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Abstract: Determination of ammonia (NH3) emissions for intensive livestock facilities (pork, poultry)
is important from both a regulatory and a research point of view. Buildings housing livestock are a
large source of ammonia emissions from the agriculture sector. However, measurements to determine
emissions can be time-consuming and costly. Therefore, it is essential to find a suitable methodology
for monitoring NH3. The methodology for determining NH3 emissions is legislatively unified in
terms of sampling methodology, including sampling time (24 h), sampling points (input/output),
number of sampling days, and their distribution during the year, and to determine only a general
calculation of the annual average NH3 emissions. For this reason, the researchers chose different
approaches for the calculation of NH3 emissions, and these approaches are not unified. Based on
accurate monitoring and created models, the authors proposed a methodology for calculation of
NH3 emissions, which divides the 24 h measurement into time windows (30 min), from which the
arithmetic mean and standard deviation are determined, and the total emissions for one year is
determined. The chosen time windows for the partial calculation are important from the point of
view of reflecting the microclimatic conditions inside the stable and the device limits for sampling
the NH3 concentration and airflow.

Keywords: Innova 1412; NH3; welfare; microclimatic conditions; livestock; environment

1. Introduction

At present, NH3 is a significant air pollutant, and its concentration does not decrease
rapidly. The reduction in ammonia emissions has been slow over the last three decades,
particularly compared to the reduction in emissions of other pollutants such as nitrogen
oxides (NOx), sulfur dioxide (SO2), and non-methane volatile organic compounds [1].
In principle, NH3, as a pollutant gas, accelerates the formation of fine particles in the
atmosphere. Ammonia is crucial for the acidification and eutrophication of ecosystems and
consequently contributes to climate change [2,3].

In addition to the environmental aspects, particulate NH3 also has a negative impact
on human health [4]. Due to the biogenic and anthropogenic origin of atmospheric am-
monia, it is particularly harmful to human health, especially to the eyes and respiratory
systems [5–7]. Exposure to ammonia is accompanied by clinical symptoms such as cough-
ing, sneezing, salivation, excessive lachrymal secretions, loss of appetite, and lethargic
behavior [8,9]. Ammonia also participates in reactions forming organic and inorganic
aerosols that can adsorb a high concentration of toxic air pollutants, which affects human
health by mutagenic and genotoxic activities [10–12].
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The agro-industry is considered the primary contributor of NH3 in most developed
countries [1,13,14]. Due to demographic growth and changes in food preferences, global
NH3 emissions are expected to double by 2050 [2,15]. The major source of NH3 in agri-
culture is livestock excreta emitting NH3 immediately after deposition and during de-
composition. Reactions of urease enzyme or microbial activity quickly release NH3 to the
atmosphere, consuming unconverted nitrogen originating from high-protein feeds used
to fulfill nutritional requirements [16]. From the chemical point of view, nitrogen-based
emissions are probably caused by ammonia (NH3-N) losses from the interconversion of
total ammoniacal nitrogen (NH3-N + NH4

+-N) and organic nitrogen, eventually by the
aqueous equilibrium of (NH3-N) and (NH4

+-N) [17].
Ammonia has a perceptible odor even at very low concentrations, and its emissions

are mainly observed in locations with high-density livestock farming, especially in pig
farms [18]. Pig farming is globally responsible for about 15% of NH3 emissions associ-
ated with livestock breeding [19]. The main source of NH3 releases from buildings with
daily housing emission factors of 34.3–146.4 g NH3 per 500 kg live weight for fattening
pigs [20]. The amount of nitrogen-based emissions also depends on the type of housing
and technologies, waste management, environmental conditions (e.g., temperature, wind
speed, enzymatic activity, pH, relative humidity), and efficiency of utilizing nitrogen by
the animal [21,22].

The precise identification and determination of NH3 emissions seems essential both
for meeting legislative standards (identifying the effectiveness of mitigation strategies at the
national and regional level, preparing national annual emission inventories for regulatory
purposes) and developing technologies aimed at reducing these emissions [23].

As NH3 emissions are complex and depend on many factors, the effort is made to
determine the resulting emissions from farms as accurately as possible. Three approaches
have been identified for this purpose. Two of them estimate the total emissions over
each manure management phase (housing, manure storage, landspreading), and the third
approach determines only emissions from housing.

