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Abstract
Water Resource Recovery Facility (WRRF) can be source of odorous gases. We analyzed the emission and dispersion of
hydrogen sulfide gas (H2S), odor indicator, produced during the anaerobic treatment of wastewaters, using WATER9
and AERMOD models for two distinct events: August 2013 and February-March 2014. Data from two WRRF in Brazil
were used to feed the model and a statistical data validation was performed, followed by an evaluation of model results
regarding H2S emission and dispersion. Daily peak events and averages over the two periods were calculated. Results
show a good performance from the model in comparison to the observations. Moreover, odor plumes typically reached
2-4 km from their sources and they may be strongly affected by atmospheric stability/instability conditions in the events
analyzed and, in general, only the residences at the vicinity of WRRF were affected by the pollutant odor. Finally, the
methodology presented showed to be feasible and realistic for purposes of WRRF planning and management.
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Modelagem da Dispersão de H2S no Brasil com Aermod: Estudo de Caso em
Estação de Recuperação de Recursos Hídricos no Sul do Brasil

Resumo
Estação de Recuperação de Recursos Hídricos (ERRH) pode ser fonte de gases odoríferos. Analisamos a emissão e dis-
persão do gás sulfídrico (H2S), indicador de odor, produzido durante o tratamento anaeróbio de águas residuárias, utili-
zando os modelos WATER9 e AERMOD para dois eventos distintos: Agosto 2013 e Fevereiro-Março 2014. Os dados
de duas ERRH no Brasil foram utilizados para alimentar o modelo e uma validação de dados estatísticos foi realizada,
seguida de uma avaliação dos resultados do modelo em relação à emissão e dispersão de H2S. Picos diários e médias dos
dois períodos foram calculados. Os resultados mostram um bom desempenho do modelo em comparação com as obser-
vações. Além disso, as plumas odoríferas tipicamente atingem 2-4 km de suas fontes e podem ser fortemente afetadas
pelas condições de estabilidade / instabilidade atmosférica nos eventos analisados e, em geral, apenas as residências nas
proximidades de ERRH foram afetadas pelo odor poluente. Por fim, a metodologia apresentada mostrou-se viável e rea-
lista para fins de planejamento e gestão de ERRH.

Palavras-chave: H2S, sulfeto de hidrogênio, pluma de odor, rede de esgoto, modelagem numérica.

1. Introduction
The anaerobic treatment of sanitary and industrial

wastewater using high-rate anaerobic reactors type UASB
(Upflow Anaerobic Sludge Blanket) is broadly used in
Brazil and also worldwide, mostly because of its economic
advantages in comparison to purely aerobic systems.

However, the anaerobic digestion of organic matter may
follow a sulfidogenic pathway, where the sulfate (SO4

2-) is
reduced to hydrogen sulfide (H2S): a highly toxic gas with
foul odor. This compound can be often found at consider-
able concentrations at the vicinity of Water Resource
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Recovery Facility (WRRF) (Chernicharo, 2007; Tchoba-
noglous et al., 2013).

According to the World Health Organization (WHO,
2000) the presence of H2S in the atmosphere with con-
centrations over 15 mg·m-3 can cause adverse effects to
human health, from simple respiratory problems to lethal
complications when exposing individuals to concentra-
tions over 1400 mg·m-3. Regarding odor, H2S can cause
discomfort at low concentrations (about 0.7 µg·m-3),
equivalent to 0.00047 ppm at 25 °C and 1 atm (Tchoba-
noglous et al., 2013). Therefore, an appropriate handling
of this compound is crucial to minimize the impacts to the
neighborhood of WRRF. Grasel (2014) performed a H2S
concentration monitoring around two WRRF in Brazil; the
research shows pollutant concentrations over the olfactory
perception threshold in several locations, placing those
treatment plants as sources of odorous gases in that area.
Significant levels of H2S can be usually found in a WRRF
during the preliminary treatment (solid retention) and dur-
ing the sludge treatment process. Still, the secondary treat-
ment in anaerobic reactors keeps the main source of
emission (Chernicharo et al., 2015).

