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Abstract: The fast development of large-scale intensive animal husbandry has led to an increased
proportion of atmospheric pollution arising from livestock and poultry housing. Atmospheric pollu-
tants, including particulate matter (PM), ammonia (NH3), hydrogen sulfide (H2S), and greenhouse
gases (GHG), as well as other hazardous materials (e.g., gases, bacteria, fungi and viruses), have
significant influences upon the local atmospheric environment and the health of animals and nearby
residents. Therefore, it is imperative to develop livestock and poultry housing mitigation strategies
targeting atmospheric pollution, to reduce its negative effects on the ambient atmosphere and to
promote sustainable agricultural production. In this paper, we summarize the various strategies
applied for reducing outlet air pollutants and purifying inlet air from mechanical ventilated livestock
and poultry housing. This review highlights the current state of knowledge on the removal of various
atmospheric pollutants and their relative performance. The potential optimization of processes and
operational design, material selection, and other technologies, such as electrostatic spinning, are
discussed in detail. The study provides a timely critical analysis to fill the main research gaps or
needs in this domain by using practical and stakeholder-oriented evaluation criteria.

Keywords: particulate matter; air pollutants; ammonia; animal husbandry; mitigation strategies;
electrospinning

1. Introduction

The rising demand for food, especially for livestock products, has elicited great con-
cerns over their negative environmental impacts [1–3]. In different parts of the world,
animal production is highly concentrated, and intensive large-scale animal husbandry
operations have expanded rapidly [4,5]. Not only are there more animals in the farms,
but the farms themselves are becoming more specialized, consequently increasing their
environmental load; this includes their contamination load upon soil and water, and their
gaseous load upon air [5,6]. Aerial pollutants generated by the animal farms may affect
the quality of the local atmosphere, the neighborhood, and the health of both animals and
workers [7–12]. Further, airborne diseases, such as the porcine reproductive and respi-
ratory syndrome virus, can be transmitted among intensive herds, and the incoming air
from the atmosphere must be filtered to improve animal health and reduce bio-aerosol
transmission [13,14].

Air emissions generated by animal industry harbor an abundant mixture of pollutants,
mostly consisting of ammonia (NH3); greenhouse gases [carbon dioxide (CO2), methane
(CH4) and nitrous oxide (N2O)]; odors; hydrogen sulfide (H2S); volatile organic compounds
(VOCs); particulate matter (PM); and bio-aerosols [10,15–17]. They arise simultaneously
from various farm components, namely: animal housing; yards; manure storage and
treatment; and land spreading [6]. Concerns over the air pollution generated from livestock
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and poultry farming have spurred new legislation and large research programs. All those
pollutants’ emissions are regulated, at present, by international protocols and national
regulations aimed at addressing the problem of how to achieve emission reductions in
intensive livestock and poultry farming [3,6]. Many cost-effective and environmentally
friendly farming methods are already available, yet they are unlikely to be sufficient
to ensure that current environmental targets are fully met [3]. Practically, stakeholder-
oriented evaluation of existing and new best available technologies is key for the successful
abatement of air pollution from the livestock and poultry sector [18].

Some abatement options available for intensive pig and poultry farming were brought
together and listed as best available techniques (BAT). The efficacies of many of the cur-
rently BAT-listed options are both modest and difficult to regulate, and this list is still far
from complete. Limiting emissions via the application of BATs alone may be insufficient
to meet environmental goals; meanwhile, many other methods and treatment options are
currently excluded [3,19]. Maurer et al. [18] established a literature database tab on air
management practices and tools, providing an overview of the mitigation practices best
suited to addressing the emissions of odor, gas, and PM from livestock operations. The
data show that the target emission percentage reductions in nine air pollutants vary greatly
with different technologies, some of which are inefficient and may increase other partic-
ular pollutants when reducing certain targeted pollutants. Although some management
practices can be used to reduce emissions, a certain level of degraded air quality by animal
operations is inevitable [20]. Each technology has both its advantages and disadvantages,
and the corresponding mitigation technology implemented should be selected according to
the pollutant type, ventilation rate, concentration range, and other site-specific factors, such
that secondary pollution should also be avoided [20,21]. It is, thus, necessary to optimize
the available technologies in terms of their process design and/or operation, with a view to
targeting a specific pollution source to improve the mitigation efficiency of all pollutants of
concern at a given site [22].

Housing systems are a very common feature in concentrated and intensive animal
husbandry, especially for pig and poultry breeding. When the ventilation air from animal
houses is released into the ambient atmosphere, the air pollutants are introduced into the
environment [23]. Aspects of the housing’s construction and management, such as its ventila-
tion and air treatment systems, may be improved to reduce aerial emissions [6,16]. By applying
mechanical/forced or hybrid ventilation, which are now widely used, indoor conditions
such as gas and PM concentrations can be controlled to ensure the well-being of workers
and animals, and to maintain production performance [23–26]. A mechanical ventilation
system can be used to bring in external fresh air and discharge the internal dirty gases, to
realize the effective exchange of air inside and outside the livestock and poultry housing;
this can improve the temperature, humidity and air quality in the livestock and poultry
house [27,28]. This system has many benefits for animal welfare and productivity, which
cannot be overemphasized in animal breeding [29,30]. Furthermore, these mechanically
ventilated housing systems facilitate the utilization of an air-purification system to clean
the outlet and inlet air, when compared with a pure natural ventilation system, thereby
reducing the total emissions from livestock and poultry buildings and providing fresh air
to the buildings [24,26].

This review has two aims: (1) To summarize the mitigation strategies of air pollutants
for animal housing with mechanical or hybrid ventilation, by focusing on the end-of-pipe
techniques used to purify inlet and outlet air from and into the atmosphere, respectively;
(2) to identify knowledge gaps/needs and promising future research avenues, to provide
timely guidance for housing systems when renovating, expanding or building new animal
housing for integrated environmental permitting.