The first one estimates the value on the basis of a mass balance based on the ex-
cretion and total nitrogen, or total ammoniacal nitrogen (TAN), present at each manure
management phase. Ammonia emissions are estimated based on the amount of nitro-
gen excreted by each animal category and using the total nitrogen or TAN flow and the
volatilization coefficients over each manure management phase (housing, manure storage,
landspreading).

The second one is an estimation by application of emission factors. Ammonia emis-
sions are estimated on the basis of emission factors derived from measurements designed
and performed according to a national protocol in a farm with an identical type of technique
(housing, manure storage, landspreading) and similar climatic conditions.

For this above approach, methodologies (models) have been developed and ap-
proved, which calculate these emissions on the basis of data from operating conditions.
These methodologies are used in European Union countries, and they are time-saving but
less accurate.

The third possibility estimates emissions by a calculation from measured values of
ammonia concentration and ventilation rate only from housing. This method is more
accurate in comparison with the two above-mentioned methods. Their outputs are based
on methodologies for estimation of emissions by calculation, and they are used to determine
the emissions produced accurately, to verify the use of Best Available Technologies (BAT),
but it is more time- and money-consuming. In addition, it is methodically complete in
terms of measurement methodology (data collection in the stable), but the algorithm for
evaluating the emissions from the measured data is not explicitly defined [24,25].

The Directive 2010/75/EU of the European Parliament and of the Council, for the
intensive rearing of poultry or pigs, defines the general principles of the estimation of
ammonia emissions. Pig farming is characterized as a category of animals with a linear
increase in emissions per breeding cycle; therefore, the days on which NH3 emissions
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are measured must be evenly distributed over the period of their growth. Ammonia
emissions must be evaluated in at least six sampling days over a period of a breeding
cycle. This means that three measurements are evenly distributed in the first half of the
breeding cycle and three further measurements in the second half of the breeding cycle. The
annual ammonia emissions are calculated from the mean of the one-day emissions obtained
during six 24 h measurements multiplied by the number of days of stable occupancy by
animal [26].

Sampling is carried on at the air inlet and outlet of the stable for 24 h. Ventilation
performance is also measured (alternatively it can be generated from the ventilation control
unit). The concentration of NH3 in the air output from the stable is measured, adjusted to
the concentration of the inlet air to the stable, and the daily NH3 emissions are derived by
measuring and multiplying the ventilation and NH3 concentration. The annual average
NH3 emissions are determined from the daily average NH3 emissions multiplied by the
number of days of stable occupancy by animal [26].

Despite many devices, the measurement of NH3 emissions has not usually been
implemented in day-to-day monitoring due to the high specialization of each device,
making it difficult to use them in typical farming situations. At any rate, the measurement
of NH3 in pig farms and development of an appropriate measurement methodology are
necessary to increase agricultural efficiency and, consequently, the quality of life and the
environment. Generally, NH3 measurement methodology includes selecting a suitable
monitoring system, sampling configuration of the used device, the additional equipment for
measuring other physical quantities, the spatial and layout arrangement of used equipment
in the pig house, and the method of statistical analysis of obtained data.

There is obviously a strong need for unification in order to compare the research
data with each other effectively. Thus, the aim of this study is to provide an accurate and
effective methodology for measuring and statistically evaluating NH3 emissions in pig
houses based on performed experiments and previous studies.

2. Materials and Methods
2.1. Scheme of Methodology

The overview schema of methodology for measurements and determination of the
ammonia emissions from intensive livestock farming is below in the Figure 1. This method-
ology is described in detail in the following chapters.

2.2. Experimental Pig House

The study was carried out in a pig production house located in the Czech Republic in
the district of Tabor at an altitude of 455 m (GPS coordinates 49◦15′03” N, 14◦33′01” E). The
stable for breeding sows with piglets (mating and gestating sows) was divided into five
pens, each with a concrete floor with deep straw litter (BAT 30.a6) and middle corridor for
assessing the manure. There were service alleyways on both sides. An automatic feeding
system for moist feed for phase feeding (BAT 3.b) was situated in every pen. In every
breeding section, negative pressure ventilation was addressed by two wall ventilators by
diametral 0.45 m, which automatically control the indoor microclimate. Outdoor air was
sucked in by three 0.8 × 0.3 m wall openings. The data collecting was performed in one
selected pen, which is illustrated in Figure 2. At the time of monitoring, there were 12 sows
and 76 piglets in the pen.
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Figure 2. Illustration of the pen in the experimental pig house (1—input concentration sensor; 2—output concentration
sensor; 3—anemometer for air velocity measurement; 4—deep straw litter; 5—service alleyway, 6—manure corridor).

