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Abstract: Livestock activities, in particular swine farms, are sources of odorant compounds that
cause conflicts with the neighboring population. Beside the effects on the neighborhood, excessive
odor emission can cause discomfort to farm workers. In this context the APPROAch project, aims to
test the application of two different air cleaning technologies (a wet acid scrubber and a dry filter) to
reduce dust, ammonia and odors, in naturally ventilated pig facilities. The aim of the present study
is to evaluate, in a pig farm, the odor removal efficiency of the two tested abatement technologies,
based on air samples analyzed by dynamic olfactometry. Odor sampling was carried out at a pig
facility involved in the project and brought to the lab within 30 h from sampling, as established by
the European Standard EN 13725:2004. Odor concentration was evaluated by dynamic olfactometry
using an Olfaktomat-n 6 (PRA-Odournet B.V.—Amsterdam, The Netherlands). The results show
that the wet acid scrubber prototype presents an average odor removal efficiency of 16%, whereas
dry filter has from limited to no effect. This efficiency could be considered as a good result for a
prototype even if further analysis, with longer sampling periods are needed.
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1. Introduction

The expansion of residential centers has led to some problems of coexistence between
the population and the production activities located in the same area [1]. Livestock activities
or husbandries, in particular swine, dairy and poultry farms, are sources of odorant
compounds that cause conflicts with the neighboring population [2,3]. The most common
problem caused by odor issues is nuisance [4]. Moreover, extended exposure to malodors
leads to a reduced quality of life and health [5]. In the agricultural sector, offensive
odors are mainly generated by the incomplete anaerobic decomposition of manure and
by manure management (storage, handling and land application) [6]. Ammonia (NH3),
hydrogen sulphide (H,S) and volatile organic compounds (VOCs) are the principal odorous
substances emitted by pig farms [7].

The compounds emitted from fattening swine houses vary, are complex and may result
in odors nuisance. Representative VOCs emitted from swine facilities are mainly amines,
sulfuric compounds, volatile fatty acids, phenolic compounds, carboxylic acids, esters,
ketones, terpenes and aromatic compounds [8]. Few specific VOCs have been identified
to be the dominant odorants on swine farms such as sulfuric compounds and ammonia,
which are often identified as the predominant components of all odor compounds [9,10].
Beside the effects on the neighborhood, excessive odor from swine facilities can cause
discomfort to workers, leading to low labor efficiency [11] and reduced well-being [12].

In air, odors are usually transported by dust particles [13], so they can travel for long
distances before being deposited to the ground surface. The numerous complaints from
people working and living nearby farms made it necessary to adopt strategies to reduce
odor nuisance. As an example, Germany, The Netherlands, Austria and other countries
have established guidelines based on separation distances between livestock units and
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residential areas, for determination of odor-annoyance-free level [14,15]. Alternatively,
strategies for reducing odor emissions from livestock activities can be implemented in
farms and can be divided into two main lines of action: (i) “upstream”, aimed at reducing
emissions before they are emitted; and (ii) “downstream”, aimed at containing emissions,
once produced. As an example, nutritional strategies [16] and building design [17,18]
fall into “upstream” category, whereas the application of covering systems [19], manure
treatments [20,21] or air treatment technologies [22] fall under “downstream”. In particular,
for what concerns air cleaning technologies, acid scrubbers, bio-scrubbers and biotrickling
filters are considered effective techniques for odor removal in pig farms [23-25]. Biofilters,
biotrickling filters, acid scrubbers and multi-stage air cleaning systems are also reported by
Santonja et al. [13] in the JRC report entitled “Best Available Techniques (BAT) Reference
Document for the Intensive Rearing of Poultry or Pigs”. In particular, for pig farms with
a forced ventilation system, odor removal is reported to be, on average, 30% for acid
scrubbers, 45% for biotrickling filters and 60% for bioscrubber.

The adoption of measures for the reduction and mitigation of odor emissions not
only allows conflicts between the residents of the neighboring areas and farmers to be
reduced [6], but it also allows the air quality inside sheds to be improved, with positive
effects on animal and workers [11].

The chemical-analytical techniques allow the identification and quantification of
the odorous compounds, but to quantify the response (the perception of odor), sensory
techniques are required [26]. Dynamic olfactometry, a sensorial technique, is the only
internationally accepted method for measuring odor concentration [27]. It is regulated by
the European standard EN 13725 [28] and it is based on the use of human panelists and
an olfactometer. It is commonly used to assess the abatement efficiency of air treatment
technologies [29,30]. The main advantage of this technique is the high sensitivity of the
human nose [26]; moreover, it provides results that can be used as input data for dispersion
modelling [31].

