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Abstract: The article presents an analysis of the spatial dispersion of ammonia in the troposphere, emitted from the
thermal treatment of sludge from the sewage treatment plant in £6dz. The study aimed to assess the impact of the
emitter on the air quality in the nearby single-family housing estate. The results of field measurements of ammonia
concentration were compared with computer simulations based on data measured at the emitter. Mobile measuring
equipment mounted on a transport platform and an unmanned aerial vehicle was used to conduct field measurements,
which were then subjected to analytical processing in ArcGis Pro software. Computer simulation of ammonia dispersion
from two 25 m high chimneys was conducted in the OPAO3 program. Both field measurements and simulation data
showed a negligible impact of the emitter on the ammonia concentration in the air. This is primarily due to the low
concentration of emitted ammonia at the chimney outlet and the emitter's location relative to the buildings, considering
the dominant wind directions. Field studies have shown that the emission of ammonia in the analyzed area may be to
a greater extent caused by the sewage collection station from sewage disposal vehicles and the composting plant, which
are located close to the analyzed emitter and the residential area.
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1. Introduction

Ammonia gas NHj3 is the most abundant alkaline gas in the atmosphere (Behera et al. 2013). The largest
source of anthropogenic NH3 emissions, according to the European Environment Agency report (EEA report
2022) is agriculture (94% of emissions), while in Poland, this value reaches 97% (KOBiZE report 2020),
including animal husbandry and the use of NHs-based fertilizers (Yang et al. 2023, Mielcarek-Bochenska et al.
2019). Other sources of NH3 include industrial processes and vehicle emissions. One example of industrial
ammonia emissions into the atmosphere may be sewage treatment plants (Cichowicz & Stelagowski 2019,
Zhang et al. 2017). The first source of ammonia emissions in sewage treatment plants may be sludge, which,
after the dewatering process, contains ammonium nitrogen compounds and ammonia gas (Valach et al. 2023).
The second main source may be the selective noncatalytic reduction NOx technological system (Wielgosinski
et al. 2016). The SNCR method consists of injecting 25% ammonia water into the upper part of the fluidized
bed furnace to reduce the NOx concentration in the exhaust gases. The dosage of ammonia water translates
into the occurrence of gaseous ammonia in the exhaust gases and, together with them, the emission of NHj3
into the atmosphere. Industrial ammonia emission is particularly important due to the high point concentrations
that can occur, thus worsening the comfort of work and threatening the health and life of employees
(Van Damme et al. 2018). Ammonia emissions can also cause odour nuisance to nearby residential buildings
(Piccardo et al. 2022, Szytak-Szydtowski et al. 2024). Ammonia in atmospheric air at a concentration of about
3.5 mg/m® (3500 pug/m?) is noticeable, and at a concentration 10 times higher, it causes discomfort. At a con-
centration above 280 mg/m’, it causes throat irritation, above 1200 mg/m°, it causes coughing, and concentra-
tions above 1700 mg/m?* can be life-threatening. Long-term exposure to high concentrations of ammonia leads
to chronic lung diseases. According to the law regulation (RMS 2010), the reference value for ammonia in the
air is 400 pg/m’ (average for one hour) and 50 pg/m’ (average for a calendar year). Taking into account the
content of Polish legal acts (RMS 2012, RMKiS 2020, RMK 2020), ammonia is not included in the group of
substances subject to the need for continuous monitoring of concentration in atmospheric air. However, it is
subject to limitations following the regulation (RMRPiPS 2018) in the work environment to the value of the
highest permissible concentration of 14 mg/m® and the highest allowable momentary concentration of 28 mg/m”.
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Recent studies indicate that NH; emissions have increased globally over the past few decades (Behera et al.
2013). According to the 2022 EEA Air Quality Report in Europe, gaseous pollutant emissions are decreasing
year-on-year. Still, ammonia emissions have decreased only 8% over 15 years, the least of all gaseous pollu-
tants analyzed. This is a problem because NH3 plays a significant role in forming particulate matter in the atmos-
phere (Gong et al. 2013), contributing to atmospheric nitrogen deposition in sensitive ecosystems. Thus, NH3
emissions negatively impact environmental and public health, as well as climate change (Wang et al. 2015).

