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Abstract: (1) Background: The impact of odour sources as stock farms on neighbouring residential
areas might increase in the future because the relevant climatic parameters will be modified due
to climate change. (2) Methodology: Separation distances are calculated for two Central European
sites with considerable livestock activity influenced by different orographic and climatic conditions.
Furthermore, two climate scenarios are considered, namely, the time period 1981–2010 (present
climate) and the period 2036–2065 (future climate). Based on the provided climatic parameters,
stability classes are derived as input for local-scale air pollution modelling. The separation distances
are determined using the Lagrangian particle diffusion model LASAT. (3) Results: Main findings
comprise the changes of stability classes between the present and the future climate and the resulting
changes in the modelled odour impact. Model results based on different schemes for stability classifi-
cation are compared. With respect to the selected climate scenarios and the variety of the stability
schemes, a bandwidth of affected separation distances results. (4) Conclusions: The investigation
reveals to what extent livestock husbandry will have to adapt to climate change, e.g., with impacts
on today’s licensing processes.

Keywords: livestock; odour dispersion modelling; separation distance; climate change; stability
classification

1. Introduction

The calculation of ambient concentrations of airborne emissions is usually performed
by dispersion models [1]. The influence of the climate change signal on the dispersion
parameters is analysed in this article. In the current investigation, the emission of odorous
substances from confined livestock production is analysed, because the perception of odour
is one of the most frequent causes for environmental complaints. The ambient odour
concentration is evaluated by the separation distance, which is determined by percentiles
between 85% and 98% of the exceedance probability of a preselected threshold [2,3]. Some
advantages and disadvantages of the proposed methodology (use of dispersion models
with regional climate data) is shown and discussed in this manuscript.

A separation distance is an easy to understand means to quantify the impact of
an odour-emitting facility such as a livestock farm on the neighbouring residents. The
direction-dependent separation distance divides the area around a source in a zone which is
protected from annoyance and a zone closer than the separation distance where annoyance
can be expected. The protection level depends on the land use category; the higher
the protection level, the farther the separation distance [4]. Separation distances are
determined by the use of local-scale atmospheric dispersion models usually based on
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annual representative time series of the relevant meteorological parameters, namely, wind
speed, wind direction and some information on atmospheric stability.

In a changing climate, it is expected that the predicted temperature rise will also
affect parameters needed to determine atmospheric stability. In [5], it is investigated how
the climatic changes in wind conditions and stability will affect the separation distances
around livestock farms dedicated to protecting the neighbourhood from odour annoyance.
In the referenced study, atmospheric stability is determined using cloudiness and radiation
data combined with wind speed. In the current investigation, stability classes determined
based on global radiation during daytime and the vertical temperature gradient during
night are used in addition, and the resulting separation distances are compared to those
presented in [5].

2. Materials and Methods

The two focus regions, Upper Austria north of the Alpine chain (centred around Wels,
48.16◦ N, 14.07◦ E) (Figure 1)and South-Eastern Styria (centred around Feldbach, 46.95◦ N,
15.88◦ E), are located within class Cfb (warm temperature, fully humid, warm summers)
following the climate classification of Köppen and Geiger [6]. Instead of single sites,
regions were chosen for the simulations, representative for livestock farming in Austria.
The average meteorological conditions of the two regions are different: whereas the area
around Wels north of the main Alpine chain is windy and humid, the focus region Feldbach
south of the main Alpine chain is slightly more influenced by the Mediterranean and the
Eastern European climate. For this investigation, meteorological parameters were needed
which were derived from regional dynamical climate model output. With respect to the
observed temperature, a so-called reference year was constructed from model output of a
COSMO-CLM [7] simulation for the time period 1981–2010 covering the Alpine Region with
a spatial resolution of 9 km forced by ERA-interim reanalysis data [8]. Simulated annual
time series of the meteorological parameters air temperature, wind direction, wind speed,
radiation balance, global radiation and total cloud cover were provided for the two regions
of investigation on an hourly basis representative for the climate period 1981–2010. For
the future climatic scenario, the climate change signal was derived from EURO-CORDEX
regional climate model simulations for the mean temperature only, which was the most
robust signal [9,10]. The climate change scenario was RCP4.5 which assumes an emission
maximum in the middle of the century and a stabilisation of the CO2 concentration at the
end of the century. The ensemble mean temperature change was added to the observed
temperature, and a second reference year was derived from the regional-scale climate
model simulations, which was representative for the future climate period of 2036–2065.

