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Abstract: The contribution of emissions from the stack of a lead battery recycling plant to atmospheric
lead concentrations and, eventually, to the topsoil of the surrounding area, were studied. A Gaussian
dispersion model, of the American Meteorological Society/United States Environmental Protection
Agency Regulatory Model, (AERMOD) was used to determine atmospheric total suspended
particulate lead dispersion, which originated from stack emissions, over the wider study area.
Stack emission parameters were obtained from online measurements of the industry control sensors.
AERMOD simulated two scenarios for four calendar years, 2015 to 2018, one for the typical stack
measured operating conditions and one for the legal limit operating conditions (emissions from the
stack set by legislation to 0.5 mg m−3). Deposition fluxes modeled the input of atmospheric total
suspended particulate Pb to the topsoil of the area. X-ray fluorescence (XRF) analyses were used to
determine lead concentrations in the topsoil. The modeling results were compared with topsoil of six
inhabited locations downwind from the stack in the direction of the prevailing winds to estimate the
influence of lead deposition on topsoil near the industrial area.

Keywords: lead concentrations; lead battery recycling plant; AERMOD model; X-ray fluorescence
(XRF)

1. Introduction

Lead is an environmentally persistent toxic metal. Even low levels of exposure can cause severe
neurological damage that is sometimes irreversible [1,2]. It may be inhaled, ingested, or dermally
absorbed. It is distributed to the brain, kidney, liver, and bones. It is stored in the bones and teeth,
where it has an impact on human health. It affects the neurological, hematological, cardiovascular,
gastrointestinal, and renal systems of humans. Infants, young children (especially those <5 years)
and pregnant women are particularly vulnerable to the neurotoxic effects of Pb [3–6]. The increased
environmental dispersion of lead is due to human activities, mainly from mining, smelting, and recycling
of lead; production of lead-acid batteries and paints; electronic waste; and use in water pipes and
solder [7]. Due to its persistence and global atmospheric transport, extraneous deposited lead can be
detected even in remote regions of the world [8,9]. The widespread use of lead in the industrial era
has resulted in extensive environmental and health problems in several parts of the world [10–13].
Lead occurs naturally in soil in small concentrations, mainly as lead sulfides, chlorides, or oxides [14],
which originate from volcanic activity and sea spray terrestrial deposition.

AERMOD has been used extensively for the spatial dispersion of different pollutants originating
from domestic landfills [15,16], a large industrial complex [17,18], and cities and counties [19–21].
Air pollutants’ dispersion in the planetary boundary layer (PBL) may be described by a Gaussian
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equation, which refers to steady state dispersion of air pollutants emitted by a continuous pollution
source, such as a plume:
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where: C is the concentration at a point receptor, (g m−3); (x,y,z) are surface coordinates of the
receptor relative to the pollution source and the wind direction; H, height of pollutant’s release, (m);
Q, pollutant’s exit flowrate, (g s−1); u, wind direction, (m s−1); σy, standard deviation of the plume
concentration at y level, (m); σz, standard deviation of the plume concentration at z level, (m) [22–24].
AERMOD incorporates air dispersion based on the planetary boundary layer turbulence structure
and scaling concepts, including treatment of both surface and elevated sources for both simple and
complex terrain. The PBL is directly influenced by the Earth’s surface in the form of frictional drag
(from topology and obstacles such as buildings, etc.), solar heating (radiation), and evapotranspiration.
Most pollutants are released in this layer, and its temperature and turbulent structure is highly important
for short range pollutant transport. From the mathematical (modeling) perspective, the dispersion of
air pollutants is described by the above Gaussian equation for a steady state emission of pollutants
from a stationary source.