The APPROACch project, financed by Regione Lombardia through the European Agri-
cultural Fund for Rural Development (EAFRD), aims to test the application of two different
abatement technologies, a wet acid scrubber prototype using a citric acid solution and a
commercial dry filter used in dusty industrial processes. The goal of the project is to reduce
NH3;, dust and odor emissions in pig fattening barns, the buildings mostly affected by poor
air quality.

Therefore, the aim of the present study is to evaluate, in a pig farm, the odor abatement
efficiency of two different abatement technologies (a dry filter and a wet acid scrubber)
based on air samples analyzed by dynamic olfactometry.

2. Materials and Methods
2.1. Animal Housing and Conditions

The measurements about the odor abatement efficiency of a dry filter and a wet acid
scrubber were carried out in an intensive swine facility located in the province of Brescia
(Italy) producing heavy pigs (> 160 kg) for traditional dry-cured hams.

More specifically, the pig barns were located in the Po Valley. The orientation of the
farm is reported in Figure 1.

The barns were naturally ventilated. Animals were fed twice a day with liquid feed
(morning and late afternoon) and had unlimited access to water. The trial was performed
in three rooms (42.5 x 17 m) with the capacity of 640 pigs each (from 30 to 110 kg). Two
different abatement systems were tested, in the first room a dry filter (DF), whereas in the
second one a wet acid scrubber (WAS) was installed and both were compared to a control
room (CR). The rooms were divided into 32 boxes (8.5 x 2.5 m each) and animals housed
on a fully slatted floor. The manure was collected under the flooring surface and in a pit
equipped with the vacuum system.
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Figure 1. Orientation of the barns and prevailing winds.

The rooms equipped with the two different abatement systems presented the following
characteristics: 32 windows, 2 doors and the inner volume of each room was around
3307.5 m3.

During odor bags sampling collection, the ambient conditions (temperature and
humidity) in the three experimental rooms were recorded.

2.2. Abatement Technologies

A dry filter system was provided by Zehnder Group USA (Buffalo, NY, USA), a
company specialized in air treatment technologies and it was installed in the first room. It
is a technology already used for the air treatment of industrial environments, such as bakery.
The air is conveyed by a ventilation system through a series of filters that retain dust of
different particle sizes. The filters are made of polypropylene fibers that use electrostatic
charges to capture dust particles. The clean air is then returned to the barn by a blower. The
operating principle of the dry filter is based on the interposition of serial filtering panels
between the dusty zone and the clean zone. This arrangement, in addition to ensuring a
remarkable separation capacity, allows filters to retain large amounts of dust. Usually, the
dirty area is that in which the effluent enters the filter, while the clean one is downstream
of the cells.

The maximum airflow rate was 6000 m® h~! and the operating voltage was 320 W.
The dry filter was sized 800 x 1390 x 1084 mm and it was installed in the middle of the
barn, hanging from the ceiling 4 m above the ground.

Wet acid scrubber is a technology already tested in pig farms with forced ventila-
tion [32]. The scrubber involved in this study is a prototype. It presents two tanks of 50 L
capacity each, the first one is filled with water, the second one with a citric acid solution
(15% of citric acid). Passing through the tanks, odorous compounds, dust and NHj are
trapped by the packing materials. The intensive contact between the air and sprayed
liquid enables soluble pollutants to pass from gas to the liquid phase. Thus, the air gets
withdrawn from the pigsty, it gets washed thanks to the passage through the two tanks
and it is finally, returned to the shelter. With respect to sulfuric acid, commonly used in air
scrubber systems, citric acid presents the advantage of being safer to handle and harmless
for pigs and workers [33]. The prototype was installed in the middle of the room at 4.8 m
above the ground, to fulfill the idea to collect and release the cleaned air directly inside the
barn, differently from what normally happens in forced ventilation system. In this latter
case, treated air is released outside the piggeries, to reduce odor and NHj3 emissions in the
environment and avoid problems with residents located in the neighboring areas [23]. The
maximum air flow rate of the prototype was 6700 m>® h™!, with a 4 Kw fan and two pumps
with the capacity of 0.75 Kw.
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2.3. Odor Sampling and Dynamic Olfactometry Analysis

Odor sampling was carried out at the pig facility. For each of the 5 sampling trials,
in DF, WAS and CR rooms, 5 air samples were collected in the middle of the CR or in the
proximity of air cleaning systems to test their abatement efficiency. To perform the analysis,
air samples were collected in 30 L Nalophan® bags equipped with a Teflon™ inlet tube by
means of a vacuum pump. Each sampling lasted 3 min. In Figure 2 is provided a photo of
the sampling system.

