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Preface

This book provides useful information about emissions form livestock buildings
and manure management. The theoretical considerations are described in this book
as follows: Nitrogen cycle, nitrogen oxides, ammonia, hydrogen sulfide, methane,
carbon dioxide, carbon monoxide, odors, dust, and aerosols. Furthermore, this book
provides solutions on how to abate the emissions of gaseous pollutants from
livestock buildings and manure management using effective emissions abatement
techniques as follows: additives, covering manure storages, aerobic and anaerobic
treatment, and dietary manipulation. On the other hand, dust emissions abatement
techniques are discussed as follows: Spraying oil and water, oxidizing agents,
ionization systems, aerodynamic dedusters, bioscrubbers, windbreak trees, and
walls. Additionally, biofiltration for odor control is elucidated as follows: biofilter
design and media of biofilter. The recent advancements in this field as well as the
perspectives are discussed in this book.

Each chapter of the book provides precious and up-to-date knowledge from
basics to apex, allowing readers to understand more deeply. This book will be very
helpful for academics, scientists, scholars, researchers, undergraduate and graduate
students worldwide who are specialized in engineering, environmental engineering,
civil engineering, biosystems engineering, agricultural and biological engineering.
Additionally, it will be very helpful for nongovernmental organizations (NGOs),
universities, and research institutes and centers.

Mohamed Samer
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Abstract

The air pollutant emissions from agriculture have negative environmental impact
and pertinent political importance (Kyoto Protocol and Gothenburg Protocol).
Animal production is a major source of atmospheric pollutants, such as: methane
(CH4), nitrogen oxides (NOx), carbon dioxide (CO2), and ammonia (NH3).
Methane, nitrogen oxides, and carbon dioxide are greenhouse gases (GHGs) that
contribute to the global warming and, therefore, the climate change. Ammonia is
responsible for eutrophication and soil acidification. This study elucidates and
illustrates the theoretical background of the development, release, and spreading of
NH3, CH4, NOx, hydrogen sulfide (H2S), dust, and odors in livestock buildings.
Subsequently, the emissions abatement techniques for reducing air pollutants (e.g.,
GHGs, NH3, H2S, dust, odors) emissions from livestock buildings have been
clarified and discussed. The emissions abatement techniques presented in this study
focuses on the manure handling especially inside livestock buildings, dust miti-
gation, biofiltration for pollutants and odor control, biofilter design and operating
parameters, and bioscrubbers. Furthermore, this study identifies future scientific
research priorities for developing emissions inventories, emissions abatement
techniques, and mitigation strategies in order to improve and sustain livestock
production to be in line with the climate change adaptation.

Keywords Abatement techniques � Ammonia � Animal buildings � Biofilters �
Dust � Emissions � Greenhouse gases � Livestock housing � Mitigation strategies �
Odor
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Chapter 1
Introduction

The United Nations Framework Convention on Climate Change (UNFCCC)
adopted the Kyoto Protocol (Protocol that set binding obligations on the industri-
alized countries to reduce their emissions of greenhouse gases), where the Kyoto
Protocol aimed at achieving the stabilization of greenhouse gas concentrations in
the atmosphere at a level that would prevent dangerous anthropogenic interference
with the climate system. Under this protocol, several countries committed them-
selves to a reduction of the greenhouse gases. The protocol was adopted on
December 11, 1997, in Kyoto, Japan, and entered into force on February 16, 2005.
As of September 2011, 191 states have signed and ratified the protocol; the
members exert efforts to reduce the greenhouse gases (GHG) emissions.

Following the adoption of the United Nations Economic Commission for Europe
(UNECE) Gothenburg Protocol (Protocol to the 1979 convention on long-range
transboundary air pollution, United Nations Economic Commissions for Europe
(UNECE), Geneva), the members struggle to achieve significant reduction in
national ammonia (NH3) emissions. The Gothenburg Protocol is a multi-pollutant
protocol designed to reduce acidification, eutrophication, and ground-level ozone
by setting emissions ceilings for several pollutants, where ammonia is one of them.