Figure 1. Map of Austria showing the two focus regions (red areas) Wels (in the north) and Feldbach
(in the south-east).
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The dispersion model LASAT [11], which simulates the dispersion and the transport
of a representative sample of tracer particles (in this case odorants) utilising a random walk
process (Lagrangian simulation),was used to calculate separation distances. It computed
the transport of passive trace substances in the lower atmosphere (up to heights of about
2000 m) on a local and regional scale (up to distances of about 150 km). LASAT is usually
run with the Klug–Manier (K-M) stability scheme [12]. K-M classes were numbered from I
to V and represented a simplified characterisation of the turbulence situation:

Dispersion categories V and IV comprise very unstable and unstable conditions,
meaning good vertical mixing in the boundary layer. They did not occur during night-time.
Category V occurred only between May and September.

Dispersion categories III/2 and III/1 are classified as neutral. III/2 occurred predomi-
nantly at daytime, III/1 predominantly at night-time and during sunrise and sunset. These
categories are typical for cloudy and windy conditions.

Dispersion categories II and I comprise stable and very stable conditions, mostly, but
not exclusively, at night.

In [5], cloudiness and radiation data, each in combination with wind speed, were
used to determine stability classes. Here, in addition, the stability classification scheme
proposed by the U.S. EPA (2000) [13] was applied, based on global radiation during
daytime and the vertical temperature gradient at night. The scheme is depicted in Table 1,
already transformed into K-M classes as required by the dispersion model LASAT. For
completeness, the two other schemes are summarised in Tables 2 and 3, taken from [5]. The
six Pasquill stability classes A, B, C, D, E and F were assigned to K-M classes as follows:
A . . . V, B . . . IV, C . . . III/2, D . . . III/1, E . . . II, F . . . I.

Table 1. Scheme to determine U.S. EPA stability classes (transformed to K-M classes).

DAYTIME (Global Radiation ≥ 20 Wm−2)

Global Radiation (Wm−2)

Wind Speed (ms−1) ≥925 925–675 675–175 175–20

<2 V V IV III/1
2–2.9 V IV III/2 III/1
3–4.9 IV IV III/2 III/1
5–5.9 III/2 III/2 III/1 III/1
≥6 III/2 III/1 III/1 III/1

NIGHTTIME (Global Radiation < 20 Wm−2)

Vertical Temperature Gradient (K(100 m)−1)
Wind Speed (ms−1) <0 ≥0

<2 II I
2–2.9 III/1 II
≥3 III/1 III/1

Table 2. VDI scheme to determine Klug/Manier stability classes via cloudiness data (taken from [5]).

Wind Speed υ10 at 10 m
Height (z0 = 0.1 m)

Night-Time Daytime

Total Cloud Cover Total Cloud Cover

in ms−1 0/8 to 6/8 7/8 to 8/8 0/8 to 2/8 3/8 to 5/8 6/8 to 8/8

≤1.2 I II IV IV IV
1.3 to 2.3 I II IV IV III/2
2.4 to 3.3 II III/1 IV IV III/2
3.4 to 4.3 III/1 III/1 IV III/2 III/2
≥4.4 III/1 III/1 III/2 III/1 III/1
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Table 3. KTA scheme to determine stability classes based on the radiation balance and the wind
speed (taken from [5]).

Wind Speed υ10 at
10 m Height

Radiation Balance in Wm−2

Limits of Categories

In ms−1 A/B B/C C/D D/E E/F

0 to 0.9 214 125 60 −2 −9
1.0 to 1.9 214 126 60 −4 −13
2.0 to 2.9 301 162 60 −6 −21
3.0 to 3.9 400 232 63 −12 −34
4.0 to 4.9 495 305 67 −28 −55
5.0 to 5.9 – 376 84 −55 –
6.0 to 6.9 – 450 108 – –
7.0 to 7.9 – – 150 – –
8.0 to 9.9 – – 240 – –
≥10.0 All values category D

Example:
If the conditions 2.0 ms−1 ≤ u10 < 3.0 ms−1 and 162 Wm−2 ≥ radiation balance > 60 Wm−2 were

fulfilled, then category C was used.