Mathematical models for emission and dispersion of
atmospheric pollutants can assist agencies on the manage-
ment of H2S. The mechanism of pollutant removal that
prevails in this situation is the volatilization from quies-
cent surfaces. Such mechanism depends on the com-
pound’s mass transfer coefficients in the liquid and gas
phases (kL e kG, respectively) and, consequently, on the
global mass transfer coefficient (K). The WATER9 model
proposed by the United States Environmental Protection
Agency (USEPA, 1994) has been substantially used and it
has produced good results in studies of odorous gases
emission in WRRF (Santos et al., 2006; Santos et al.,
2012). Sá (2011) used several models to estimate H2S
emissions in a UASB reactor; results show that values
modeled with WATER9 were the closest to observations.

Atmospheric dispersion modeling is used to assess
the H2S behavior in the atmosphere and hence, its range of
impact. The influence of atmospheric stability as well as
the climate and geophysical conditions (orography and
landuse) can be assessed from the pollution dispersion
patterns (Sironi et al., 2010; Latos et al., 2011; O’Shaugh-
nessy and Altmaier, 2011; Melo et al., 2012; Olafsdottir
et al., 2014; Abdul-Wahab et al., 2014; Augusto et al.,
2017).

Latos et al. (2011) and Abdul-Wahab et al. (2014)
found, via AERMOD and CALPUFF models, that higher
atmospheric stability leads to higher H2S concentrations at
the source’s surroundings. The turbulence (mechanical
and convective) and, consequently, the pollutant transport
are hampered in this situation. Olafsdottir et al. (2014),
using AERMOD, studied the influence of terrain features
on the pollutant dispersion, since mountain-chains tend to
confine and guide plumes, mainly during strong atmo-

spheric stability. Augusto et al. (2017) analyzed the dis-
persion of H2S from an anaerobic unit of wastewater
treatment located in a rural district of the city of Itajubá
(MG), Brazil. For this, a Gaussian model AERMOD was
applied using actual pollutant emission rate data in the
UASB reactor, as well as meteorological and geophysical
information (topography and land use). Using simulations,
it was found that the odor plume was oriented by relief and
concentrated near the treatment unit, limiting the impact to
the rural district. Models with sulfate reduction for a very
high strength and sulfate rich wastewater have been used
to assess the anaerobic digestion of cane-molasses vinasse
(Barrera et al., 2015). Moreover, the biogas from anaero-
bic wastewater treatment plants in Brazil was studied to
assess the feasibility and potential of power production
(Santos et al., 2016).

Emission and dispersion models for H2S only were
used but less commonly. Thus, studies with different mod-
els to analyze this pollutant distribution around a WRRF
are fundamental. Such researches verify their accuracy
and the feasibility of methodologies. However, limitations
exist: according to Holmes and Morawska (2006) and
Chapela et al. (2014) “peaks” of atmospheric emissions
(on topic H2S) may be smoothened since AERMOD uses
hourly averages instead of smaller steps to calculate time-
series. USEPA considers AERMOD as a regulatory model
and suggests its application on studies with radius of influ-
ence lesser than 50 km (Rood, 2014).

Therefore, this research aims to analyze the emission
and dispersion of H2S from the anaerobic treatment of
wastewaters, using WATER9 and AERMOD models. The
model accuracy on predicting the pollutant concentrations
at distinct points is also assessed. Thereunto, two WRRF
Brazil will be investigated.

2. Data and Methodology

2.1. Study area and emission estimates
We studied two wastewater treatment plants

(WRRFA and WRRFB) located in South of Brazil. The
secondary treatment in both WRRF is performed in anae-
robic reactors type UASB. WRRFA (WRRFB) has six
(sixteen) reactors in parallel, processing approximately
400 L·s-1 (1100 L·s-1).

H2S emission rates were estimated using WATER9.
We considered emissions from the surface of decanters as
the main source of pollution, since the gas collected into
the three-phase separators was burnt and/or treated prior
releasing. Data necessary for this stage consist of: H2S
concentration for liquid phase, affluent temperature, pH,
sewage flow rate, meteorological data (wind speed and air
temperature) and plant unit dimensions (pitch diameter
and depth). These data were provided by a sewer system
operator in Brazil. Since this research may produce poten-
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tially sensitive results, the data utilized were provided by
our source following a confidentiality agreement; hence,
the identity of our data provider and local of study were
not disclosed in order to protect its integrity.

Finally, meteorological data were collected at the
INFRAERO aeronautical meteorology service data plat-
form and retrieved by the Center for Weather Forecasting
and Climate Studies (CPTEC/INPE; bancodedados.cptec.
inpe.br/downloadBDM/).