2.3. Methodology for Measurements of the Ammonia Concentration in the Pig Farm

Ammonia concentration measurements were performed simultaneously at the air
inlet and outlet from the stable continuously for 24 h. A photoacoustic multigas monitor
INNOVA 1412 by LumaSense Technologies A/S, Ballerup, Denmark, equipped with a
multi-channel sampling and dosing device Multipoint Samplet 1309 D or similar devices
are recommended to be used for the NH3 concentration measurement. From the measuring
device, special Teflon hoses were stretched to the sampling points (air inlet and outlet).
The device continuously uploading the measured values to its internal memory, while
the sampling frequency was set to once every 6 min. At the same time, other physical
quantities (indoor and outdoor temperature, relative humidity, atmospheric pressure) were
monitored during the measurement using a multi-purpose device (COMMETER D4141,
COMET SYSTEM spol. s r.o., Rožnov pod Radhoštěm, Czech Republic), and the airflow
rate in the exhaust fans was measured by means of an anemometer (TESTO 445, TESTO
AG, Lenzkirch, Germany).

2.4. Methodology for Calculation of NH3 Emissions

The determination of NH3 emissions in the stable is based on the data from measuring
ammonia concentrations in the air entering and exiting the stable. Another parameter
for finding out the emission is the determination of the airflow outwards. Last but not
least, it is necessary to know the area of the vents exhaust and also the number of housed
animals for the purposes of determining the total production of specific NH3 emissions per
year. The measurement of the input and output NH3 concentration is usually performed
by INNOVA 1412 with two sensors connected; therefore, it is not possible to obtain data
from both sensors at the same time. In addition, the airflow through the stable ventilation
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is usually determined independently of the concentration measurement time. It is either
obtained from the stable system data on the operation of the fans or is directly measured
by an anemometer at the ventilation exhausts. In both cases, there is no group of three
corresponding data points available to calculate the NH3 emission rate. For this reason, it
is necessary to calculate emissions from several independently measured data points of
all input variables during a suitably selected time interval, the so-called time window. Its
length must be chosen carefully with regard to the accuracy of measurement but also to
the problem of monitoring NH3 production in the stable during the day.

The ammonia emission rate E (mg·s−1) can be now figured out from this formula:

E = (COUT − CIN)·v·S, (1)

where COUT is NH3 concentration in an outlet (mg·m−3), CIN is NH3 concentration in the
input (mg·m−3), v is air velocity by venting the stable (m·s−1), and S is the area of the
exhaust of the stable vents (m2).

The arithmetic mean and standard deviation are determined from all obtained values
of effective emissions during one day (24 h). Subsequently, the total production-specific
emissions per year EYEAR (kg·animal−1·year−1) are determined and converted to a value
per pig using this formula:

EYEAR = EAVG·N−1, (2)

where EAVG is arithmetic mean of the E (kg·year−1), and N is the number of pigs housed in
the stable.