2. Ventilation of Livestock and Poultry Housing

According to the different internal and external pressures applied, mechanical/forced
ventilation systems can be divided into those reliant on negative pressure ventilation,
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positive pressure ventilation, or isobaric ventilation [31,32]. Negative pressure ventilation
refers to the use of exhaust fans to force the dirty air out of the farm, resulting in slight
negative pressure in the livestock and poultry housing’s fresh air under the action of
atmospheric pressure into the farm [33]. Positive pressure ventilation refers to the use of
fans to force the outdoor air into the livestock and poultry housing; the outlet air volume
can be adjusted, but is always less than the intake air volume, resulting in slight indoor
positive pressure [34]. Isobaric ventilation refers to fans used at the same time in the
inlet and outlet portals, leaving the air volume’s size unchanged, and the pressure in the
livestock and poultry housing basically consistent with atmospheric pressure [30].

According to the different fans’ arrangements, mechanical ventilation can be further
divided into longitudinal ventilation, transverse ventilation, and vertical ventilation [35–37].
Longitudinal ventilation means that the fan is installed on the gable and the air inside
the house flows along the longer axis (Figure 1a). Transversal ventilation means that the
fan is installed on the transverse wall, and flows along the shorter axis (Figure 1b) [38].
The diameters of fans used for transverse ventilation are generally small [39]. Vertical
ventilation refers to applying a vertical flow of air in livestock and poultry housing. A
common form of vertical ventilation is ceiling ventilation (Figure 2a), whereby air enters
the ceiling from one side of the roof, diffuses into the room via the ceiling, and exits from
the other side of the roof after circulating in the room [40]. In some cases, fans are installed
at the lower position of the side wall to expel or inhale the air from the side wall, and
then vent from the roof; however, this ventilation method is rarely used alone [26]. Pit
ventilation is another form (mainly used in pig farming), in which fresh air first enters the
ceiling of the attic from the cornice of the roof, then enters the room through the diffuse
ceiling because of the negative pressure (Figure 2b). The dirty air passes through the slatted
floor to the top of the manure pool and is pumped outside [23,26]. This ventilation method
can prevent the floating of PM and volatile odorous compounds from the manure pool, to
further improve the air quality in the livestock and poultry housing [41]. Another form is
tunnel ventilation (Figure 2c); this is achieved by laying pipes or building cement pipes
horizontally several meters underground. One end of the pipe is connected to a vertical
pipe extending from the ground as the air inlet, and a fan is installed at the front end of
the pipe to force the air input. After its heat exchange with the ground, the air is inputted
into the livestock and poultry housing, eventually flowing outside via the roof outlet [42].
This ventilation method can effectively improve the temperature of livestock and poultry
housing, by cooling it in the summer and heating it up in winter. Generally, in actual
animal husbandry settings, mechanical ventilation does not take one form only, but rather,
a mixture of many forms.
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Figure 1. Schematic of mechanical longitudinal ventilation (a), and transverse ventilation (b). Figure 1. Schematic of mechanical longitudinal ventilation (a), and transverse ventilation (b).

There are often multiple ventilation fans used in livestock and poultry housing. The
diameter of these fans is generally between 60 and 130 cm. The main fan is normally open
and running for a long time, with auxiliary fans operating intermittently. As conveyed in
Table 1, the ventilation rate depends on the ventilation mode and type of livestock and poul-
try housing. Different types of livestock housing are compatible (to varying degrees) with
different types of ventilation systems. It is worth noting that high-rise layer hen houses
are often used in conjunction with ceiling ventilation systems, perhaps due to the fact
that this enables airflow containing contaminants to be exhausted more quickly from the
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house. The total ventilation rate and number of fans increase as the density of the housed
animals increases, but the average ventilation tends to remain in a basic range. For a pig
farm, the average ventilation rate of its room is generally not more than 150 m3 h−1 pig−1,
and the ventilation rate of the pit exhaust is generally 10 m3 h−1 pig−1 [23,26,30,43–46].
For a poultry house, the ventilation rate of the room typically does not exceed
15 m3 h−1 hen−1 [32,38,47–54].
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Table 1. Status of mechanical ventilation in livestock and poultry houses.

Type of Housing Number
of Animals

Type of
Mechanical
Ventilation

Number of Fans
Average

Ventilation Rates
(m3 h−1 pig/hen−1)

Refs.

Pig barns

≈450 IS 8 6–60 [30]

100 NPV + LV 1 63.74 [46]

30 NPV + PV + CV Ceiling exhaust fan:1,
pit exhaust fan:1

The ceiling exhaust fan: 110;
the pit exhaust fan: 11 [26]

Fattening pig house

≈540 NPV + TV 11 31–96 [43]

800–1000 NPV + LV 3 intake and 5
exhaust fans 18–72 [45]

1000 NPV + LV + PV 8 150,
7.14 (pit ventilation) [55]

30 Room + PV 1 room ventilation fan;
2 pit ventilation fans

The room exhaust fan: 100;
the pit exhaust fan: 10 [23]

Laying hen houses

3000–250,000 NPV 15–88 0.59–9.2 [38,48,49,53,54]

140,000 NPV + TV 36 0.8–9.1 [48]

18,000–33,300 LV 6–24 1.91–8.72 [50,52]

11,000–38,000 CV 4 15–3.35 [32,47]

High-rise layer hen
houses 218,000 CV 110 H-A: 0.56–11.24;

H-B: 0.52–13.2 [51]

Negative pressure ventilation: NPV; positive pressure ventilation: PPV; isobaric ventilation: IV; longitudinal
ventilation: LV; transverse ventilation: TV; ceiling ventilation: CV; pit ventilation: PV; tunnel ventilation: TV.

Temperature and relative humidity could also affect the occurrence of respiratory
diseases by influencing the respiratory and thermoregulatory behavior of the animals
and the survival and spread of airborne pathogens [26,46]. As seen in Table 2, the range
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of longitude is 33◦41′–64◦50′ for mechanical livestock housing, which corresponds to a
temperate climate zone. A proper temperature contributes to the health of the housed
animals [23]. Not surprisingly, the ventilation requirement is lower in winter, when the
temperatures are lower [26]. If nursery pigs are exposed to higher or lower temperatures
than recommended for an extended period of time, they become very susceptible to
respiratory disease. Humidification may be needed to increase indoor relative humidity
during the winter months [30,46]. In this respect, modulating both the temperature and
humidity ranges may play a guiding role, as per Table 2.