The source term data used for the presented LASAT model runs are summarised in
Table 4. The odour emission rate and the odour concentration were given in so-called
European odour units (ouE). By definition, the amount of exposure at which 50% of the
panellists cannot smell the odour but 50% can, is equal to 1 odour unit per cubic metre.
The source is assumed non-buoyant, i.e., the effective stack height is equal to the physical
stack height. The source was a livestock building, 3 m high, 120 m long and 30 m wide.
Along the main axis of the building, 9 stacks were located, centred at the middle of the
roof, with an equal distance of 13.3 m. Each stack had a volume flow rate of 20,000 m3 h−1

and an odour emission rate of 1500ouEs−1.The total emission rate corresponded to 1930
fattening pigs, 113,000 broilers or 940 cattle [14]. Odorous substances were treated such
as inert gases without modification during travel time. The odour emission of livestock
buildings was composed of several tenths of substances. The main odorous substances
causing odour sensation from pig houses are summarised by Zahn et al. [15]. Liu [16] gives
the concentration and the odour threshold concentration for chemical substances which can
be expected in pig houses. The following chemical substances were identified as potentially
important odorant substances in pig odour with growing molar mass: ammonia, hydrogen
sulphide, methanethiol, trimethylamine, propanoic acid, 2,3-butanedione, butanoic acid,
pentanoic acid, 3-methylbutanoic acid, 4-methylphenol and 3-methyl-1H-indole. The
source term data of Table 4 are very typical for Austrian livestock units and assumed
constant over time; this assumption is discussed in Section 4.

Table 4. Source term data for dispersion calculations.

Stack height (m) 5.0
Stack diameter (m) 1.88

Number of stacks 9
Outlet air velocity (ms−1) 2.0
Volume flow rate (m3 h−1) 180,000

Temperature (◦C) 0
Odour emission rate (ouEs−1) 13,500

Concentration (ouEm−3) 270

Separation distances were calculated for the odour impact criteria defined in [17],
namely, exceedance probabilities of 10% for pure residential and 15% for commercial/
industrial and agriculturally dominated areas, each in combination with a preselected
odour concentration threshold of 1ouEm−3.
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Usually, hourly mean values of concentrations were simulated by a dispersion model.
Thus, a transformation of the hourly mean values calculated by the model to short-term
concentrations relevant for human odour perception was necessary. The short-term peak
concentrations were obtained via a peak-to-mean approach depending on atmospheric
stability; the resulting site-independent peak-to-mean attenuation curves are shown in
Figure 1 in [5]. For unstable conditions (classes V and IV), the peak-to-mean factors, starting
at rather high values of about 10 near the source, rapidly approached 1 at about 100 m
from the source. This is in agreement with the premise that vertical turbulent mixing can
lead to short periods of local high ground-level concentrations, whereas the ambient mean
concentrations were low. For neutral conditions (classes III/2 and III/1), the decrease
in the peak-to-mean ratio was more gradual with increasing distance, because vertical
mixing was reduced and horizontal diffusion was dominating the dispersion process. The
peak-to-mean ratio in 100 m was then between 2 and 4. For stable conditions (classes II and
I), the peak-to-mean ratio exceeded 2 only near the source. Stability class III/2 (“neutral”)
gave the largest peak-to-mean factor for all distances between 100 and 500 m. In [18], the
approach was described in detail; in [5], a shortened description was provided.

3. Results
3.1. Stability Classes

Here, only the parameters needed to determine EPA stability classes were presented,
apart from the wind data already shown in [5]. The average daily course of global radiation
was as expected (Figure 2): daytime values were on average culminating around noon at
approx. 400 Wm−2 at both sites. The maximum values at Feldbach were slightly higher
than at Wels because the south-alpine site was positioned further south and it was less
cloudy and windy than the area around Wels. Only at Feldbach, a slight increase in global
radiation around noon was calculated for the future climate, whereas no changes were
shown for Wels. By definition, global radiation was zero during night-time.