The spread of gaseous pollutants in the atmosphere is a complex phenomenon (Watson et al. 1988, Aloyan
& Arutyunyan 2000). The decisive factors in this respect are the wind direction and speed, the emitter's height,
and the terrain's roughness (Kim et al. 2015). As shown in publications (Cichowicz & Wielgosinski 2015,
Cichowicz & Dobrzanski 2022), in urbanized areas, the phenomenon of accumulation of gaseous pollutants
between buildings in lee zones and a decrease in concentration in the "airing" zones very often occurs. Due to
the complexity of the phenomenon, computer numerical methods represented by programs such as OPA03
(Latuszynska 2013), Aeromod (Abu-Allaban & Abu-Qdais 2011), ENVI-ment and Austral2000 (Paas 2016)
are currently used to analyze the spread of pollutants in the atmosphere. Computer programs enable the simu-
lation of pollutant dispersion and, thus, assessment of the emitter's environmental impact.

For these reasons, it is important to clearly understand the sources, deposition, and atmospheric behaviour
of NHs. This paper presents a comprehensive analysis of the dispersion of ammonia emitted from a thermal
sludge treatment plant based on field measurements using unmanned sampling and transfer technology and
computer modelling of the contamination spread based on emitter measurement data.

2. Methodology
2.1. Analyzed objects

The main subject of the analysis was the spread of air pollution emitted by 2 chimneys of a sewage sludge
thermal treatment plant SSTT (Fig. 1: L1 and L2.). Each chimney has a height of 25 m and an internal diameter
of 0.7 m. The emission source is the combustion reaction at a temperature above 750°C, which is the basic
process in sewage sludge thermal treatment utilization. The flue gases produced by the SSTT are subjected
to the following processes: cooling energy recovery from flue gases, dedusting separation of solid fractions
in cyclones, and chemical treatment removal of acidic substances and mercury using calcium carbonate and
activated carbon. The SSTT plant consists of 2 technological lines, each equipped with a fluidized bed furnace
using the "Pyrofluid" technology from Veolia Water Technologies with a capacity of approximately 4 MW.
SSTT processes approximately 236 m*/d of stabilized dewatered sludge. Approximately 220 Mg of sludge is
thermally processed per day.

Fig. 1. Location of the analyzed emitter, where L1, L2 are chimneys emitting air pollutants (source of background map:
ArcGIS Pro)
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Table 1 summarizes the most important data collected from the emitter at the outlet of the L1 and L2 stacks.
The L2 emitter operates on average about 20 h longer per month than the L1 emitter, which results in 60%
higher average NH3 emissions. The differences between the emitters were considered in the numerical analysis
methodology.

Table 1. Emission data, exhaust gas temperatures and velocities measured at emitters L1 and L2

Parameter Q-NH; Exhaust gas velocity = Furnace operating time Exhaust gas temp.
Unit kg/h m/s h/month °C
Emitter no. L1 L2 L1 L2 L1 L2 L1 L2
Mean 0.0510 0.0838 16.0 18.6 632.5 656.0 163.4 156.3
Min 0.0000 0.0199 154 14.7 173.0 333.0 159.9 148.0
Max 0.1570 0.4312 16.8 28.9 727.0 721.0 166.0 162.6

The actual, direct monitoring of air quality near the emitter was carried out in an area of 52 ha (Fig. 2),
demarcated from the east by the S14 expressway, from the south by the southern border of the single-family
housing area, from the west by the north-south direction of Biwakowa Street, and the north by the entrance to
the S14 expressway. The analysis covered the areas of single-family housing, Euro catchment, dye house,
garden plant nursery, car, bicycle and pedestrian communication routes. The indicated area (at a distance of
1100 m from the SSTT emitter) was selected due to its location behind the analyzed chimney of the sewage
sludge incineration plant in relation to the prevailing wind directions in this area. The selected area was par-
ticularly important regarding the possibility of direct odour nuisance or negative impact of the analyzed emit-
ters on the health and life of residents of nearby housing estates.

Scale 1:10000

Fig. 2. Map of the air quality analysis area (source of background map: ArcGIS Pro)
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2.2. Methodology of analysis

The presented studies on the impact of NH3 emissions on air quality can be divided into two parts, which
were compared with each other. The first part concerns computer numerical simulation of NH3 dispersion
emitted from chimneys based on data collected at the chimney outlet, carried out in the OPA03 program ver.
5.42 by Eko-Soft (Eko-soft company). The second part of the research consisted of actual air quality control
in the area most exposed to air pollution with NH3 emitted by emitters L1 and L2. It was performed using
mobile measuring equipment. Then, the results collected in this way were presented graphically using the
ArcGIS Pro program.