Table 2. The longitude range, temperature, and humidity of the different livestock and poultry houses.

Type of Housing Longitude Range Temperature Humidity Refs.

Pig barn 56◦9′–64◦50′ 19.9–26 49.9–65.9 [26,30,46]
Fattening pig house 35◦38′–56◦9′ 15.4–29.2 14–90 [23,43,45,55]
Laying hen houses 33◦41′–52◦13′ 14.9–31.2 36–70.7 [32,38,47–49,53,54]

High-rise layer
hen houses 41◦13′ 22.3–27.5 52.8 [51]

3. General Emissions of Air Pollutants

Air pollutants in pig and poultry housing pose a risk to the health of animals and
farm staff. The concentrations of air pollutants are influenced by the design of the housing
systems and their ventilation rate, as well as manure management practices. Table 3
provides an overview of the most common pollutants and their concentration ranges found
in pig and poultry houses equipped with mechanical ventilation systems. Gas emissions
of NH3 and H2S can cause various diseases, such as central paralysis, toxic liver disease,
and myocardial strain [56]. The threshold for NH3 concentrations in livestock housing is
25 ppm for an 8 h working day [57]. Greenhouse gases such as methane (CH4), nitrous
oxide (N2O) and carbon dioxide (CO2) contribute to global warming, thus constituting a
major threat to the world’s environment [16]. Various species of airborne bacteria can occur
in the buildings housing pigs. Most are Gram-positive bacteria whereas Gram-negative
bacteria are generally present at very low concentrations [58]. Airborne bacteria in these pig
buildings may be a major cause of decreased pig productivity and respiratory diseases in
farm staff, such as asthma, rhinitis, and bronchitis [59]. The biological sources of PM from
pig and poultry houses are numerous, including the feed used, and the feces, urine, dander,
bedding, skin, and hair of the animals [60]. Particulate-matter-attaching microbes can
expose farmers and pigs to infectious and allergic diseases, including pneumonia, asthma,
and rhinitis [59]. Because high levels of aerial pollutants in barns adversely affect the health
of animals and human beings, it is essential to install effective mitigating emission systems
in pig and poultry barns.

Table 3. The range of air pollutant concentration in pig and poultry houses.

Air
Pollutants In Pig Houses In Poultry Houses Refs.

NH3 0.78–38.90 ppm 0.2–182.0 ppm [8,16,61–70]
H2S 0.38–2.00 ppm 0–945 ppb [63,66,68,69,71,72]
odor 115–4500 OUE/m3 Not included [65,71,73]
CO2 737–2393 ppm 507.2–1329.0 mg/m3 [16,64,70,71]
CH4 7–175 ppm Not included [16,64,74]
N2O 0.20–0.5 ppm Not included [16,64,71]
TSP 220–8500 µg/m3 0.168–9.61 mg/m3 [8,25,43,62,68,70,75]

PM10 110–4960 µg/m3 0–4290 µg/m3 [8,16,25,43,64,67–69,71,75]
PM2.5 70–240 µg/m3 40–2530 µg/m3 [8,16,43,64,67,68,70,71,75]
Total

bacteria 1.74 × 10–2.34 × 108 cfu/m3 1670–44,840 cfu/m3 [59,76,77]

Total fungi 8.13–7.59 × 104 cfu/m3 236–4735 cfu/m3 [59,76,77]
Total VOC 35–1000 µg/m3 Not included [78]
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Table 4 presents an overview of the concentration ranges of aerial pollutants according
to season in pig and poultry houses equipped with mechanical ventilation systems. Season-
ally, the indoor concentrations of all aerial pollutants change widely. For example, the NH3
concentration of poultry houses goes from 25 ppm in winter down to 2 ppm in summer,
and the PM10 concentration of pig houses spans 5000 pm in winter to 1500 pm in summer.
The main reason for the differences in harmful gases and particulate matter concentrations
for summer versus winter is likely the magnitude of ventilation. The ventilation rate is
smaller during winter than summer in order to maintain a comfortable indoor temperature.
However, a decreasing ventilation rate leads to the accumulation of harmful gases and
PM [62]. Hence, it is essential to tailor mitigating emission system, such as changing the
trickling density of chemical and biological air scrubbers in different seasons, to improve
the indoor environment year-round [22,79,80].

Table 4. The range of air pollutant concentration by season in pig and poultry houses.

Type of
Animal

Air
Pollutant Spring Summer Fall Winter Refs.

Pig NH3 (ppm) 6.9–25.6 0.78–38.9 Not
included 10.4–27.1 [16,25,61,62,64]

Pig H2S (ppm) Not
included 0.6–2.0 Not

included
Not

included [71]

Pig Odor
(OUE/m3)

Not
included 359–448 Not

included 4393 [71,73]

Pig CO2 (ppm) Not
included 737–2393 Not

included 1766–2920 [16,64,71]

Pig CH4 (ppm) Not
included 25.1–193 Not

included 38.4–233 [16,64]

Pig N2O (ppm) Not
included 0.2–1.409 Not

included 0.301–1.304 [16,64,71]

Pig TSP (µg/m3) 180–1510 340–550 Not
included 400–8500 [25,43,62]

Pig PM10 (µg/m3) 80–3200 340–1536 1290–1810 160–4960 [16,25,43,64]
Pig PM2.5 (µg/m3) 70–20 26.7–146 90–110 15.2–200 [16,43,64]

Pig Total bacteria
(cfu/m3) 3428–13,254 9824–24,088 1707–8254 2322–12,470 [59]

Pig Total VOC
(µg/m3) 35–45 488–532 587–1000 Not

included [59]

Poultry NH3 (ppm) Not
included 1.08–2.37 2.01–3.48 3.21–25.23 [67,68,81]

Poultry CO2 (mg/m3)
Not

included
Not

included 738.8–1268.6 993.3–1329 [81]