Pump
connection

Odour sample
connection

Figure 2. Sampling system.

The sampling period lasted for three months, from September to November 2020,
details of performed activities are reported in Table 1.

Table 1. Details of performed activities.

Trial Date Description of Activities
7 September Sampling on farm in WAS and CR
8 September Dynamic olfactometry analysis
1 9 September Sampling on farm DF and CR
10 September Dynamic olfactometry analysis
15 September Sampling on farm in WAS and CR
16 September Dynamic olfactometry analysis
2 17 September Sampling on farm DF and CR
17 September afternoon Dynamic olfactometry analysis
17 September Sampling on farm in WAS and CR
18 September Dynamic olfactometry analysis
3 21 September Sampling on farm DF and CR
22 September Dynamic olfactometry analysis
29 October Sampling on farm in WAS and CR
30 October Dynamic olfactometry analysis
4 2 November Sampling on farm DF and CR
2 November afternoon Dynamic olfactometry analysis
24 November Sampling on farm WAS, DF and CR
5 24 November afternoon Dynamic olfactometry analysis
25 November Dynamic olfactometry analysis

Odor samples from treatments and control rooms were collected in different dates, to
avoid an excessive number of odor samples need to be analyzed in dynamic olfactome-
try laboratory.

After sampling, the bags were protected from light and analyzed within the 30 h
maximum storage time, to reduce the risk of sample modification, as established by the
European Standard EN 13725:2004. A total of 100 bags of air were analyzed out by dynamic
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olfactometry to measure the odor concentration. In the laboratory, samples bags were
connected to the olfactometer, an instrument which dilutes the samples according to
given ratios with reference air, which is made odor- and humidity-free through filtration
with silica gel. Then, it presents odor, at the different concentration levels, to a group of
evaluators. According to the European Standard EN 13725:2004, four qualified panelists
were selected for the olfactometric analysis.

The outcome is the odor concentration of the sample, which is expressed in European
odor units per cubic meter (ouE m~3). This represents the number of dilutions with neutral
(odorless) air needed for the sample to reach its odor detection threshold concentration.
The odor detection threshold corresponds to the level at which the odor is perceived
by 50% of the panelists. Only people with an average sensitivity to n-butanol within
the range of 20-80 ppb can be selected as panelists [28]. In order to ensure reliable and
repeatable results, the EN 13725:2004 fixes precise criteria for the standard deviation of
the individual’s responses, which should be verified periodically. For this case study, the
panel was tested with n-butanol at the beginning of each session, to fulfill the ISO EN
13725:2004 requirements of precision under repeatability conditions (r) and accuracy (Ayq).
The assessors were the same for all dynamic olfactometry sessions to avoid bias linked to
variations in panel members composition.

In total analyses were performed in 5 trials. The subdivision in 10 olfactometric ses-
sions was foreseen to solve the problem linked to the maximum sample limit of the dynamic
olfactometry lab. Indeed, due anti-COVID procedures, panelists and the permanence in the
lab were reduced to the minimum. Thus, sampling and analysis were performed according
the following scheme:

Sampling on farm in WAS and CR;
Dynamic olfactometry analysis;
Sampling on farm DF and CR;
Dynamic olfactometry analysis.

The olfactometer applied for the laboratory analysis was an Olfaktomat-n 6 (PRA-
Odournet B.V.—Amsterdam, The Netherlands). The operative method used was the forced
choice method; the olfactometer presents more active ports and the odor goes out only from
one of them. Role of the panelists was to smell the air and to identify the port containing
an odorant and to indicate whether their choice was a guess, inkling or certain on a tablet.
Panelist choices were then collected to the Olfaktomat-n 6 software and presentations of
dilutions as well as odor concentrations calculated according to EN 13725.

Olfactometric analysis consisted in two repetitions for each sample. This means that
for each bag two measurements were executed. So, each odor concentration value was
calculated as the geometric average of 2 repeated measures. The final total number of valid
samples was 84 (removing outliers). The reduction of the number of samples was linked
to damages occurred to Nalophan® bags during transport and to invalid measures. A
measure was considered invalid when an assessor recognized the odor earlier or later than
the other panelists.

3. Results and Discussion
3.1. Environmental Parameters

Table 2 shows the outdoors weather conditions during the sample collection trials, in
particular referring to temperature (T), humidity (RH), wind speed and direction. These
data were retrieved from the regional environmental protection agency’s database (ARPA
Lombardia, 2020).
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Table 2. Mean meteorological data.