Simulations in the OPAO03 program are based on the calculation methodology described in the Regulation
of the Minister of the Environment of 26 January 2010 on reference values (hourly average 400 ug/m’ and
annual average 50 pg/m’) for certain substances (RMS 2010). The input data for modelling in OPA03 came
from monitoring pollutant emissions and the velocity and temperature of exhaust gases at the outlet of chim-
neys from 2022. In the analysis, following the regulation (RMS 2010), the background level of ammonia pol-
lution in the air was assumed at 10% of the reference value averaged for the year. Since the concentration of
NHj is not monitored by the Environmental Protection Inspectorate (RMKiS 2020 ), it is not possible to deter-
mine a real reference value for this pollutant for the analysis area. Therefore, the reference value for ammonia
was assumed following the regulation (RMS 2010) of 50 pg/m® (average for the year), and therefore the back-
ground level of pollution used in the analysis was 5 pg/m’. This value will be a reference for the emitter's
impact on air quality. The analysis was carried out considering meteorological data from the Lodz-Lublinek
measuring station. The simulation in the OPA03 program was carried out divided into 12 time periods due to
large disproportions in ammonia emissions from two emitters (Table 2). In addition, an analysis was carried
out for a hypothetical situation of the occurrence of maximum emission of emitters L1 and L2 from 2022 in the
same month, to check the extreme from the available data. The results of the OPAO03 analyses are presented in
spatial graphs of the maximum hourly and average annual ammonia concentration at a height of 2 m above
ground level. The adopted height of 2 m was intended to compare computer results with field measurements
performed at the same height. In addition, this is the height of direct impact on people staying and living near
the emitter and is following legal measurement recommendations stating the need to measure at a height of 1.5
to 4 m above the ground (OMKi$ 2024). The concentration of 0.02 pg/m’ (less than 0.04% of the reference
value) was assumed as the minimum presented in the graphics.

Field measurements of NH3 concentration verified the results of the computer simulation. Field measure-
ments of NH3 concentration were performed using measurement and sampling equipment installed on an un-
manned aerial vehicle (UAV) (Fig. 3A) and a transport platform (TP) (Fig. 3B). The use of a UAV allowed
for measurements to be made at heights ranging from 15 to 50 m above the ground surface. The TP was used
for measurements at a height of approximately 2 m above ground level. The UAV with TP was equipped with
ametal oxide semiconductor (MOS) NH3; sensor (10 ppb to 300 ppm). The MOS sensors were validated against
measurements made using a VEGA-GC microchromatograph gas chromatograph equipped with a thermal
conductivity detector (TCD), a minimum concentration of 500 ppb (0.005 ppm).

equipment, 2 — sampling probe
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The results of field measurements of NH3 concentration were developed based on numerical analyses of
pollutant dispersion and were performed using ArcGIS Pro 3.2 (Esri company). The pollutant concentration
distribution was interpolated using the Empirical Bayesian Kriging 3D method. The Kriging method was cho-
sen over other interpolation methods, such as Inverse Distance Weighting (Maleika 2020) or Triangulated
Irregular Network (Pawlowicz 2019) methods because it has the advantage of treating the observed variable
as a random variable. The weight coefficients are estimated by minimizing the sum of squared deviations for
regression and using spatial autocorrelation (semivariogram). This improves the quality of spatial prediction
(Song et al. 2018). The results were transformed into a 3D spatial image using the Voxel method to graphically
display the actual measurement data (Butler 2020).

3. Results

The first step towards computer numerical simulation of NH; contamination dispersion in the OPA03 pro-
gram according to the Regulation of the Minister of Environment methodology of 26 January 2010 was to
determine the aerodynamic roughness coefficient of the terrain zo. Within the range of 50x the emitter height
(25 m), i.e. within 1.25 km from the analyzed emitter, five types of land cover were selected in the analyzed
area according to the recommendations of the regulation (RMS 2010). In the western directions, from the
emitter north to south, forest areas, copses and thickets, as well as meadows and fields, predominate. In the
eastern direction from the emitter, apart from the previously mentioned ones, there are also low-rise residential
and industrial development areas (Fig. 4).

Land cover type:

Water

Meadows, pastures

Orchards, thickets, groves

Forests

Low-rise buildings

Analysis Area

GOS area

Fig. 4. Analysis of the aerodynamic terrain roughness coefficient

Based on the division of the area, the surface F. and the unit coefficient zo. were determined for each land
cover type (Table 2). Finally, the aerodynamic coefficient of terrain roughness zo was calculated following the
regulation (RMS 2010) as 0.72.