Poultry TSP (mg/m3) 168–4000 168–3190 3360–4660 2110–9610 [68,75,81]
Poultry PM10 (µg/m3) 118–114 118–2234 \ 1190–4290 [67,68,75]
Poultry PM2.5 (µg/m3) 67–1480 67–1370 1230–1920 40–2530 [68,75,81]

4. Mitigation Strategies
4.1. Inlet Air Filtration Systems

In 2015, an unprecedented outbreak of highly pathogenic H5N2 avian influenza devas-
tated the U.S. poultry industry, causing economic losses totaling USD 3.3 billion [82,83].
That highly pathogenic avian influenza virus was transmitted through fine particles in the
air into poultry houses [84]. In laying hen houses in Spain, 85% were infected with My-
coplasma gallisepticum. Although there were no clinical symptoms in the poultry, there was
a decrease in the production of eggs, and their quality was reduced [85,86]. The presence
of outdoor Mycoplasma suggests that inlet air could be a source of entry for this pathogen.
Accordingly, the risk of airborne avian influenza transmission may be considerably reduced
by inlet air filtration of inflected flocks [87]. To limit the airborne transmission of avian
influenza and other pathogens, inlet air filtration systems have been used to reduce PM
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(the carrier of pathogens) in poultry and livestock housing [84], providing an effective way
to prevent airborne microorganisms’ transmission; these are the main measures used to
lessen the risk of airborne disease transmission between houses [88].

Over a 7-year period, the incidence of porcine reproductive and respiratory syndrome
virus (PRRSV) in 20 filtered and 17 non-filtered control sow herds in North America
showed that air filtration reduced the risk of a novel PRRSV introduction by approximately
80% [14]. Inlet air filtration has already been demonstrated to efficiently reduce PRRSV
and Mycoplasma hyopneumoniae from inlet air [89,90]. The filtration of ventilated fresh air
can control airborne disease transmission, and has been shown to have potential long-term
economic impacts [91,92].

Inlet air purification measures used in mechanical ventilated livestock and poultry
housing mainly include a supply air filtration system (SAFS) and a ceiling air filtration
system (CAFS). The SAFS is composed of a filter and airflow tubes (Figure 3a). The filter is
installed on the side wall and carries the filtered air, via the airflow tubes, into the house.
The filter consists of a windscreen, pre-filter, secondary filter and an adiabatic cooling
unit [44]. Each house can be equipped with multiple supply air filtration systems. The
CAFS is installed in the attics of livestock and poultry houses with ceilings composed of
coarse filters or sub-high-efficiency filters (Figure 3b). The fresh air is supplied to the house
through the chimney air intake, as illustrated in Figure 3b. It should be noted that, for
cost-effectiveness purposes, many manufacturers install only coarse-efficiency filters. Sub-
efficient filters may be installed during high-epidemic periods. In addition, evaporative
cooling pads may be installed to reduce the inlet air temperature, which can also serve as
wet scrubbers to reduce the amount of inlet air pollutants in summer [88].
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Figure 3. Schematic diagram of inlet air filtration systems. (a): Supply air filtration system;
(b): Ceiling air filtration system.

Both SAFS and CAFS were installed alongside existing ventilation equipment at a pig
farm in Saxony, Germany [44]. Then, pollutant concentrations under either filtration system,
and without any air filtration, in mechanically ventilated pig houses were compared;
this revealed that PM1 and PM2.5 concentrations in the barns equipped with a SAFM
decreased by 21.29% and 19.7%, respectively (Table 5). Methicillin-resistant Staphylococcus
aureus (MRSA), coliform bacteria, and Escherichia coli all decreased under each of the two
filtration systems compared with the barn lacking either. The reduction in coliform bacteria
abundance in livestock houses equipped with SAFM and CAFM was 88.07% and 86.61%,
respectively, due to these air filter systems preventing the direct entry of coliforms into
the houses.

Furthermore, in the German study, there were no remarkable differences in total
bacterial counts in barns between either air filtration system and without an air filtration
system (p = 0.824) [44]. The NH3 concentration was slightly higher in barns equipped with
either of the filter systems than those without the filter system in place, suggesting that
the installation of an inlet air filtration system is not conducive to the emission of NH3, as
shown in Table 6.
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Table 5. The reduction rate of various pollutants by inlet air filtration systems.

Animal
Type

Type of
Filtration Filter Grade VF Season PM1

(%)
PM2.5

(%)
PM10
(%)

MRSA
(%)

Coliform
Bacteria

(%)

E. coli
(%) Refs.

Pig SAFS

Windscreen +
MERV
6–8 +

MERV 16

19,482
± 1680

Not
included 21.29 19.7 Not

included 11.18 88.07 27.09 [44]

Pig CAFS MERV
14–16

22,660
± 1892

Not
included 2.86 −2.63 Not

included 22.05 86.61 6.34 [44]

Hen EAFS MERV 8
+ EPI

Not
included

Spring to
summer 66 66 68 Not

included
Not

included
Not

included
[84]

Not
included

Late fall to
spring 29 30 36 Not

included
Not

included
Not

included

VF: ventilation flow; SAFS: supply air filtration system; CAFS: ceiling air filtration system; EAFS: electrostatic
air filtration system (consisting of a low-grade air filter and an electrostatic particle ionization, or EPI, system);
MRSA: methicillin-resistant Staphylococcus aureus; E.coli: Escherichia coli. MERV6-MERV8: 49.9% < efficiency
(3 µm–10 µm) < 84.9%; MERV14-MERV16: 30% < efficiency (1 µm–3 µm) < 90% or greater; MERV16: efficiency
(0.3 µm–1 µm) > 75% or greater.

Table 6. Average concentration (36 weeks) in pig houses with two filtration systems and without
filtration system (Data from [44]).