The present study investigates the effect of atmospheric emissions from a lead battery recycling
plant on recipients within a 15 km distance from the plant. The major concern that arises from the
operation of the plant is the effect of the stack emissions on the surrounding inhabited area. This concern
is associated with the annual average particulate lead atmospheric concentrations and the topsoil
burden of lead from its deposition. The AERMOD model calculates the concentrations of dispersed
particulate lead (Pb) at any chosen recipient position in a 20 × 20 km grid, at 10 m height, and at a one
hour time interval and 100 m spatial resolution. These modelling results were obtained for the four
calendar years of 2015 to 2018. The model was run hourly for four calendar years, for two scenarios of
Pb emissions: (a) the typical recorded operating stack emissions from the recycling plant and (b) the
hypothetical case of the legal limit operating conditions. The EU legislation enforces the limits of the
annual average concentration levels arriving at the recipient. These concentrations were calculated for
each of the 72 local settlements (hamlets, villages, towns) that can be found in the grid under study.
The highest hourly atmospheric concentrations of total suspended particulate (TSP) of Pb arriving
at the 72 recipient settlements per year were also calculated for the period of four years. These were
extracted from 8760 hourly calculations (one hour time resolution for one year) for 40,401 grid points
(201 × 201 grid points for a 20 km × 20 km grid with 100 m spatial resolution) using meteorological
data obtained from the AERMOD hub. Hence there were 353,912,760 calculated results per year per
scenario. It also follows that these data were used to obtain the mean annual values at each of the
72 recipients and compare them with the prevailing legislation. Lead in the soil should be kept at
the lowest levels possible to prevent consequent increases in the exposure of humans and the biome.
For this reason, the present study estimates the theoretical increase in lead concentration in topsoil for
two different deposition velocities of particles. Concentration levels of Pb in topsoil were determined
in six locations near the industrial area. Specific soil limit values for lead differ according to state and
protection agency. However, typical hand-to-mouth behavior of children with regard to soil suggests
Pb-laden topsoil is a potentially serious source of exposure.

2. Materials and Methods

2.1. Study Area

This study was carried out in the industrial area of Komotini, Northern Greece. The lead battery
recycling plant operating in Komotini mainly recycles industrial fork-lift batteries, uninterruptable
power supply (UPS) batteries, and car and motorcycle batteries. The efficiency of the Air Pollution
Control System of this lead battery recycling plant was presented in a previous study [2].
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More specifically, the suspended particles in the stack from April 2018 to 21 June 2018 were measured
with a laser dust monitor (NEOM, NEO Monitors AS, Skedsmokorset, Norway). This is an optical
instrument based on transmitting a visible laser light from a transmitter unit on one side of the stack
to a receiver on the diametrically opposite side of the stack. The measuring technique is based on
measuring absorption and the scattering of light created by the dust particles present in the stack.
The measurement signal corresponds to the integrated dust concentration over the entire optical
stack path.

Figure 1 depicts the recipients located less than 15 km from factory stack.
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Figure 1. Study area with 72 discrete receptors and the source. Insert lists lead concentration detected
in the topsoil of six locations.

2.2. Dispersion Modelling

AERMOD [25] is a regulatory steady-state Gaussian plume model (Lakes Environmental Software,
Waterloo, ON, Canada). The “steady state” refers to meteorological condition of “steady” for at
least one hour. Hence, the meteorological parameters for 8760 h per year were used. Input files for
the AERMOD, for the Industrial Source Complex Short Term Version 3 (ISCST3), for the Agency
Regulatory Model Improvement Committee (AERMIC), and the Environmental Protection Agency
(EPA) regulatory models originate from the AERMOD Meteorological Preprocessor (AERMET) and the
AERMOD Terrain Preprocessor AERMAP [26]. Specifically, AERMET uses meteorological data and
surface characteristics to calculate boundary layer and micrometeorological parameters (e.g., mixing
height and friction velocity) necessary for the AERMOD calculations. AERMAP uses gridded terrain
data for the modeling area to calculate a representative terrain-influenced height associated with each
receptor location. At the present time, the gridded data of AERMAP are supplied by a digital elevation
model (DEM) data. AERMET uses meteorological data, representative of the modeling domain,
to compute and estimate height profiles of wind, turbulence, and temperature. The study area has its
own “fetch” characteristics (e.g., contour, elevation, land use, vegetation). In addition to planetary
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boundary layer (PBL) parameters, AERMOD obtains data for wind, temperature, and turbulence in its
required form, from AERMET.