Table 2. Determination of the aerodynamic terrain roughness coefficient zo

Land cover type: Zoe F. [m?] Zoc*Fe
Water 0.00008 61131 4.9
Meadows, pastures 0.02 2054006 41080.1
Orchards, thickets, groves 0.4 553158 221263.2
Forest 2 1428306 | 2856612.0
Low-rise buildings 0.5 809649 404824.5

Sum: 4906250 | 3523784.7
Zo 0.72
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The next stage of computer analysis in OPA03 was the presentation of the spatial distribution of NH3 concen-
trations. Figure 5 shows the range of impact of emitters L.1 and L2 on the SSTT area and surroundings within
arange of 1 km in terms of emission of the maximum one-hour NH; concentration. The maximum one-hour
concentration refers to the situation of the extremely unfavourable impact of the emitter on the environment,
in which the spread of pollution occurs following the laws of atmospheric physics, without taking into account
the influence of wind on the dilution of concentration and the direction of pollution movement. The highest
hourly concentration of 4 ng/m’ (1% of the reference value) occurs within a radius of approx. 200 m from the
emitters, i.e. almost entirely within the SSTT area. The further from the emitter, the lower the concentration.
Outside the sewage treatment plant boundaries, the concentration decreases to 3.0-3.5 pg/m’. At a distance of 700
m from the emitters, the concentration is lower than 2.0 ug/m’ (Fig. 5).

2000
1500
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1600

% Ref. val
NH, yg/m3 400 pg/m’
E=3<05(0.12%
<10 |0.25%
L - ].5|0.37%
500 —3<20 [0.50%
E==m<25|0.62%
=3<30|0.75%
mmm <35 |0.87%
< 4.0 | 1.00 %

100 200 300 400 300 400 700 £00 9S00 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800

Fig. 5. Maximum hourly NH3 concentration in the analysis area at a height of 2 m

The observed rapid reduction of NH3 concentration in the vicinity of the emitter results from its height (only
about 15 m above the surrounding obstacles: trees and buildings) and the high roughness of the terrain. This
translates into a reduction in the spread of pollution.

The second parameter analyzed in the computer simulation was the dispersion of NHj3 in relation to the
emitted average annual concentration. The result of the spatial distribution of the average annual concentration
(Fig. 6) is influenced by the dominant wind direction and speed in the analyzed area (according to data from
the nearest meteorological station Lodz-Lublinek). In the analysis area, winds blowing from the south-west
dominate, which causes the precipitation of emitted NH3 to predominate in the north-east direction. The highest
average annual concentrations ranging from 0.06 to 0.09 pg/m’® (constituting only 0.13-0.20% of the reference
value) occurred primarily within the boundaries of the sewage treatment plant. The area of impact of emitters
L1 and L2 can be limited to a radius of 1.0 km, in the north-east direction from the emitter, where forest areas
predominate. The analysis shows that residential areas are not affected by the emitter in most cases.
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Fig. 6. Average annual NH3 concentration in the analysis area at a height of 2 m

Significant differences in NH; emissions between emitters L1 and L2 necessitated the simulation in a hy-
pothetical scenario. In the hypothetical scenario, it was assumed that maximum emissions from both emitters
would occur simultaneously. This means that a maximum NH3 emission of 0.15701 kg/h from emitter L1
in June 2022 and a maximum NH3 emission of 0.43116 kg/h from emitter L2 in December 2022 were taken
into the simulation. This allowed us to verify the extreme case of two emitters operating.

2000
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Fig. 7. Hypothetical variant. Maximum hourly NH3 concentration in the analysis area at a height of 2 m

In the hypothetical variant (Fig. 7), the value of the maximum one-hour concentration increased compared
to the actual analysis (Fig. 5) by 56% to the value of 6.547 ug/m’, while the average annual concentration
increased by 39% to the value of 0.093 pg/m’. Despite the increase in emissions by more than 3 times, the
highest maximum concentration (Fig. 7) at a height of 2 m increased from 1% to 1.62% of the permissible
value. The impact of emitters L1 and L2 within a radius of 1.5 km increased from 2 to 3.5 pg/m”.

The hypothetical variant adopted also caused a change in the average annual concentration in the spatial
distribution (Fig. 8). The highest concentrations at the SSTT plant increased by about 30% to a range from
0.08 to 0.13 pg/m? compared to the analysis of actual data. Outside the adopted sewage treatment plant bound-
aries, the concentration was about 0.03 pg/m’.
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% Ref. val.
50 pg/m?
0.06 %
0.11 %
0.17 %
0.24 %
0.28 %

Fig. 8. Hypothetical variant. Average annual NH; concentration in the analysis area at a height of 2 m

The hypothetical variant slightly changed the simulation of the average annual ammonia dispersion. The
highest concentration is only 0.28% of the permissible value and concerns a small area on the premises of the
treatment plant. The emitter's impact area can be limited to a radius of 800 m, in the north-eastern direction
from the emitter. The residential area is again mostly not affected.