Total Bacteria
(cfu/m3)

MRSA
(cfu/m3)

CO2

(ppm)
NH3

(ppm)

Supply air filter
modules 925,833 25,096 2180 17

Supply air
filter attic 952,583 22,026 2524 22

Without air
filtration 693,705 28,256 2364 16

These two air filtration systems are normally used in tandem with a filter of a certain
filter grade. Minimum efficiency reporting values (MERVs) are a certified filter grade—as
officially defined by the American Society of Heating, Refrigerating, and Air Conditioning
Engineers (ASHRAE)—which represents the ability of a filter to capture particles between
0.3 µm and 10 µm in size. This value helps one to compare the performance of different
filters: the higher the MERV rating, the better the filter’s ability to capture specific types
of particles. Despite the fact that the PM-removal efficiencies of low-grade MERV filters
installed at an air inlet were lower than those of high-grade MERV filters, improvement
can be gained by combining other promising PM-precipitation technologies such as elec-
trostatic particulate ionization (EPI) [84]. Zhao et al. evaluated, over a 1-year period, two
rounds (round1: spring to summer; round2: late fall to spring) of PM-removal tests of an
electrostatic air filtration system—consisting of a low-grade air filter and an electrostatic
particle ionization system (EAFS) installed at the inlet of a commercial high-rise chicken
house [84]. Compared with smaller particles, the PM-removal efficiency was higher for
larger particles because these are more easily captured by the filter media (Table 5). The
average PM-removal efficiency was significantly higher in round 1 than round 2. This is
explained by more dust accumulating on the filter media in winter than summer, which
reduces the porosity and permeability of the filter to some extent, resulting in a decreased
PM filtration efficiency [93].

Since the adoption of filtration systems, the industrial production of porcine reproductive
and respiratory syndrome virus (PRRS)-negative pigs has increased from 59% (unfiltered) to
93% (filtered), with an accompanying increased economic value estimated at USD 5 per
pig weaned [91]. The US swine industry is shifting towards implementing filtered fresh-air
ventilation systems that use pleated filters to improve breeding-herd health and reduce the
frequency of airborne disease outbreak [13]. In summary, the positive removal efficiency of
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PM and other pathogens of the inlet air filtration system suggest promising potential to
reduce the risk of animal infection in livestock houses.

4.2. Outlet Air Filtration Systems
4.2.1. Classification

Pollutants emitted into the atmosphere from livestock and poultry cause pollution of
the surrounding ambient air. The air in the barn contains many pathogenic microorganisms,
which spread through the air and may infect nearby animals and humans. One direct
method of reducing air-pollutant emissions is to install filters in the ventilation openings
of the barn. In the mechanically ventilated livestock and poultry houses, outlet filtration
systems are often used in conjunction with negative-pressure ventilation so that any airflow
containing pollutants are forced through the filter media by the mechanical ventilation
system in place [94,95]. Filters are used to reduce the emissions of exhaust gases by physical,
biological, and chemical processes. The outlet air filtration systems usually include air
scrubbers, biofilters, and dry filters [96–98].

An air scrubber is an air-purification system that removes PM or other pollutants from
the air by using moisture or filtering the airstream as it enters the scrubber. The data in the
literature indicate that air scrubbers can effectively remove air pollutants in mechanically
ventilated housing. They can be divided into three main groups—chemical, biological, and
combined air scrubbers—as depicted in Figure 4. In chemical air scrubbers (‘chemical ASs’),
an acid is added to the washing water to decrease the pH (to 1.5–4), shifting the equilibrium
towards ammonium and thereby increasing the absorption capacity, for which sulfuric
acid (H2SO4) is typically used. In biological air scrubbers (‘biological ASs’), air pollutants
are captured in the washing water and adsorbed by microorganisms for the purpose of
purifying the gas; for example, NH3 is oxidized by nitrifying bacteria to nitrite (NO−2 )
and subsequently converted to nitrate (NO−3 ) (nitrification). These conversion processes
are carried out by ammonia-oxidizing bacteria (AOB) such as Nitrosomonas and nitrite
oxidizing bacteria (NOB) such as Nitrobacter and Nitrospira, respectively [99]. A chemical
AS is very efficient at removing ammonia, while a biological AS is more appropriate suitable
for odor reduction. When two or more ASs are positioned behind each other, the overall
system is known as a combined ASs. This type has evolved from the separate chemical and
biological scrubbers for joint use in the combined removal of differing types of pollutants,
such as NH3, odor and PM [22].

Biofilters mainly consist of a filter bed with a microorganism attachment. The use of
inert packing materials inside provide the surfaces for gas–liquid contact [100]. Several
materials (wood bark, wood chip, peat, compost, gravel, activated carbon, or plastic shapes)
are used to prepare the bed media, which is kept humid but not necessarily subjected
to continuous water spraying [77,101,102]. The same biological processes can take place
as in biological air scrubbers. During the operation of a biofilter, a biofilm is formed by
microorganisms growing on the packing material [99,103]. As polluted air flows through
this packed bed, the harmful compounds are degraded by the active biofilm made of
natural microorganisms that covers the bed. In addition, microbial degradation processes
are normally oxidative in nature and produce compounds that are ecologically safe, such as
CO2, water, sulfate, and nitrate. Typically, biofilters are not used directly, but in combination
with air scrubbers.

A dry filter (DF) consists of a folding filter-plate and fiber filter, which are connected
to form a filter wall between the dusty animal space and the outlet ventilators. While the
pollutants pass through the dry filter, the airflow is forced by inertia separation to change
its direction many times. Those particles heavier than the air will adhere to the wall of the
folding plate, with some of the fine particles passing through the fiber filter for secondary
filtration. Commonly used materials are polyethylene, polypropylene foil, glass fiber, etc.
According to the folding shape of the dry filter, it can be divided into two types: a V-shaped
dry filter and a pocket dry filter.
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4.2.2. Structure

The reported descriptions of air cleaning systems such as air scrubbers and biofilters,
have used wet packing media to purify the air from livestock buildings. Their filters remove
pollutants (PM, NH3, H2S, and others) from outlet air through absorption in the media,
followed by chemical and/or biological conversions and the removal of end products [104].