To further confirm that the climate model data were consistent with expectations,
seasonal variations in global radiation for Feldbach and Wels in the present climate are
depicted in Figure 3. Feldbach showed especially higher noon values than Wels during
the winter months. This was expected because the flatland site in Wels experiences more
cloudiness and fog during winter than Feldbach. Similar results were obtained for the
future climate period (not shown).

Figure 2. Annual mean of the daily course of global radiation for Feldbach and Wels (PR = present
(1981–2010), FU = future (2036–2065)).
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Figure 3. Winter, summer and annual means of the daily course of global radiation for (a) Feldbach and (b) Wels; PR—
present (1981–2010).

For both climate scenarios, daytime vertical temperature gradients were on average
super-adiabatic (Figure 4), which is impossible in the free atmosphere. Day–night differ-
ences were more pronounced in Feldbach than in Wels caused by the lower winds and
clearer skies at the former. Only at Feldbach, a decrease in the positive and increase in the
negative temperature gradients were calculated for the future climate, whereas no changes
at Wels occurred. The vertical temperature gradient was used only at night to determine
stability classes (Table 1) when the data from the regional dynamical climate model output
delivered plausible values.

The consistency of the climate data and the regional differences were further confirmed
by Figure 5, which showed the dependence of the vertical temperature gradient on cloud
amount at both sites in the present climate. As expected, Feldbach showed a larger variation
in nocturnal temperature gradients than Wels, mainly due to the prevalent calm wind
conditions at night. Wels, on the contrary, showed less variation during night-time, but a
larger variation during daytime. On cloudy days, the daytime course was strongly reduced
and lay almost in the expected daily range, with only a slight superadiabatic lapse rate
during noon hours. Again, very similar features will occur in the future climate period
(not shown).

Figure 4. Annual mean of the daily course of the vertical temperature gradient (K (100 m)−1) for
Feldbach and Wels (PR—present (1981–2010); FU—future (2036–2065)).
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Figure 5. Annual mean of the daily course of the vertical temperature gradient (K (100 m)−1) for low cloud cover (orange
line), high cloud cover (blue line) and all data (black line) for (a) Feldbach and (b) Wels; PR—present (1981–2010).

In Figure 6, the EPA stability classes were grouped from very stable (class I) to very
unstable (class V). There were systematic differences in the distribution of stability classes
at both sites. At Wels, in the present scenario, class III/1 with more than 50% occurred
most frequently (neutral at night). Class I showed a frequency of less than 20%, classes II,
III/2 and IV around 10%. The very unstable class V occurred very seldom. In the future,
stability class I will occur slightly more frequent, with an increase of about 2%. Class III/1
will occur slightly less frequent, whereas almost no changes were seen for the other classes.

Feldbach was generally characterised by more stable and unstable situations and less
neutral conditions, compared to Wels. Classes I and III/1 showed frequencies of 30% and
slightly more. For classes II, III/2 and IV, similar frequencies of about 10% were obtained.
Comparing the present and the future scenario, the share for stability classes I and IV will
be slightly reduced and that for class III/1 slightly increased. Almost no changes occurred
for the other stability classes.

Figure 6. Frequency distribution of EPA stability classes determined according to Table 1 at Feldbach
and Wels (PR—present (1981–2010); FU—future (2036–2065)).

For comparison and to facilitate reading, the results for the other two methods (use of
cloudiness data and radiation balance) presented in [2] are displayed in Figure 7. Compared
to the results for the EPA method (Figure 5), the two other methods showed a much lower
occurrence of class III/1, at both sites. Especially when using the KTA method (Figure 7b),
a larger abundance for class I was obtained, at both sites. Using different methods to
determine atmospheric stability, differences in the frequency distributions of the stability
classes hadto be expected [4]. The choice of the method used will mostly depend on the
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available data; for the current investigation, data were available to apply three different
methods to determine atmospheric stability. The resultant effect on the separation distances
is shown in Section 3.2.

Figure 7. Frequency distribution of stability classes determined by (a) cloudiness and wind speed (VDI method, Table 2) and
(b) radiation balance and wind speed (KTA method, Table 3) at Feldbach and Wels (PR—present (1981–2010); FU—future
(2036–2065)) (taken from [5]).