2.5. Creation of Model Data for Method Testing

For the purpose of creating a methodology for evaluating NH3 emissions from stables,
model data of monitored variables were firstly created. Because the input values for the
calculation (input and output NH3 concentration and gas flow through the stable vents) are
not interdependent quantities, the input data for the model were based on real measured
data. From these data, a simple regulation simulating the stable situation was created
(see Figure 3).
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Breakpoints were identified based on the visual evaluation of the course of individual
quantities; their values were roughly determined with an accuracy of 0.5 mg·m−3 or
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0.5 m3·s−1, respectively, including their time offset from the starting time (integral multiples
of 0.5 h). The entire waveforms of the input quantities were then replaced by a polyline
connecting the above-mentioned points. Furthermore, the normally distributed noise was
added to the concentration values, with a mean value of 0 and a standard deviation of
0.5 for the input concentration and 0.9 for the output concentration, respectively. From
the measured data it was evident the input concentration fluctuated less than the output
concentration; therefore, a different standard deviation was chosen in the model. In the
case of flow values, the fluctuation depends on the absolute value of the measured flow;
at higher flow rates, it fluctuates more; at lower flow rates, the fluctuation is significantly
lower. Therefore, the flow values on the polyline were multiplied by a coefficient having
a Gaussian distribution with a mean value of 1 and a standard deviation of 0.05. The
resulting model is shown in Figure 4.
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For the purpose of testing the evaluation methodology, the second set of model data
was created based on the original model and where, in addition, the data were artificially
modified at randomly selected time intervals. In the time interval from 3:14:17 to 4:14:17, the
model data were sorted so the input concentration CIN decreased continuously throughout
this hour, while the output concentration COUT and the airflow v continuously increased.
This situation simulates the maximum possible error load in the E evaluation due to the
impossibility of measuring all input variables simultaneously. This will lead to the largest
fluctuations in the calculation of the E. In the time interval from 11:55:13 to 12:55:13, both
the input concentration CIN and the output concentration COUT were arranged in ascending
order, and the air flow fluctuated in the usual manner. This adjustment best corresponds to
the real situation due to the interdependence of both concentrations of ammonia, i.e., that
the trend of both concentrations was the same (in this case, growth). The last adjustment
was made in the time interval from 18:44:40 to 20:44:40, when the air flow was set equal
to zero. This simulates the failure of the anemometer or system flow sensors in the stable.
The modified model data are in the graph in Figure 5; the vertical green lines indicate the
intervals in which the model data were artificially modified.
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2.6. Testing the E Evaluation Method

The reference Eref value was determined for testing of the developed methodology of
the evaluation of ammonia emissions. It was determined analytically from Equation (1) on
the basis of the known equations of the individual parts of the polylines from which the
input variable waveforms were created (see Section 2.5).

We divided the methodology tests into two parts. The proposed E evaluation method-
ology was applied in every case. In the first part, we investigated the effect of the time
window length on the average ammonia emissions over 24 h. The time window length
was gradually chosen from a series of 15 min, 20 min, 30 min, 45 min, 60 min, 90 min, 2 h,
3 h, 4 h, 6 h, 8 h, and 12 h. The area of the vents exhaust and the number of housed animals
corresponded to the real situation on which the model was based (see Section 2.2).

At first, the methodology was tested on a model polyline with no added noise to
determine the effect of time window length on the total ammonia emissions. The obtained
values were compared with the analytical Eref reference using relative percentage deviation.
Subsequently, the methodology was applied to both the unmodified model with added
Gaussian noise and the artificially modified model to calculate ammonia emissions. The
differences between the individual calculated values were tested using ANOVA analysis
and Tukey’s HSD test. Differences between calculated emissions of given time window
lengths for both models were tested also by Student’s t-test. The significance level of every
statistical test was 0.05.

In the second part of the methodology testing, only a few windows were selected, and
the influence of their length on the course of the specific emission curves during 24 h was
monitored. As no statistically significant differences were found in the first phase of testing,
no statistical method was not used in this part, but the calculated diurnal wave-forms were
visually compared to each other.

3. Results

The reference ammonia emission Eref was analytically determined to be 0.5767 mg·s−1

and 1.5157 kg·animal−1·year−1. The relative deviations of the calculated emissions of the
model data without added noise were increased with increasing time window length. The
lowest value of 0.17% was reached for the shortest 20 min time window. Similarly, for
longer time windows up to 60 min it did not exceed 1.00%. On the contrary, the highest
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value was calculated for the time window of 24 h length, where it reached up to 52.60%.
However, despite the rather significant relative deviation, even ANOVA analysis together
with Tukey’s HSD test showed no statistically significant difference (p > 0.999), which may
be due to the small sample size in the case of longer time windows.