Sampling Date T, °C RH, % Wind Speed, m/s Wind Direction

7 September 22 84 1.78 SSW

9 September 23 80 1.43 E

15 September 24 72 1.61 E

17 September 24 70 1.26 S

21 September 19 96 1.55 SSE
29 October 11 95 1.12 WSW

2 November 11 100 0.70 S

24 November 4 89 1.21 WSW

Table 3 summarizes the average temperature (T), relative humidity (RH) and windows
conditions in the three experimental rooms during sampling.

Table 3. Average environmental conditions inside the barns.

Sampling Date T, °C RH, % Windows
7 September 20.1 81.1 Open 70%
9 September 20.6 77.2 Open 90%

15 September 21.2 73.0 Open 80%
17 September 21.1 72.8 Open 60%
21 September 18.7 84.6 Open 80%

29 October 17.2 84.1 Open 10%
2 November 19.3 81.0 Open 5%
24 November 10.7 83.2 Open 50%

In the farm considered, windows opening was automatized as they started opening
when inside temperature and/or relative humidity (RH) was higher than 20 °C and 80%,
respectively.

Despite a large variation of outdoor temperature, the indoor temperature remained
in a narrow interval, ranging from 21.2 °C to 16.5 °C, except for the 24th November,
when slurry pits were emptied and windows were manually opened, despite the outside
temperature (+4 °C), to preserve animals and operators welfare.

3.2. Olfactometric Measurements

In Table 4 the average odor concentrations (ouE m~3) 4 standard deviation, for each
session, measured by olfactometric analysis for DF, WAS and CR, are presented. In order
to satisfy the requirements of EN 13725, the panel was tested using n-butanol for accuracy
and repeatability before each olfactometric session. Accuracy (Ayq) ranged from 0.098
to 0.160 and repeatability (r) ranged from 0.268 to 0.322, with a 95% confidence interval,
confirming the panel selection criteria.

Table 4. Average + standard deviation odor concentrations (ouE m~3) for each abatement system and for the control room.

Session Wet Acid Scrubber Dry Filter Control
1 (7-10 September 2020) 1102 + 175 2285 + 446 3260 +£1168
2 (15-17 September 2020) 2617 + 562 11,220 + 1490 10,131 + 1572
3 (17-22 September 2020) 8287 £ 2064 10,001 £ 567 10,131 £+ 1572
4 (29 October—2 November 2020) 34,123 + 4317 38,339 £ 10,078 34,112 + 3860
5 (24-25 November 2020) 104,329 £ 9112 163,478 + 36,340 57,911 + 23,101

As expected, odor concentration increases during time in correspondence of an increas-
ing animal live weight. Pig weight at the beginning of the cycle was 28 kg and the average
daily gain was 0.93 kg. November sessions odor concentration measured by dynamic
olfactometry was higher than September ones.
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Generally, WAS registered lowest values compared to DF and CR, except for the last
session. The 24th of November, slurry pits in WAS and DF rooms were emptied during
collection of air samples, substantially increasing the ouE m~3 measured. Nevertheless,
WAS always presents lower odor concentration values than DF room and, excluding session
5, also lower than CR.

Results show a detected odor concentration for all analyzed samples between 1102-
163,478 ouE m 3. Environmental conditions inside and outside the rooms could have
influenced the final result. Although samples were collected always in the morning around
10 a.m., away from meals, to have repeatable test conditions, external variables, such as
windows opening and pits emptying, certainly affected the results. In laboratory, uncertain-
ties associated with odor quantification, were reduced using the same olfactometer and the
same panel. Assessors were selected only using n-butanol as a standard reference odorant;
although, as underlined by Hove et al. [34], this gas does not reflect the characteristics
and intensities of odors associated with pig farming. Consequently, knowing the major
odorous compounds associated to swine facilities, is crucial for developing odor control
strategies. For this purpose, gas chromatography coupled to mass spectrometry (GC-MS)
is frequently used to identify and quantify key odorous compounds. As suggested by
Hove et al. and by Gralapp et al. [34,35], panelists should be trained also to recognize “pig
odor”. Although, in this case study, assessors were not trained to recognize the “pig odor”,
they demonstrated consistency in their responses as, during olfactometric sessions, they
recognize it at the same dilution. Moreover, it can also be considered that each session was
a training for the following one as panelists and odor were always the same for all the
experimental periods.

Each room was compared to the others to evaluate the odor abatement efficiency
(WAS Vs. DE, WAS Vs. CR and DF Vs. CR). In Table 5, the percentage reduction for each
comparison is reported.