3.2. Separation Distances

In Figures 8 and 9, the separation distances for the two selected protection levels
determined by the EPA stability method were compared to those delineated from the VDI
and the KTA methods [5]. They were calculated for two odour impact criteria according
to [15], namely, a threshold of 1ouE m−3 and exceedance probabilities of 10% for pure resi-
dential areas (Figure 8) and 15% for commercial/industrial and agriculturally dominated
areas (Figure 9).The separation distances were shown as isopleths, encompassing the area
of exceedance of the given thresholds. An increase in (tolerated) exceedance probability
reduced the affected area; a limit value of 15% (Figure 9 was, thus, more unfavourable
for residents than a limit value of 10% (a higher level of protection, Figure 8). The black
rectangle in the middle of all charts is the livestock building. The area displayed was
1000 × 1000 m2, with the odour source in the centre. The black lines depict separation
distances obtained by the EPA method, the blue lines those of the VDI method and the
red lines those of the KTA method. The affected area in the region centred around Wels is
shown in red, the affected area in the region centred around Feldbach in blue. The spatial
resolution of the separation distances was 5 m.

The addition of the EPA separation distances did not change the basic findings dis-
cussed in [5], i.e., the generally larger separation distances at Wels compared to Feldbach.
This was due to the larger wind speeds and the more frequent neutral stability conditions
found at Wels. For both the present and the future climate scenario, for both protection
levels and at both sites, the EPA method delivered larger separation distances than the
other methods. The increase was largest in Feldbach, in the present climate towards the
north, in the future climate towards the south-east, and amounted to about 40 m. At Wels,
the increase was larger for the lower protection level (Figure 9). At both sites, separation
distances determined by the EPA method for the main wind directions will slightly in-
crease in the future. This increase in separation distances means that a larger area might
be affected by odour annoyance due to climate change, even if the emissions from the
respective site were assumed unchanged. Compared to the other two stability classification
schemes, the EPA method delivered the largest area of neighbourhood protection.
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Figure 8. Direction-dependent separation distances (m) for 10% exceedance probability (pure residential areas) at Feldbach
and Wels, (a) for PR (present climate (1981–2010)) and (b) FU (future climate (2036–2065)); based on a combination of global
radiation and the vertical temperature gradient (EPA), cloudiness (VDI) and radiation balance (KTA), each in combination
with wind speed, to determine stability classes; the black rectangle is the livestock building.

Figure 9. Direction-dependent separation distances (m) for 15% exceedance probability (commercial/industrial and
agriculturally dominated areas) at Feldbach and Wels, (a) for PR (present climate (1981–2010)) and (b) FU (future climate
(2036–2065)); based on a combination of global radiation and the vertical temperature gradient (EPA), cloudiness (VDI) and
radiation balance (KTA), each in combination with wind speed, to determine stability classes; the black rectangle is the
livestock building.
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4. Discussion and Conclusions

As demonstrated in Figures 8 and 9, separation distances showed variations, in this
case depending on the used meteorological input data. In the presented scenarios, the
differences resulted primarily from variations in the frequency distributions of stability
classes (Figures 6 and 7). The EPA method (Table 1) generally delivered the largest separa-
tion distances because the abundance of neutral stability classes was largest, associated
with the highest peak-to-mean factors [5]. This result was valid at both sites despite the
very different orographic and meteorological conditions and for both climate scenarios.
At the flatland site in Wels, separation distances were generally larger than at Feldbach,
due to the on average higher wind speeds and the more frequent neutral atmospheric
stratification. At Feldbach, in addition, a very special result showed up, already discussed
in [5]: If a frequency of exceedancesof 15% was tolerated, no separation distance north
of the livestock unit was determined in the present climate with the cloudiness method
(Figure 9a). This was explained by the combination of relatively low wind speeds and
low frequencies of neutral stability (Figure 7a) which were associated with the highest
peak-to-mean factor.