The same E evaluation algorithm with time window selection was used for both
unmodified and modified model data. The obtained E values for individual windows are
shown in Figure 6 (unmodified model) and in Figure 7 (modified model). Both graphs
show that with the increasing length of the time window, the average value of E increased,
initially very slowly. For longer time windows the increase was more pronounced (for the
time window of 12 h, E was more than 10% higher than for the time window of 15 min).
The standard deviation also increased because 24 h of data was processed, which decreased
the total number of time windows with its increasing length. Figure 6 shows that for time
windows up to 2 h, the increase in E was very small, almost imperceptible (increase was
less than 2.5% compared to the value for the 15 min time window), which implies that the
effect of time windows of 2 h and below was practically negligible for the calculation of the
average E.
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A similar situation can be observed in the case of an artificially modified model in
Figure 7. Modifications to the model generally reduced the size of the average E, which
corresponds to a zero contribution to the average E in the period simulating the failure of
the anemometer. However, the modifications did not affect the trend of its dependence on
the time window length. The increase in E for time windows up to 2 h did not exceed 3%,
but at 12 h the time window was almost 15% higher than the calculations for the 15 min
time window. Artificially created short-term singularities in the time courses of measured
quantities thus had a very small effect on the average values of E when using the developed
evaluation methodology with time windows up to 2 h. We can assume that the mentioned
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singularities will not be present at all in real data, or they will be of shorter duration than
was modeled, and thus will not affect the resulting specific annual NH3 emissions.

In the second part of the methodology testing, only four-time windows were selected
(30 min, 60 min, 2 h, and 3 h), and the influence of their length on the course of the specific
emission curves during 24 h was monitored. The respective waveforms are shown in
Figure 8 (unmodified model) and Figure 9 (modified model). It is clear from the waveforms
for the individual time windows that the increasing length of the window significantly
reduced the fluctuations of the calculated value of ammonia emissions; on the other hand,
it significantly eliminated the actual fluctuations of the emissions during the day. For the
time window of 3 h, it is possible to determine only the all-day trend of NH3 emissions in
the stable, and it is not possible to identify shorter-term singularities based on it.

When comparing the course of the polylines in Figures 8 and 9, the influence of
artificial modifications of model data on the actual course of the curves was well visible.
While the slightest adjustment corresponding to the real data trend (from 11:55:13 to
12:55:13) will not affect the actual waveforms too much and will only show a slight deviation
in the shortest time window of 30 min, the same length adjustment from 3:14:17 to 4:14:17
already significantly changed the course of the curve for this time window and was also
clearly visible when using the time window of 60 min. On the other hand, for longer time
windows (2 and 3 h), these singularities had a negligible effect on the course of the curves.
More significant influence on the curves was caused by the third adjustment simulating
the failure of an anemometer in the time from 18:44:40 to 20:44:40, where all curves reacted
significantly to this singularity. However, for the time window of 3 h, the response of the
curve was distinctly smaller than that in the remaining three curves.
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4. Discussion

Similar measurements of ammonia emissions from pig houses were presented by other
authors. A brief overview of selected parts of their methodologies is given in Table 1. Most
of them used the Photoacoustic Multi-gas Monitor INNOVA 1412 and 1312, respectively, to
measure ammonia concentration [27–34]. On the other hand, publications [35–38] reported
other instruments used, such as the NOx analyzer, to measure ammonia concentrations
in livestock [35,38]. The variability in the total duration of measurements is very high,
ranging from 8 h [36] to 345 days [38]. Sampling frequencies also vary among authors,
ranging from one record per hour [36] to twelve measurements in one hour [37].

Nevertheless, compared to the articles published previously, this is the most detailed
processing of measured data to determine the resulting NH3 emissions. The calculation of
total ammonia emissions was often based on the same equations as ours. Still, the authors
did not address the effect of the length of the averaging interval on the resulting emissions.
Almost all of them calculated the total mean and standard deviation of ammonia emissions
based on daily means of ammonia concentrations, or they provided the minimum and
maximum values. However, as our results showed, the E is influenced by the selected
time window length. It turned out that it is necessary to set the time window as short as
possible. Although no statistically significant difference was shown in our tests (p > 0.999,
ANOVA, Tukey’s HSD, Student’s t-test), the total annual ammonia emissions estimation
was based on diurnal averages of internal and outside concentrations, and airflow can lead
to deviations of more than 50%. However, this discrepancy does not reduce the quality of
the results of earlier published measurements because they presented the comparisons of
the effect of changes in pig farming on emissions, and it was not intended to determine the
total ammonia emission from buildings with maximum accuracy.
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Table 1. Recent studies on the measurement of NH3 emissions in pig farms and their methodology.