2.2.1. Meteorological Data

Data were purchased from the AERMOD service hub. The MM5 (5th generation Mesoscale
National Center for Atmospheric Research Model) output files are converted into a format recognized
by the AERMET model (meteorological preprocessor for AERMOD). The final output was generated
by creating a pseudo met-station at the location of the stack of the lead battery recycling plant.

2.2.2. Receptors

All towns, villages, and hamlets located less than 15 km from the stack were considered receptors.
A uniform Cartesian grid of 20 × 20 km with 100 m spacing was used to estimate the spatial extent of
elevated Pb concentrations near the industrial area of Komotini. The receptors are shown in Figure 1.

2.2.3. Stack Operation Parameters

Emissions from the stack of the lead battery recycling plant are the source of the pollutant
dispersion. The stack emission characteristics are tabulated below in Table 1. This study investigated
two scenarios for each year in the period 2015–2018. In the first scenario the recorded operating
conditions of the plant were studied, whereas in the second scenario the legal limit operating conditions
of the plant were used. In the first scenario it was assumed that the plant emitted a constant
0.0036 mg Pb m−3 [2]. In the legal limit operating conditions, the dispersion of lead was modeled using
AERMOD, in which it was assumed that the plant emitted 0.5 mg Pb m−3, i.e., the upper limit set by
the EU legislation [27].

Table 1. Source parameters.

Scenario Typical Operating Conditions Legal Limit Operating Conditions

Source Point
X (UTM35) 374555.62
Y (UTM35) 4546885.51
Height (m) 19.7 m

Diameter (m) 2.5 m
Stack exit gas temperature (◦C) 80 ◦C

Gas exit flow rate (m3 s−1) 44.4 m3 s−1

Gas exit velocity (m s−1) 9.053 m s−1

Emission rates of the Pb
particulate matter (g s−1) 0.00016 g s−1 0.0222 g s−1

2.3. Topsoil

To estimate the influence of lead emissions on topsoil near the industrial area, elemental analysis
of the soil for background observations was carried out and the future increase in lead concentration in
the topsoil was calculated.

2.3.1. Elemental Analysis

For the elemental analysis of topsoil, X-ray fluorescence spectroscopy (XRF) was used.
This technique was selected because it allows the simultaneous analysis of several elements and does
not destroy the samples [28,29]. Six topsoil samples were collected from the study area. The sampling
points are shown in Figure 1. Pellets were analyzed by a wavelength dispersive X-ray fluorescence
system (WDXRF, Rigaku, ZSX Primus II, Tokyo, Japan). Forty elements were detected and quantified
to study the footprint of the area and possible effect of the plant. The detection limit for lead was
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3.6 ppm. Our results were then compared to the Forum of European Geological Surveys (FOREGS)
maps [30].

2.3.2. Influence of Lead Emissions on Topsoil

To calculate lead concentration in the soil due to plant operation, some assumptions were made.
Based on the air mass concentration of lead (CPb) determined by AERMOD, and assuming two
different deposition velocities of particles (µg s−1), the mass flux density was calculated (F, the rate of
mass flux per unit area) using the equation:

F = ug · CPb, (2)

The deposition velocities on soil may differ by three orders of magnitude for particles [31]. Hence,
the value of 0.008 cm s−1 was used, as given by Little and Wiffen [32] for Pb auto exhaust as the
depositing material. A value of 0.36 cm s−1, provided by Crecelius [33], was used for the atmospheric
aggregates depositing on soil. Hence, the percentage estimation of topsoil future loads based on
background values as determined by X-ray fluorescence were calculated based on two assumed
deposition velocities of particles and one topsoil density. For the study area the topsoil density given
by the Land Cover/Use Statistics (LUCAS) database was considered to be 1600 kg m−3 [34].