The computer simulation results were verified by field measurements of NH3 concentration in the vicinity
of residential buildings most exposed to the potential negative effects of air pollution. Three scenarios relating
to the dominant wind directions were selected from the measurements performed. The first scenario shows the
3D dispersion of NH3 concentration with a south-westerly wind (Fig. 9).

NH; ppm 0.01 [T D 014

Fig. 9. Spatial dispersion of NH3 concentration in the analysis area in the scenario I

The highest measured concentration (Fig. 9) was about 0.1 ppm and did not exceed the detection threshold
of 5 ppm. Over the residential area, the concentration was below 0.6 ppm. After converting the units, the
highest concentration was about 100.8 pg/m?, which did not exceed the permissible momentary concentration
level of 400 ug/m’. 3D dispersion of NH; concentration in the troposphere with the most common wind direc-
tion confirmed the negligible impact of SSTT on the residential area. The highest concentration occurred near
the sewage catchment area from sewage tankers and moved in the direction of the wind.
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The second scenario (Fig. 10) shows the 3D dispersion of NH3 concentration in the troposphere with the
wind direction directly on the line between the emitter and the analysis area. In this case, the impact of the
emitter on the residential area should be the greatest. The highest measured concentration was about 0.12 ppm
and again did not exceed the permissible limits. It also did not exceed the level that allows humans to sense
NHj; in the air. The highest concentration was recorded in the north-eastern part of the analysis area. It can be
observed that the spread of NH3 pollution begins inside the analyzed area. This proves the existence of another
source of NH3 emissions, which was most likely the sewage discharge station from sewage tankers. Over the
residential area, the concentration did not exceed 0.05 ppm.

NH; ppm 001 [ . o 4

Fig. 10. Spatial dispersion of NH3 concentration in the analysis area in scenario II

The last scenario III, represents the situation of wind blowing from the emitter directly towards the resi-
dential area (Fig. 11). The highest concentrations of NH;3 0.12 ppm were recorded at the location of the sewage
catchment station and not in the direction of the impact of the analyzed emitter L1 and L2. The wind blowing
from the location of the maximum NH3 concentrations towards the residential area causes the pollution to
spread over the area where people live, reaching concentrations from 0.08 to 0.1 ppm. In scenario 111, the
concentration over the residential area was almost twice as high as in scenarios I and II. This proves the nega-
tive impact on air quality caused by NH3 emissions from the sewage catchment station. After passing the area
of trees, the pollution fell and locally accumulated in the residential area.

NH; ppm 0.01 I

Fig. 11. Spatial dispersion of NH3 concentration in the analysis area in scenario III
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4. Conclusions

The computer analysis of the NH; dispersion simulation showed a small impact of the L1 and L2 emitters
on the air quality. In the case of the maximum 1-hour concentration, the impact of the emitters was only 1%
of the reference value, and in the case of the average annual NH;3 concentration, it was only 0.2%. In the
hypothetical variant, the impact of the emitters on the air quality increased to 1.62% and 0.28% of the reference
value, respectively. Assuming the area of the sewage treatment plant and SSTT as the working environment, the
concentrations calculated in the computer simulation did not exceed the permissible values following national
law regulations (RMRPiPS 2018). The maximum calculated concentration (6.5 ug/m?) and measured concentra-
tion (0.14 ppm ~ 98 ng/m?) at the level of 2 m do not exceed the threshold of human detection (3500 pg/m®) and,
therefore, should not constitute an odour nuisance. Field studies confirmed the negligible impact of SSTT on
the NH3 concentration in the air, showing increased emission of the pollutant from the sewage collection station
in the close vicinity of SSTT. Field measurements have shown the positive impact of green and wooded areas
on protecting residential areas from the spread of ammonia in the troposphere.

The presented research results prove the necessity of conducting bimodal analyses containing computer
simulations and real-field measurements. This approach ensures the obtaining of reliable data, drawing reliable
conclusions, and, as the presented results show, determining the presence of another emitter of air pollution.
The presented methodology can be used anywhere in the world for a comprehensive assessment of the impact
of emitters on the environment and the health and life of residents.
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