2.2. Numerical models
Gaussian model AERMOD was used to assess the

pollutant dispersion in the atmosphere. AERMOD is pro-
posed by USEPA (2004) and developed by AERMIC
(AMS/EPA Regulatory Model Improvement Committee).
The simulation with AERMOD consists of main module
AERMOD and two pre-processors: meteorological (AER-
MET) and geographical (AERMAP). One simulation with
Cartesian grid was performed for each WRRF, centered at
their coordinates, both with 500 m of spatial resolution,
covering a radius of 15 km with 61 x 61 receptors. Data
were obtained for two periods: August 2013; February/
March 2014.

AERMET entering meteorological data collected
from the local airport, located 16 km (6 km) from WRRFA
(WRRFB). Hourly data were obtained from CPTEC/INPE
databases. High-altitude data were obtained from NOAA/
ESRL databases (esrl.noaa.gov/raobs/). Since WRRF are
located inside a predominantly urban area, typical surface
parameters in the models are related to such landuse,
according to USEPA (2013) guidelines. AERMAP enter-
ing ASTGTM GDEM terrain data from the United States
Geological Survey (USGS; http://earthexplorer.usgs.gov)
with 30 meters of horizontal resolution.

Finally, module AERMOD, in addition to data gen-
erated during the pre-processing stage, required informa-
tion related to the sources: emission rate (g·s-1·m-2), plume
height and source’s area. Emission rates were calculated
with WATER9, as described previously.

2.3. Results verification
To assess the quality of data outputted from AER-

MOD, a data comparison was performed using the statis-
tical parameters recommended by Hanna et al. (1991;
1993) and Chang and Hanna (2004): fractional bias (FB),
normalized mean square error (NMSE), correlation coeffi-
cient (R), geometric mean bias (MG), geometric variance
(VG) and fraction of predictions within a factor of two of
observations (FAC2). Many other related studies also
applied a similar methodology (Hanna et al., 2004; Mohan
et al., 2011; Rood, 2014; Gulia et al., 2015). Results were
then compared with H2S values measured in twelve differ-
ent points around the WRRFA by Grasel (2014), in August
2013 (austral winter); February/March 2014 (austral sum-
mer), totaling 36 samples. H2S was collected using pas-

sive samplers of the Radiello® brand. In these samplers,
H2S is chemically adsorbed by zinc acetate and converted
to stable zinc sulfide for further extraction and spectro-
photometric analysis (methylene blue method). The statis-
tical parameters are presented in Eqs. (1)-(6):

FB=
Co −Cp
� �

0:5 Co þCp
� � ð1Þ

NMSE=
C0 −Cp
� �

C0Cp
ð2Þ

R=
Co −Co
� �

Cp −Cp
� �

σCpσCo
ð3Þ

MG= exp lnCo − lnCp
� �

ð4Þ

VG= exp lnCo − lnCp
� �2
h i

ð5Þ

FAC2= fraction of data that satisfy : 0:5≤
Cp
Co

≤ 2:0 ð6Þ

where Cp is the AERMOD predictions, Co is the average
over observations, Cp is the average over predictions, and
σ the standard deviation over the dataset. This methodol-
ogy assumes that mean bias is within ±30% of the mean
(i.e., roughly |FB| < 0.3 or 0.7 < MG < 1.3). The random
scatter is about a factor of two to three of the mean (i.e.,
roughly NMSE < 1.5 or VG < 4.0). The fraction of predic-
tions within a factor of two of observations is about 50%
or greater (i.e., FAC2 > 0.5).

2.4. Events
Emission and dispersion simulations for WRRFA

and WRRFB were performed in August 2013 (austral win-
ter); February/March 2014 (austral summer), the same
time period used in data validation. Dispersion maps were
plotted for the greatest daily mean (critical scenario) and
average over period (mean scenario), for both WRRF.
Values were calculated in µg·m-3 and show distinct thresh-
olds: 0.7 µg·m-3 is the odor detection threshold (Tchoba-
noglous et al., 2013); and 2.0 µg·m-3 is the Inhalation
Reference Concentration (RfC), the limit of adverse
effects to human health (USEPA, 2003).

3. Results and Discussion

3.1. Data validation
Results from data validation are presented in Ta-

ble 1. According to the statistics, the methodology pro-
posed is valid to study H2S: the parameters lay within the

Augusto et. al 499

http://earthexplorer.usgs.gov


limits, except for VG. Moreover, since FAC2 = 53% and
the dataset variance is not great, the linear parameters have
a better fit when comparing the dispersion model to obser-
vations.