3. Results

3.1. AERMOD Dispersion Results

Figures 2 and 3 show the annual average concentration of total suspended particulate (TSP) of Pb
(µg m−3) in the lower atmosphere for each scenario per year. European legislation sets the threshold
of Pb at 0.5µg m−3 mean concentration for a calendar year [35]. Figure 4 shows the annual average
concentration of TSP of Pb (µg m−3) for 72 receptors for each scenario per year. As shown in Table S1,
Amaranta has the highest annual values of the area for both scenarios and years.
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legislation limit of 0.5 µg m−3.

To estimate the burden on the recipients we calculated the maximum hourly values. The highest
hourly concentrations of Pb “observed” at the recipients is 3.32 × 10−3 µg m−3 for 20 hours for the
“typical operating conditions” and 0.461 µg m−3 for the “legal limit operating conditions” for 20 h in
Fillira both on 4 June 2016 (Figures 5 and 6 and Table S2).
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3.2. Influence of Stack Emissions on the Topsoil of the Area

Amaranta and Filakas villages were selected for soil sampling collection because these regions
have the greatest deposition burden in the industrial area. These are located to the south of the industrial
area of Komotini, where the prevailing wind originates from the north or north-east. Six samples were
collected in which topsoil lead concentrations were between 27 and 32 ppm. However, one outlier at
63 ppm existed because that sample was taken near a bus station in Amaranta. The results are similar
to those indicated by the FOREGS maps, where topsoil lead concentrations have indicative values
of 28–35 ppm (mg kg−1) [36]. It is also assumed that, in the calculations below, the only input to the
topsoil originates from the TSP of Pb of the battery recycling factory. This assumption may be not true
because there may be other sources of deposition to the topsoil. In the present case, the effect of the
contribution of the TSP of Pb from the battery recycling factory on the topsoil is calculated.

Two different scenarios for calculating the topsoil deposition burden were carried out based
on two deposition velocities, namely 0.008 and 0.36 cm s−1. Hence, the mass flux was 0.015 and
0.681 mg m−2 year−1 for the two deposition velocity values, respectively, and the four year mean of
6 ng m−3 atmospheric lead concentration in Amaranta was taken into account:

• Scenario 1

From AERMOD for Amaranta, four year mean lead concentration: 0.006 µg m−3

Deposition velocity: 0.00008 m s−1. As calculated below, mass flux = 0.0151 mg m−2 year−1:

F = 0.006
ug
m3 · 00008

m
s
= 5.28 · 10−7 ug

m2s

= 5.28 · 10−7 ug
m2s
· 86, 400

s
day
· 360

day
year

F = 15.14
ug

m2year
= 0.015

mg
m2year

Assuming that the topsoil has a depth of 0.1 m and density 1600 kg m−3:

F = 15.14
ug

m2year
= 0.015

mg
m2year

0.15
mg

m3year

1600
kg
m3

= 9.46 · 10−5 mg
kg year

For the topsoil to reach the European legislative limit of 50 ppm from the detected 25 ppm and
assuming that the only Pb to topsoil input originates from the factory stack emissions, the required
number of years is 264,248:

25
mg
kg

9.46 · 10−5 mg
kg year

= 264, 248 years

This also means a percentage loading per year of 0.00038%.

• Scenario 2

From AERMOD for Amaranta, four year mean lead concentration: 0.006 µg m−3.
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Deposition velocity: 0.36 cm s−1 = 0.0036 m s−1. As calculated below, mass flux = 0.681 mg m−2 year−1:

F = 0.006
ug
m3 · 0.0036

m
s
= 2.16 · 10−5 ug

m2s

= 2.16 · 10−5 ug
m2s
· 86, 400

s
day
· 360

day
year

F = 681.2
ug

m2year
= 0.681

mg
m2year

Assuming that the topsoil has a depth of 0.1 m and a density of 1600 kg m−3:

0.681
mg

m2year
0.1m

= 6.81
mg

m3year

6.81
mg

m3year

1600
kg
m3

= 4.26 · 10−3 mg
kg year

For the topsoil to reach the European legislative limit of 50 ppm from the detected 25 ppm and
assuming that the only input Pb to the topsoil originates from the factory stack emissions, the required
number of years is 5872:

25
mg
kg

4.26 · 10−3 mg
kg year

= 5872 years

This also means a percentage loading per year of 0.017%.