NH3 Monitoring
System

Experiment
Duration

Sampling Frequency
(Records per Hour) Statistical Analysis Reference

Innova 1312 37 days 6 Total mean, standard deviation [31]
Air sampling pump

Gilian Instrument 7lG9 8 h 1 Total mean, min. and max. values [36]

Innova 1412 N/A 1 N/A 1 Total mean, min. and max. value [27]

Innova 1312 20 h 1.18 Mean of individual measurement,
standard deviation [29,30]

Innova 1412 24 h N/A1 Total mean, standard deviation [28]

N/A 1 345 days 5 Determination of factors to make
predictions [38]

NOx analyzer with a
thermal converter 24 h 8.6 Total mean, hourly means, day and night

means, min. and max. values [35]

Innova 1412 155 days 6 Daily means [32]
Innova 1412 24 h 2 Daily means [33]
Innova 1412 146–154 days 5 Daily means [34]

iTX Multi-gas monitor 43–165 days 12 Daily means [37]
1 not available.

Generally, there are two ways to determine more accurate values for total emis-
sions. The first uses less precise measurements but is performed over a very long period,
e.g., [34,37,38]. However, not only is this much more time consuming, but it is also money
consuming. The second way is based on the most accurate measurements over short time
intervals. This approach requires measurements to be made at a high sampling frequency
within one day, ideally. Such measures need to be repeated at different times of the year
and during the breeding cycle. As shown in [38], it is possible to estimate annual am-
monia production relatively accurately from precise measurements taken on only a few
well-selected days during the breeding cycle. This direction fully follows the relevant
legislation [26]. It will undoubtedly be preferred also regarding the high financial costs
connected with the purchase and operation of suitable ammonia concentration measuring
equipment for ordinary farmers.

The sampling frequency cannot be increased disproportionately because it is also
limited by the measuring equipment. When one device is used to detect ammonia con-
centration at several sampling locations simultaneously, it is necessary to ensure sufficient
cleaning time for replacing the air in the measuring chamber of the monitor and/or to
reach equilibrium after switching to other air sampling locations before a new measure-
ment starts. A sampling rate of 10 per hour seems to be sufficient for such measures. It
means that a concentration value is recorded every 6 min. The proposed algorithm showed
imperceptible differences for time windows from 15 min up to 3 h, but the deviation
increases noticeably for a longer time window. Nevertheless, as the length of the time
window decreases, fewer values are averaged, and the resulting mean is more sensitive to
possible significantly deflected or even erroneous measurements. In the case of a 15 min
time window, a maximum of three values is involved, which is a relatively small number;
in the case of a 30 min window, five values will be averaged, and one significantly deflected
value affects the mean less.

Hence, based on the performed tests of the methodology on model data and artificially
modified model data, the ideal solution appears to be a time window of 30 min. There are
enough averaged measurements, and such a time window is short enough to capture all
short-term changes in the stable manifested by increased or reduced ammonia emissions
during the day. When using longer time windows, it would not be possible to monitor
deviations from the ordinary course of emission curves adequately, and it would be
practically impossible to respond to problems arising in the stable for various reasons,
either due to problems associated with animal welfare or only technologically associated
with measurement methodology.
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5. Conclusions

This study identifies suitable methods for determining NH3 emissions from intensive
livestock farming from the point of view of the calculation of measured data. The motiva-
tion for this article was that the methodology established by the legislation is only general,
and different approaches are emerging across researchers. This can lead to different in-
terpretive results. The precise identification and determination of NH3 emissions seem
essential for meeting legislative standards, developing technologies aimed at reducing
these emissions. As NH3 emissions are complex and depend on many factors, the effort is
made to determine the resulting emissions from farms as accurately as possible.

Based on the performed tests of the methodology on model data and artificially
modified model data, the most ideal solution appears to use a time window of 30 min
to calculate measured data. When using it, there are enough averaged measurements
(minimum of five values for concentrations and ten values for flow), which eliminates the
effect of one potentially incorrectly performed measurement. On the other hand, such a
time window is short enough to capture all short-term changes in the stable manifested
by increased or reduced ammonia emissions during the day. When using longer time
windows, it would not be possible to adequately monitor deviations from the normal
course of emission curves. Use of longer time windows of 45 min, 90 min, and 2 h still
seems satisfactory.

The findings from this study can be used to refine the methodology for calculation
by measuring the NH3 concentration and the ventilation rate. These procedures can be
applied in the above cases due to the unification of methods for evaluation and better
comparability of measured values between farms and authors.
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