The structure of various air scrubbers and biofilters is shown in Figure 5. Air from the
house is drawn through fans towards a central duct and blown as a counter-current into
the air scrubber. A scrubbing liquid is distributed uniformly across the top of the scrubber.
Intense contact between the air pollutants and liquid ensures mass transfer of water-soluble
pollutants from the air into the washing water. The scrubbing water is recirculated to
reduce excess water consumption. When the concentration of accumulated contaminants
in the washing liquid becomes too high, fresh water must be added [22]. A demister
behind the air scrubber prevents the escape of small droplets from the air scrubber [22].
Biological ASs and biofilters employ microorganisms immobilized within a biofilm affixed
to a packing material to break down contaminants present in the air stream. These opposite
flow directions of the water and exhaust air can provide intensive contact between the
gas and liquid [105]. The process is relatively complex, involving dynamic interactions of
absorption, adsorption, and biological degradation [106].

Many factors should be considered in the design and application of an air scrubber.
Chemical scrubbers typically have a relatively low air resistance and high NH3 removal
potential. Acid concentration is one of the main factors affecting removal performance,
with higher concentrations resulting in greater removal efficiencies [79,107,108]. However,
during the application of the combined scrubber, the NH3 removal efficiency can be
negatively affected by very high pH values and nitrifying bacteria inhibition that occurs in
the biological air scrubber. Hence, the NH3 removal efficiency can probably be augmented
by lowering the NH+4 concentration in the recirculation water by increasing the fresh water
supply rate and the water discharge rate [109].
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Biofiltration (i.e., biological air scrubbers and biofilters) have become a state-of-
the-art technique applied on a large scale due to their robustness, cost-efficient instal-
lation/operation, and ecological characteristics [110]. However, their main drawback is
that the pH is difficult to control, such that their long-term operation may cause the packing
material to degrade and alter its microbial characteristics. Any clogging or fouling of the
packing material can cause great pressure drops. To prevent the suppression of crucial
bacteria, the pH of the biological scrubber must be maintained in a microbiologically favor-
able range, usually between 6.5 and 7.5. This implies a much larger volume of discharge
produced compared to chemical air scrubbers. The advantages of combining a chemical
scrubber with a biofiltration are, amongst others, the mitigation of NH3 and moisturiz-
ing of air before it enters the biofiltration unit, and thus, better conditions to sustain the
microorganisms and their activity inside the biofiltration system [79].

Packing material is one of the main aspects affecting biofiltration’s efficacy, playing
a pivotal role in the growth of biofilm. The physical and chemical properties of different
packing media determine the gas flow speed and specific surface area, which are vital
factors influencing the removal efficiency achieved via biofiltration [111,112]. The particle
size, bulk density, porosity and moisture content of packing material are also important
factors that affect the long-term operational stability. An overview of the characteristics of
common fillers used in biofiltration is provided in Table 7 [21]. Air scrubbers and biofilters
are affected by temperature, so they are not generally used in winter; however, dry filters
can be used at any time of the year.

Table 7. Characteristics of packing materials in biofiltration application [21].

Filler Type Size
(mm)

Bulk Density
(kg/m3)

Porosity
(%)

Moisture
Content (%) Refs.

Wood bark 10–300 200–300 45–70 10–15 [101,102]
Wood chips 3–20 200–400 45–63 55–70 [113–116]

Ceramic 3–10 400–1000 70–80 50–60 [117]
Activated carbon 3–5 500–1000 30–40 40–50 [118]

Compost 1–6 200–500 40–50 55–65 [119–121]
Perlite 3–8 70–200 44–62 80–90 [122,123]

Lava rock 3–10 500–600 60–70 30–40 [124]
Peat 3–20 100–400 60–70 60–80 [125,126]

Reprinted from Science of The Total Environment, 776, Yong-Chao Wang, Meng-Fei Han, Ti-Pei Jia, Xu-Rui
Hu, Huai-Qun Zhu, Zhen Tong, Yu-Ting Lin, Can Wang, De-Zhao Liu, Yong-Zhen Peng, Gen Wang, Jie Meng,
Zeng-Xiu Zhai, Yan Zhang, Ji-Guang Deng, Hsing-Cheng Hsi, Emissions, Measurement, and Control of Odor in
Livestock Farms: A Review, 145735., Copyright (2021), with permission from Elsevier.
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4.2.3. Performance

The pollutant removal efficiency was calculated using the outlet concentration of
pollutants from the house and the concentration after filtering via the filtration system,
as follows:

η =
Coc − C f c

Coc
× 100%

where Coc and C f c are the outlet concentration of the house and the concentration after
filtering through the filtration system, respectively.

The efficiency of reducing one or more pollutant’s emissions will vary depending
on the type of filter used. Table 7 summarizes the removal efficiencies of various types
of air scrubbers, biofilters and dry filters for PM2.5, PM10, ammonia, odor, nitrous oxide
and hydrogen sulfide. The use of single-stage filters to clean exhaust from an animal
house is limited because each filter targets a specific contaminant, as seen in Table 7. In
general, acid scrubbers are more effective for removing NH3. The addition of acid to the
scrubber water shifts the equilibrium toward ammonium, thereby improving its uptake.
An NH3 mitigation efficiency of up to 96% can be achieved by maintaining the pH values
between 1.5 and 4 [94,95]. Compared with chemical air scrubbers, the removal efficiency of
NH3 by biofiltration is much lower, between 42% and 67% [21]. This is because the pH in
biofiltration is kept higher to ensure the normal reproduction of microorganisms.

However, biofiltration is considered the most mature of odor-treatment technolo-
gies, and is now widely used in many livestock and poultry houses [94]. Nevertheless,
the performance of biofilters varies with different packing materials. The average re-
moval efficiency of biofilters in Table 8 was between 45% and 70% for odor. In particu-
lar, the removal efficiency of H2S was close to 100% when its outlet concentration was
2.5–3.5 mg/m3 [21].

Table 8. The ventilation type and flow and the reduction rate of various pollutants of outlet air
filtration systems.

Animals Type of Filter
(Media)

Ventilation
Flow

(m3/h)

Pollutants
Removed

Outlet
Concentration

The
Concentration
after Filtering

Removal
Efficiency

(%)
Refs.

