest 11 June 2024 23

27 September 2024 <13.6

“<” represents a value below the method’s determination limit.

4. Discussion

The obtained values of the odor concentrations at the level of the area source in the
investigated WWTP (22-4171 ouE/m?) were lower than those reported in other studies,
such as, for example, in the Izmir WWTP (131-16,384 ouE/ m3) [15].

The highest contribution to odor pollution was observed when the primary settling
Decanter 4 was out of service. In this scenario, the source emitted an odor concentration of
4171 ouE/m?, with an emission rate of 34.76 ouE/m? /s over a surface area of 887 m2. In the
Type B simulation, which represents this malfunction scenario, significant odor levels were
recorded both on the site of the treatment plant and in the surrounding areas. According
to the “1st Highest Values” function, the maximum concentration reached 957 ouE/ m?,
(Figure 8b) while the “98th Percentile” function indicated a maximum concentration of
749 ouE/m3 (Figure 8a). Although this scenario does not reflect the normal operating con-
ditions of a wastewater treatment plant, such situations are not uncommon and highlight
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the potential impact of equipment failures on odor emissions. The Pearson correlation
confirmed that HyS and VOCs are the most influential compounds contributing to odor
emissions in the wastewater treatment environment, while NHj plays a more variable or
indirect role (Figure 6a). These findings help guide targeted monitoring and mitigation
strategies, prioritizing compounds with the greatest impact on odor levels.

In the normal conditions of WWTP functionality, the Type A simulation showed
that the highest contribution to odor pollution came from the sludge processing stage,
particularly from the primary sludge gravity concentrator with an emitted concentration
of 1166 ouE /m? with an emission rate of 9.27 ouE/m? /s over a surface area of 227 m?. To
reduce the odor emissions from this type of source—which is among the most significant
contributors to odor pollution—installations can be implemented to capture and filter the
gases released during the sludge purification process.

The literature indicates a general range of 3 ouE/m? to 5 ouE/m? for concentrations
detected by the majority of the population and a range of 5 ouE/m? to 10 ouE/m? for
concentrations leading to a state of discomfort [20]. These ranges are not generally valid
and depend on a multitude of factors, such as the sensitivity of each person, the character
and intensity of the odor, the frequency, the location, etc. [41].

As a rule, interpreting the results of studies assessing air quality through mathematical
modeling of the dispersion of pollutants in the air involves reporting the results obtained
through modeling the limit values that are in force in the environmental regulations for
ambient air quality. According to the Romanian legislation at the moment, no limit for the
concentration of odor in the air has been set [42]. The only Romanian Standard that includes
data regarding odor levels in protected areas is STAS 12574/87 [43]. In this standard, a
definition of strongly odorous substances is presented: “emissions of strongly odorous
substances exceed the maximum permitted concentrations when in the impact area their
unpleasant and persistent odor is detectable” [43].

At the European level, there is no unified approach to odor regulations; some member
states have, in various forms, set limit values for odor concentrations in air in their national
legislation, but the vast majority do not have such limits. Most of these limits are between
2 and 7 ouE/m?3 in the residential areas of countries like Italy, France, Belgium, Denmark,
and the Netherlands [20]. They are usually accompanied by a maximum number of hours
per year when these limits can be exceeded (usually 175) or the 98th percentile value.
This way, when mathematical modeling studies of dispersion are performed, the highest
estimated values are not interpreted because they are exceptions caused by bad or extreme
weather (1st highest values) [44].

Efficient financial planning ensures that wastewater treatment plants can run smoothly,
satisfy regulatory requirements, and continue to serve the community. Wastewater treat-
ment plants, in turn, serve an important role in preserving public health and the envi-
ronment by treating and purifying water before it is returned to natural water sources.
Proper funding and management in all sectors are critical to long-term success and envi-
ronmental conservation. Conservation efforts help maintain the ecological balance and
support sustainable development initiatives within the community. By investing in inno-
vative technologies and infrastructure improvements, wastewater treatment facilities can
enhance their efficiency and reduce their environmental footprint, ultimately benefiting
both residents and the ecosystem [45].

5. Conclusions

This study demonstrates the substantial influence of wastewater treatment plant
(WWTP) operations on local air quality, particularly regarding the emission of odorous
and potentially harmful substances, such as hydrogen sulfide (H;S), ammonia (NH3), and
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volatile organic compounds (VOCs). Through mathematical dispersion modeling using
the AERMOD View platform, two distinct operational scenarios were analyzed to estimate
odor concentrations under unfavorable meteorological conditions.

Results indicate that, under normal operating conditions, odor concentrations remain
within a relatively low and controlled range. However, in the event of equipment failures—
such as the shutdown of the grease collection system and primary sludge decanter—odor
levels can escalate sharply, posing a significant nuisance and potential health concern for
nearby residents.

These findings underscore the critical need for continuous monitoring, rigorous main-
tenance protocols, and compliance with environmental regulations. Furthermore, trans-
parent communication and active engagement with stakeholders are essential for build-
ing public trust and ensuring effective odor management. By prioritizing preventative
measures and investing in system reliability, WWTP operators can significantly mitigate
emission risks and contribute to a healthier environment for surrounding communities.

The methodology applied differs from most odor studies in the literature, where ambi-
ent air monitoring is used, when compared to direct sampling from the surface emission
source. This study provides a substantial advancement in sampling techniques via using
a wind tunnel to estimate the concentrations in diverse scenarios through mathematical
modeling of the odor dispersion in the surrounding air utilizing the AERMOD View soft-
ware platform. This comprehensive approach incorporates emission data from the sampled
areas, along with validated meteorological and topographical data specific to the region.
This approach will allow one to predict how different variables, such as wind speed and
direction, affect the spread of odors and pollutants.

The obtained results highlight the variability in pollutant concentrations depending
on the modeling approach used. Furthermore, they emphasize the importance of on-
going monitoring and assessment to ensure compliance with environmental standards
and protect sensitive receptors in the surrounding area. By comparing the results from
different simulation methods, researchers can better understand the potential impacts of
pollutants and make informed decisions regarding mitigation strategies. This comprehen-
sive approach not only aids in regulatory compliance, but also fosters community trust
in environmental management practices. Trust in environmental management practices
is crucial for fostering collaboration between regulatory agencies and local communities.
Engaging stakeholders in discussions about pollutant impacts and mitigation efforts can
lead to more effective strategies that benefit both public health and the environment.
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