4. Discussion

The annual, dispersed average mass concentrations of Pb (µg m−3) for the four years and for the
two stack emission scenarios are depicted in Figures 2 and 3. The maxima never reach 0.5 µg m−3

at any point over the four year period in the dispersion modeled area. Thus, the values never
exceeded the annual limit as also shown in Figure 4. The highest annual values on the receptors
were observed in Amaranta for both scenarios and years. However, when calculated as a percentage
of the limits set by legislation, these only equated to 0.006% (3.00 × 10−5 µg m−3 in 2015 and 2018)
and 1.458% (7.29 × 10−3 µg m−3 in 2018) for the typical operating conditions and legal limit operating
conditions, respectively.

The average mass concentrations of lead in airborne particles are usually below 0.15 µg m−3 at
nonurban sites and typically between 0.15 and 0.5µg m−3 in urban areas [37–39]. The mass concentration
of lead in aerosols in Greek sites ranges from 5.69 to 39.4 ng m−3 [40–44] for coarse particles and 4.1 to
42 ng m−3 for fine particles [42,45–47]. All of the above monitoring studies were carried out after 2000,
which was the last year in which it was permitted to use gasoline with lead additives. The deadline for
Greece was extended until 2001. The increase in atmospheric lead levels from the stack was 0.53%
(0.03 ng m−3 at 5.69 ng m−3) and 128.12% (7.29 ng m−3 at 5.69 ng m−3) for the two scenarios, respectively.
The percentage variation was calculated based on the minimum atmospheric lead concentrations in
Greek cities for coarse particles.

To estimate the influence of lead deposition on topsoil near the industrial area, the annual topsoil
burden of Pb was calculated. The Pb limit in soil is 50–300 ppm (mg kg−1) [48] and the limit value
proposed by the Joint Research Centre (JRC) is 50 mg kg−1 [49]. Hence, the contribution of TSP Pb
from the stack to the Pb topsoil burden, is 0.00038% under the usual operating conditions, and 0.017%
for the legal limit operating conditions scenario. Assuming that the lead recycling plant stack is the
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only lead contributor to the topsoil, it would take thousands of years (calculated above) for the lead
concentration of the topsoil to reach the legislation limit, i.e., from ca. 25 ppm to 50 ppm. Hence,
the influence of lead stack emissions from the plant to the topsoil near the industrial area is negligible.

5. Conclusions

The main concern of the study was the influence of stack emissions of TSP of lead on the
atmosphere and topsoil of the local habitable areas. Dispersion modeling for TSP lead (Pb) originating
from the typical operation of a lead recycling plant was carried out in its vicinity (a grid of 20 × 20 km).
Modeling for the same pollutant was also carried out for the hypothetical conditions under which
stack emissions reached emission limits set by the EU. The regulatory model AERMOD was used
in this modeling and all results were compared to the annual limit concentration values arriving at
72 receptors. In conclusion, the dispersed pollutants arriving at the recipients reached concentration
values of only a few percent of the above regulatory annual limit values and under no circumstance
threatened humans or the biome. Furthermore, the deposition of particulate lead from these emissions
does not constitute a serious burden to the local topsoil.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/21/5690/s1,
Table S1: Annual average concentrations of Pb arriving at the 72 discrete residential areas in the region of study
for two scenarios, Table S2: Highest hourly values of Pb arriving at the 72 discrete residential areas in the region of
study for two scenarios.
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