Pig

Chemical
(H2SO4,

pH: 1.3–4)
1600–2200 NH3 (mg/m3) 5.7–10.9 0.109–0.513 91 [94]

Bioscrubber
(polyethylene) 1668–2184 NH3 (mg/m3) 9–13 1.8–2.76 77–86 [105]

Biofilter
(wood chips)

Not
included

PM10 (mg/m3) 0.148 <0.01628 >89

[127]NH3 (ppm) 10 5.8 42

Odor
(OUE/m3) 3000 1440 52

Multi-stage
filter

8775–35,000

PM2.5 (µg/m3) 32–85 8–24 62–90

[128,129]

PM10 (µg/m3) 12–711 63–267 60–93

NH3 (ppm) 28.3–44.7 0.1–44.7 70–100

H2S (NL/L) 353 ± 104 86 ± 37 75

Total Bacteria
(cfu/m3) 3.7–88.2 1.5–11.5 46–85

swine

Biofilter
(hardwood chips) 11,400

Odor
(OUE/m3) 352–800 53–363 70

[115]
H2S (ppb) 110–120 0–22 90

Biofilter
(sphagnum peat moss,
crumbled polystyrene

particles)

360

NH3 (ppm) 2–17.5 0–10 67

[130]Odor
(OUE/m3) 150–650 82–357 45

H2S (ppm) 0–20 0 100
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Table 8. Cont.

Animals Type of Filter
(Media)

Ventilation
Flow

(m3/h)

Pollutants
Removed

Outlet
Concentration

The
Concentration
after Filtering

Removal
Efficiency

(%)
Refs.

Pig and
Poultry Chemical Not

included

PM2.5

Not included Not included

33 ± 23

[131]

PM10 41 ± 20

NH3 76 ± 20

Odor 19 ± 28

N2O −1 ± 12

poultry

Chemical
(pH: 1.6) 30,582 NH3 (ppm) 92.14 ± 49.37 22.10 ± 11.84 76.01 ± 10.62 [100]

Chemical Not included

PM2.5

Not included Not included

28 ± 22

[131]

PM10 33 ± 17

NH3 77 ± 31

Odor 48 ± 22

N2O 1 ± 12

Layer

Chemical
(H2SO4,

pH: 4, setpoint)
18,900 NH3 (mg/m3) 20.1 0.201 90 [94]

Dry filter
(Polyethylene/

polypropylene foils;
V-shape)

29,000 PM10 (µg/m3) 2860 ± 536 1718 ± 583 40.7 ± 11.1
[96]

38,300 PM10 (µg/m3) 2915 ± 1156 1767 ± 854 39.4 ± 10.7

Dry filter
(Polyethylene/

polypropylene foils;
V-shape)

Not included

NH3

Not included Not included

0

[132]

PM2.5 41 ± 4

PM10 64 ± 6

Bacteria 1%

Fungi 20

broilers
Chemical
(H2SO4,
pH: 3–5)

48,000 NH3 (mg/m3) 13.1 0.655 95 [94]

Broiler
Fattening

Chemical +
biofilter

(H2SO4, pH < 2.7;
root wood)

6 fans
NH3 (ppm) 3.99 1.16 71

[97]
Odor

(OUE/m3) 256 158.72 38

Chemical +
biofilter

(H2SO4, pH < 2.7;
honeycombed paper)

6 fans
NH3 (ppm) 3.99 1.28 68

[97]
Odor

(OUE/m3) 256 125.44 51

Hen

Dry filter-type (sets
of half

section channels;
StuffNix)

Day: 5000
Night: 3000

PM10
Not included Not included

78
[133]

TSP 72

Multi-stage filter: acid stage + Biofilter; acid stage + bio-scrubber; water stage + acid stage + biofilter; three-step
biofilter (cellulose pads).

As Table 8 shows, the biofilter has a filtration efficiency higher than 89% for low
concentrations (0.148 mg/m3) of PM10, but removing high concentrations of dust with a
biofilter alone entails a high risk of clogging [22]. Harmon et al. recommend against the
use of biofilters at poultry facilities unless they have upstream dust filters. An upstream
treatment of the exhaust air, especially for the removal of dust, is also recommended to
help prevent the clogging of biofilters [79]. The removal efficiency of PM10 and PM2.5 is
relatively high and more constant in combined air scrubbers, because more scrubber stages
enable higher removal efficiency. Multi-stage packed scrubbers can effectively reduce the
exhaust concentration of PM10 by 61–93%, and that of PM2.5 by 47–90%. A three-stage
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scrubber (water stage + acid stage + biofilter) was effective in reducing dust levels in the
pig housing (93% reduction in PM10, 90% reduction in PM2.5) [129,131]. The multi-stage
scrubbers are capable of reducing concentrations of airborne total bacteria by 46% to 85%
of between 70% and 100% [129].

Dry filters are mainly used to capture the PM in livestock and poultry houses. While
the removal efficiency of PM by the a dry filter was found to increase with increasing particle
diameter (PM2.5: 41%, PM10: 64%), it was not affected by the upstream PM concentration
(p < 0.001) [96]. Given that particles are carriers of bacteria, dry filters also have a certain
filtration effect on fungi, for which a filtration efficiency of 20% is attainable [96]. However,
dry filters negligibly affect the NH3 concentration, and thus, do little to alter the NH3
emissions from animal housing [97]. Integrating NH3 reduction techniques in the dry filter
method is very difficult, although it should be possible to integrate a simple wet scrubber
to remove NH3 into the dry filter, potentially improving the overall dust and NH3 removal
efficiencies [97].

4.2.4. Monitoring Strategy

The monitoring of pollutants in livestock housing contributes immensely to an effective
reduction in air pollution. The monitoring instruments for pollutants in livestock and
poultry housing and their working form are presented in Table 9. Concentrations of NH3,
H2S, CH4, and PM can be measured in real time with specialized instruments. However,
the composition of odor pollutants is complicated, and different pollutants might interact
with each other during the detection process. In general, odor samples are collected into
Tedlar bags, then analyzed using a gas chromatography–mass spectrometer (GC-MS) or by
an olfactometer. Nevertheless, an electronic nose can monitor the odor concentration in
real time. The response pattern of a gas sensor array to identify odors has the advantages
of good selectivity, continuous monitoring, and fast detection, but is hindered by its poor
stability, need for regular calibration, and narrow testing range. It is critical to identify the
components and quantities of odor pollution in the livestock farm promptly and accurately,
for robust odor component analysis [21,134].