Parameter FB shows a positive sign, close to ideal
and within limits. Its value indicates a light overestimation
of H2S concentrations by AERMOD. NMSE is also within
validation limits. Correlation coefficient (R) does not indi-
cate a strong correlation between modeled and observed
data. However, a linear relation between both exists, is
directly proportional and has statistical significance at a
95% confidence level (p = 0.05). MG stays within accep-
table limits, considering 30% error margin around ideal
values.

The FAC2 = 53% shows that 53% of the data are
within interval 0:5≤ Cp

Co
≤ 2:0 (Fig. 1), a satisfactory

result. Since FAC2 is a robust tool, this parameter is
important on models’ evaluation and validation as it is not
deeply affected by outliers. Such results are very satisfac-
tory due to limitations and simplifications in numerical
models. AERMOD solves plumes as stationary in the
hourly averages, hence some “peak events” may be

smoothened; the complex terrain module is simplified and
the modules do not solve wet and dry deposition as well as
chemical reactions, responsible for secondary pollutants.

3.2. H2S dispersion simulations
Figure 2 shows H2S dispersion plumes fromWRRFA

for the greatest daily mean of (Fig. 2a) August 2013 and
(Fig. 2b) February/March 2014 ; and average over
(Fig. 2c) August 2013 and average over (Fig. 2d) Feb-
ruary/March 2014. In August 2013, the odor plume
(regions with concentrations around 0.7 µg·m-3), reached
roughly 4 km from its source at some areas in the east
(270°), west-northwest (292.5°), southwest (225°) and
south (180°) directions, as presented in Fig. 2a. On Feb-
ruary and March 2014 (Fig. 2b) the greatest daily means
showed a range of around 3.5 km in the southeast (135°),
south-southwest (202.5°), southwest (225°) and west-
southwest (247.5°) directions. In the north-northeast
(22.5°) and west-northwest (292.5°) directions, the plume
reached approximately 2 km from its source. This H2S
dispersion in the atmosphere occurred in a relatively
homogeneous way and may be associated with low-inten-
sity winds.

The meteorological conditions on the period (austral
summer) tend to ease the vertical dispersion of pollutants
due to stronger convective air mass fluxes (thermal turbu-
lence). Thus, the H2S dispersion (range) can be lesser.
However, we lack data to infer the influence of thermally
and mechanically produced turbulence on the H2S disper-
sion, as well as the differences found between these peri-
ods. Furthermore, we cannot assure that all residences
within the area inside the 0.7 µg·m-3 polygon were affec-
ted by the odorous gas. The odor detection threshold is
unique among individuals and it varies, for H2S, from 0.7
to 14.0 µg·m-3 (Ruth, 1986). Still in Figures 2a and 2b, the
polygon related to RfC (2.0 µg·m-3) reaches roughly 2 km
southwestward (225°) and 1.6 km south-southwestward
(202.5°).

Figures 2c and 2d show the average dispersion of
H2S at WRRFA over the period August 2013 and Feb-
ruary/March 2014, respectively. Only the residences at the
vicinity of WRRFA were affected by the pollutant odor.
However, such average over time smoothes peak events
when odor plumes happen to reach broader areas. In
August 2013 (Fig. 2c) the odor plume was displaced
southwestward (225°), reaching up to 950 m from the
source. In February/March 2014 (Fig. 2d) it reached up to
550 m southwestward.

The odor plume for WRRFB shows a maximum
range of 11.5 km northwestward (approximately 303°) for
the greatest daily mean in August 2013 (Fig. 3a). For the
west (270°) and southwest (225°) directions, it showed a
range of around 9 km, followed by 5 km south (180°) and
north-northeast (22.5°). In February/March 2014 (Fig. 3b)

Table 1 - Statistical parameters from the data comparison.

Parameter WRRFA Ideal fit Validation limits

FB 0.078 0 -0.3 ≤ FB ≤ 0.3

NMSE 0.63 0 ≤ 1.5

R 0.65 1 close to 1

MG 0.85 1 0.7 ≤ MG ≤1.3

VG 4.79 1 ≤ 4.0

FAC2 (%) 53 100 ≥ 0.5

Figure 1 - Measured H2S (x-axis) and modeled data (y-axis).
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the plume presented a maximum range of 7 km west-
southwestward (247.5°) and southeastward (144°).