Earlier investigations revealed a similarly large variety of areas affected by odour
annoyance under different orographic and climatic conditions. In [4], it could be demon-
strated that separation distances for a site in a narrow valley can be larger than those in the
flatlands. Although the flatland site was characterised by higher wind speeds, lower turbu-
lence and somewhat larger peak-to-mean factors than the valley site, the larger separation
distances there resulted from a frequent combination of the along-valley channelling of the
flow in combination with frequent stable conditions causing higher odour concentrations
and leading to the enhanced separation distances. The specific on-site meteorological
conditions, thus can, exert a profound and sometimes surprising influence on resulting
separation distances. An investigation in [18], carried out at an Austrian flatland site,
compared separation distances obtained with a Gaussian and a Lagrangian model using
site-specific peak-to-mean ratios and factor four used independent of the distance from
the source and the meteorological conditions [12]. A continuous increase in separation
distances from the Gaussian over the Lagrangian model to using the factor four (for both
models) was found. The separation distances resulting from the factor four were judged
unrealistically large, especially in the main wind directions and at sites where low wind
speeds and/or stable dispersion categories are prevalent.

In the present investigation, the regional dynamical climate model output instead
of observations at meteorological stations was used to determine separation distances
(Section 2). The extracted data allowed the use of three different methods to determine
stability classes (Tables 1–3). The frequency distributions of stability classes varied from
method to method, but generally met the expected range and tendency. In particular, the
dominance of neutral stability classes at flatland sites versus the large abundance of stable
and unstable classes at valley or basin sites was confirmed also by the use of the model
data. The fact that the climate model data delivered unrealistic superadiabatic vertical
temperature gradients during daytime at both sites (Figures 4 and 5) was not relevant
for the determination of EPA stability classes, as the vertical temperature gradient was
used only at night-time (Table 1) when it showed a realistic range of values. The range
of separation distances also agreed well with those derived from meteorological data
(compare the range of distances in [4,18] with Figures 8 and 9 in this work).

Separation distances in this investigation were calculated assuming constant emissions
over time (annual mean value), although odour emissions were often characterised by
temporal variability [19,20]. Overall, the results in these papers indicate that the common
practice of assuming a constant value for the odour emission can underestimate the sepa-
ration distances to avoid annoyance, as compared to more realistic scenarios with hourly
varying emission rates. Such an underestimation was observed to be more pronounced
in the prevailing wind directions. The results also showed that the lower the selected ex-
ceedance probability of a specific odour impact criterion, the larger the separation distance
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underestimation. We selected odour impact criteria with exceedance probabilities of 10
and 15%, which meant that the impact of the assumption of a constant odour emission
was small.

The presented results as well as previous investigations revealed the dependency of
local-scale dispersion simulations on the meteorological input as a major source of model
uncertainty. From model evaluation studies undertaken in the framework of EU-COST
(see, e.g., [21–24]), the so-called fitness-for-purpose concept evolved, meaning that the type
of model and source of data most apt for the purpose of an investigation should have
been used. In the case of a complex terrain, for example, the use of a Lagrangian model is
to be preferred over a Gaussian one. With data from three-axis ultrasonic anemometers,
site-specific peak-to-mean attenuation curves can be obtained, and wind and stability
information are obtained from one instrument [4,18]. If available, such data are preferred
over data from conventional (mostly semi-automatic) meteorological stations. Even then, a
range of results are obtained, whenever different models or datasets are used.

This investigation showed that, due by climate change, current protection areas might
not be sufficient in the future. The Feldbach case revealed that separation distances would
have to be increased by approx. 50 m, especially in the main wind directions. In addition,
climate change will likely also lead to an increase in emissions, caused, e.g., by the increased
animal activity due to heat stress [25], probably further increasing separation distances. In
contrast to Feldbach, however, the calculations for Wels showed only marginal changes of
the affected area in the future. The influence of climate change on odour dispersion has to,
therefore, be investigated on a case-by-case basis, best using the methodology presented in
the current work.

If the focus of an investigation lies on neighbourhood protection, a stricter odour
impact criterion should be used, leading to larger separation distances in terms of a worst
case scenario. For the current investigation, the EPA method was preferred over the VDI
and KTA schemes, as it delivered generally larger separation distances. As the climate
conditions at the two sites were very different, this outcome can be generalized.
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