Table 9. Characteristics of packing materials in biofiltration application.

Pollutants
Removed Monitoring Instruments Work Form Sampling

Location
Sampling
Frequency Refs.

NH3

Photoacoustic multigas
monitor Continuous

IC: in front of the
filter/central of the barn at

0.8 m height,
EC: behind the filter

Record every 30 min [8,16,25]

Real-time
analyzer Continuous

IC: front of
filter,

EC: behind the filter
Not included [71]

Multi sampler
(CBISS, a1-envirosciencesltd) Continuous

IC: center of the barn at
1.6 m height, EC: exhaust

ventilator

Measurement period
(6 days) per month
IC: first two days,

EC: followed 2 days

[64]

H2S

Real-time analyzer
(OMS-300, Smart Control &

Sensing)
Continuous

IC: front of
filter,

EC: behind the filter
Not included [71]

TG-501
DirectSense TOX multi-gas

monitor sensor
Continuous IC: center of the barn Not included [68]
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Table 9. Cont.

Pollutants
Removed Monitoring Instruments Work Form Sampling

Location
Sampling
Frequency Refs.

Odor

Dynamic triangular
forced-choice
olfactometry

Samples were
analyzed within

6 h

IC: front of
filter,

EC: behind the filter
Not included [71]

TO7
olfactometer

Samples were
analyzed at short

intervals

IC: narrow cross-section of
the central suction system Not included [73]

Electronic nose Continuous Not included Not included [21,135]

CH4
Multi sampler

(CBISS, a1-envirosciencesltd) Continuous
IC: center of the barn at 1.6

m height,
EC: exhaust ventilator

Measurement period
(6 days) per month
IC: first two days,

EC: following 2 days

[64]

PM2.5, PM10,
TSP

DustTrak II
aerosol
monitor

Continuous
IC: center of the barn at 0.5

m height,
EC: 5 m from the house

Mean value was
stored per minute [8]

Grimm 1.109 spectrometers Continuous IC: central pen of the barn
at 0.8 m height Every 15 min [16,64]

Indoor concentrations: IC, Emission concentrations: EC.

In order to monitor indoor concentrations (IC), monitor instruments were generally
placed in the middle of the central pen of the barn, and some were placed in front of
the filter in order to compare the filtration efficiency of the filter [25]. The height of the
instruments was related to the height of the adult pigs (0.8 m) or the breathing height of
nursery pigs (0.5 m) [8,16]. As for emission concentrations (EC), the best position to achieve
a representative average gas concentration was measured at the exhaust ventilator of the
barns [134]. When monitoring the PM concentrations, the measurement interval was set larger
to minimize the risk of being blocked, for example, making measurements every 15 min [16].

5. Perspectives

The use of air scrubbers and biofilters is limited by the seasons, but dry filters can be
used year-round. However, the high filtration efficiency and low-pressure drop in current
dry filters cannot be simultaneously satisfied, and the filtration effect on air pollutants in
livestock houses, such as NH3, is low. Some promising technologies present possible solu-
tions to reduce NH3 emissions from livestock housing, such as gas-permeable membranes
(GPMs) and electrostatic spinning technology (EST) [19]. Specifically, the NH3 in the house
is captured by reaction with an acidic solution flowing inside the membranes prepared by
GPM [19]. Membranes prepared by EST (Table 10) have also proven effective at filtering
PM; toxic and harmful gases; and bacteria and viruses.

Table 10. The removal efficiency of pollutants by electrostatic spinning technology.

Materials Pollutants Removed Removal Efficiency (%) Refs.

Poly(vinyl alcohol), Fe-BTC NH3 60
[136]

H2S 35

Polyacrylonitrile and
graphene oxide PM2.5 99.6 [137]

Polyacrylonitrile PM0.3 99.99 [138]

Natural protein

PM0.3 99.3

[139]PM2.5 99.6

CO 76
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Table 10. Cont.

Materials Pollutants Removed Removal Efficiency (%) Refs.

Soy protein

PM0.3 98.7

[140]PM2.5 99.8

CO 78.9–85.7

Zein nanofabrics
Poly(ethylene oxide)

PM0.1–PM10 99.5
[141]

CO 31

The filter membranes prepared by EST feature several notable characteristics: control-
lable pore size distribution, good fiber uniformity, an adjustable structure, small pore size,
high porosity, high filtration efficiency, and a low basic weight, making this an ideal air
filtration technology [142]. A hybrid membrane of poly(vinyl alcohol) NF and Fe-BTC on
a macroporous nonwoven material (MOF + NF/NW) was shown to achieve outstanding
gas-capturing efficiencies at 100 ppm of NH3 and H2S (≈60% and ≈35% from their initial
concentrations, respectively) [136]. Electrospinning membranes have very high potential for
filtering livestock barn inlet and outlet pollutants due to their excellent filtration performance.

6. Conclusions

Mitigation strategies of air pollutants in mechanically ventilated livestock and poultry
housing are of great significance for their production performance and atmosphere quality.
The ventilation systems, types of pollutant emissions, and strategies for purifying inlet air
and reducing pollutants in the air were summarized for mechanically ventilated livestock
and poultry houses. The following conclusions were drawn:

(1) The concentration of pollutants in such houses are generally higher in winter than
in summer, and energy consumption can be effectively reduced by undertaking different
suitable measures (modifying the ventilation rate and temperature).

(2) Inlet air filtration systems can effectively reduce the amount of airborne PM (the
carrier of pathogens) and microorganism transmission, especially SAFS, which should
reduce the potential risk of animal infections in a given house.

(3) Single-stage filter for mitigating emissions at the outlet is limited because each
filter targets a different specific contaminant. By contrast, combination filters can remove
multiple pollutants effectively. The monitoring location of IC and EC is also very critical
for pollutant mitigation.

Currently, there are many problems with inlet air purification and outlet air filtration
measures. The requirements of inlet and outlet cannot be satisfied by a single universal-
measure applicable to all livestock and poultry houses, making it necessary to consider the
reasonable use of multiple measures in concert.
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