Table 5. Odor abatement efficiency comparison among the three rooms (WAS, DF and CR). WAS =
Wet acid scrubber room; DF = dry filter room; CR = control room.

Session WAS vs. DF WAS vs. CR DF vs. CR
1 —52% —66% —30%
2 —77% —74% +11%
3 —17% —18% —1%
4 —11% 0% +12%
5 —36% +80%! +182%1

! pit evacuated.

The WAS system presents, for all session, higher odor abatement efficiency compared
to DF system, ranging from —11% to —77%, with an average of —39%. In addition,
compared to CR, WAS technology reduces the odor concentration by an average of about
16%, while excluding the session 5, when pits were emptied, this value increases to 53%.
DF abatement system resulted to be not an effective strategy to reduce odor concentration,
even if dust is a carrier of odorous compounds. Compared to CR it presents the highest
removal efficiency of 30% in the first session and lower in the following ones. This can
be explained by the fact that the propylene filters of the DF system were replaced in July
and, therefore, their dust removal efficiency could be affected. Even if biofilters have been
demonstrated to be the most effective end-of-pipe technique to reduce odors [9], the use
of a DF technology could be an advantage because of the high maintenance requirements
of biofilters. Biofilters need an accurate control of the medium moisture of the packing
material is required for a correct functionality [36,37], other than of temperature and
nutrients to guarantee the survival of the bacterial population [13]. Moreover, they have
the disadvantage of producing N, O emissions if nitrifying bacteria are present [22].

The concentration of odor was reduced by WAS technology. The removal of odor-
carrying particles might be explained by capture of soluble compounds in the two tanks,
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such as N-containing compounds (e.g., NH3). It is well known that wet and acid scrubber
represent an effective strategy to reduce NH3 emissions, thanks to the intensive contact
between the air and liquid phase, NHj is trapped by the acid solution leading to the
production of ammonium salt [13]. Considering that the trial was conducted in a naturally
ventilated pig facility, an average of 16% odor removal efficiency could be considered a
good result. Wet and acid scrubber are normally used in facilities provided with forced
ventilation and removal efficiencies are calculated considering the difference in the odor
concentration between the inlet and outlet air from the scrubber. An average odor removal
of 27% for acid scrubbers in forced ventilation was reported by Melse and Ogink [25] and,
Van der Heyden et al. [22], in their review, indicated removal efficiencies ranging from
negative values up to 80%, for all types of air scrubbers. Variations are principally linked
to the type of air scrubber and the method chosen for the analyses. In addition, Melse and
Mol [23] highlighted that odor removal efficiency presents a large variation attributable
to variations in the composition of the air not completely reflected by the olfactometric
measurement, by the functioning of the filter itself or by the methodology used. Moreover,
the use of citric acid instead of sulfuric acid could have affect the results. Further studies
on citric acid abatement efficiency are necessary, as its application is poorly studied [21].
Finally, it should be considered that acid scrubbers are more effective at removing NHj3
than odors [38].

4. Conclusions

The odor abatement efficiency using two different abatement technologies (a dry
filter and a wet acid scrubber) was evaluated with dynamic olfactometry methodology.
The results show that the wet acid scrubber prototype presents an average odor removal
efficiency of 16%, whereas dry filter has from limited to no effect, representing a promising
achievement for the prototype and for its installation in naturally ventilated pig farms.
The above-mentioned odor abatement efficiency could be considered as a good result for a
prototype, even if further analysis with longer sampling periods is needed.

The aim of the present study was to determine the odor removal efficiency inside the
barns, but in the future, it could be certainly interesting to evaluate the effects of abatement
systems also in neighboring areas through the use of air dispersion models, in particular
considering the well-known problem of conflicts with citizens living nearby livestock
activities. In addition to air dispersion models, also field inspection could be applied to
provide the characterization of odor exposure in a defined assessment area.

Since dynamic olfactometry is time-consuming, a discontinuous measurement method
and it does not provide any information on quality, origin, offensiveness or intensity of
a smell, a combined analytical-olfactory approach could be useful. Indeed, both gas
chromatography and electronic nose could be applied, for this purpose, to identify which
odorous compounds characterize pig facilities and how the abatement technologies can
affect them.

In conclusion, there is not one best method for measuring odors. Each situation should
be individually evaluated by considering the applicability and limitations of each method
and the aim that needs to be reached. In most cases, an integrated approach combining
different methods and techniques is the best solution to depict exhaustively the problem
and define a good strategy for its management.
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