During the same period analyzed, odor plumes of
greatest daily averages from the WRRFA (Figs. 2a-2b)
showed a narrower range in comparison to WRRFB. Such
difference between them is related mostly due to the size of
the units. WRRFA has 6 UASB cells with 2,000 m3 each,
andWRRFB has 16 UASB cells with the same dimensions.
Thus, WRRFB has a capacity of around 1,120 L·s-1 while

WRRFA treats 400 L·s-1 on average. Such differences also
impact the emission rates on each plant.

For the greatest daily averages in August 2013
(Fig. 3a), we also plotted the polygon with 150 µg·m-3

threshold, in reference to the limit of chronic exposure to
H2S established by the WHO (2000). The area shows a
maximum range of 400 m westward (270°), only at the
vicinity of the plant. In February/March 2014 (Fig. 3b),
none of the records surpassed 150 µg·m-3.

Figure 2 - H2S dispersion plumes for WRRFA. Greatest daily mean of (a) August 2013 and (b) February/March 2014. Average over (c) August 2013 and
average over (d) February/March 2014.
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Figures 3c and 3d show the average pollutant dis-
persion from WRRFB over August and February/March
2014, respectively. The WRRFB presented an average
emission rate of 1.14 g·s-1; however, over August 2013
the average dispersion of the odor plume showed a large
coverage and was not limited to the very neighborhood
of the plant, showing the effect of local topography on
wind flow that facilitated dispersion of pollutants. The
reference thresholds for chronic and acute exposition
were not found around WRRFB, considering the average

of the periods. Yet the perception of the odor can occur
in only a few seconds, that is, the mean values predicted
by the model tend to ignore peak odor events. But, it can
be corrected through the peak-to-mean ratio (LATOS
et al., 2011).

In general, both WRRF in both periods show a direct
relation between wind directions and plumes’ dispersion/
orientation, since the dispersion of odorous plumes for the
average over the period matches the resultant wind fields.
The same pattern was found by other authors studying

Figure 3 - H2S dispersion plumes for WRRFB. Greatest daily mean of (a) August 2013 and (b) February/March 2014. Average over (c) August 2013 and
average over (d) February/March 2014.
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H2S (O’Shaughnessy and Altmaier, 2011; Olafsdottir and
Gardarsson, 2013; Abdul-Wahab et al., 2014). Thus, the
analysis of model results and variables important to dis-
persion (wind temperature and relief) can provide useful
information for decision makers and for the gas handling.
It is possible to investigate which residences would be
more affected by the gas and, hence, guide the impact’s
mitigation. Future projects can verify numerous H2S
emission and dispersion cases in order to predict their
impacts beforehand. Such methodology makes possible to
determine the more appropriate areas to implement
WRRF. It should consider, besides technical (area, proxi-
mity to receptor bodies, urban layout, etc.) and economical
requirements, the emission and dispersion of odorous
gases and the adequate distance to houses (Chernicharo,
2007).

AERMOD is also able to assess the impacts of oro-
graphy (terrain) on the pollutant dispersion. However,
since both WRRF are located in a flat area (heights from
870 to 1003 m), the influence of orography is strongly
suppressed (Olafsdottir et al., 2014; Abdul-Wahab et al.,
2014).

4. Conclusion
The presence of H2S in the atmosphere can cause

adverse effects to human health and discomfort due to
odor. Thus, the atmospheric dispersion modeling is a tool
that can help scientists and decision makers to assess its
emissions, to handle and to manage human and financial
resources potentially vulnerable to the emission generated
by wastewater treatment plants.

We conclude that the methodology here applied was
effective to assess H2S emissions and dispersion: simula-
tions conducted using AERMOD were feasible when
comparing observed data and its statistics. Odor plumes
typically reached over 2-4 km from their sources and they
may be strongly affected by atmospheric stability/instabil-
ity conditions for the events analyzed. Moreover, areas at
the vicinity of the WRRF were affected by levels of H2S
that may cause health problems to individuals, in addition
to odor discomfort and other mild outcomes. When the
relief is flat, there is the predominant influence of the
winds in the dispersion of the odor plume.

The control and handling of H2S is feasible; how-
ever, the methods often demand high investments but are
necessary due to pressures from society and environ-
mental agencies. Preventive measures, such as the instal-
lation of WRRF with sufficient distance from residences,
can minimize the impacts of odor discomfort and can be
adopted in future developments. The methodology here
exposed seems feasible and realistic for purposes of plan-
ning and management, as verified from the results of the
cases here presented.
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