Agriculture, with its two main sectors plant and animal production, is one of the
main sources of greenhouse gases’ emissions and the main source of ammonia
emissions. The reduction of emissions of air pollutants is subject of international
conventions, which include reporting of emissions in accordance with guidelines.
Thus, reducing greenhouse gases and ammonia emissions from the agricultural
sector is essential. Consequently, it is crucial to develop mitigation strategies to
reduce GHGs and ammonia, which should be preceded by inventorying these
emissions. There are two emissions inventory guides: the air pollutant emission
inventory guidebook of the European Environment Agency (EEA) and the
Cooperative programme for monitoring and evaluation of the long-range trans-
mission of air pollutants in Europe (EMEP), and the guidelines of the
Intergovernmental Panel on Climate Change (IPCC).

© The Author(s) 2016
M. Samer, Abatement Techniques for Reducing Emissions
from Livestock Buildings, SpringerBriefs in Environmental Science,
DOI 10.1007/978-3-319-28838-3_1
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Animal production contributes with 65 % of the global anthropogenic nitrous
oxide (N2O) emissions and account for 75 to 80 % of the emissions from agri-
culture. Enteric fermentation and manure management account for 35 to 40 % of the
total anthropogenic methane (CH4) emissions and 80 % of CH4 release from
agriculture (FAO 2006). CH4 and N2O are greenhouse gases (GHG) with global
warming potentials (GWP) of 23 and 296 times that of carbon dioxide (CO2),
respectively (IPCC 2007a). About 94 % of global anthropogenic emissions of
ammonia (NH3) to the atmosphere originate from the agricultural sector of which
close to 64 % is associated with livestock management (FAO 2006). Around 75 %
of ammonia (NH3) emissions come from livestock production (Reinhardt-Hanisch
2008). Excessive levels of NH3 emissions contribute to eutrophication and acidi-
fication of water, soils, and ecosystems (Schuurkes and Mosello 1988). In addition
to the global warming potential of the greenhouse gases, ammonia emissions
contribute to global warming when the ammonia is converted into nitrous oxide
(Berg 1999; Sommer et al. 2000). On the other hand, hydrogen sulfide (H2S) is
classified as poison and causes death at 1000 mg/L, where, in most cases, death
occurs when opening the manure storages for manure removal and, therefore, all
team members must leave the area for a while. Regarding odors and dust/aerosols,
there are increasing difficulties which are expected in the near future where nui-
sance and health effects are in question.

The main objective of a number of current research projects is the evaluation of
the consequences of predicted climate change on different aspects on the envi-
ronment and human life. These studies base their estimations on the current pre-
dictions of GHG emissions and temperature rise reported in the literature that will
determine the extent of the consequences (Kuczynski et al. 2011). The assessment
of climate change requires a global perspective and a very long time horizon that
covers periods of at least a century. As the exact knowledge of future anthropogenic
GHG emissions is impossible, emissions scenarios become a major tool for the
analysis of potential long-range developments. According to IPCC (2007b) sce-
narios are a plausible and often simplified description of how the future may
develop, based on a coherent set of assumptions about driving forces and key
relationships. Scenarios are images of the future, or alternative futures. They are
neither predictions nor forecasts. Rather, each scenario is one alternative image of
how the future might unfold. Emissions scenarios are a central component of any
assessment of climate change. Scenarios facilitate the assessment of future devel-
opments in complex systems that are either inherently unpredictable or have high
scientific uncertainties.

The large difference between predictions of the different scenarios indicates the
complexity involved in making such predictions and the large amount of uncer-
tainty inherent in climate change models (Kuczynski et al. 2011). Even though a
general trend was presented in the IPCC report (2007c): (a) for the next two
decades, a warming of about 0.2 °C per decade is projected for a range of emission
scenarios; (b) even if activities having an impact on the balance between energy
entering and exiting the planetary system were reduced and held constant at year
2000 levels, a further warming trend would occur over the next two decades at
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a rate of about 0.1 °C per decade, due mainly to the slow dynamic response of the
oceans; (c) continued GHG emissions at or above current rates would cause further
warming and induce many changes in the global climate system during the twenty
first century that would very likely be larger than those observed during the
twentieth century (IPCC 2007c). Regarding the geographical distribution of the
climate change, projected warming in the twenty first century shows
scenario-independent geographical patterns similar to those observed over the past
several decades (Kuczynski et al. 2011). Furthermore, the Special Report on
Emissions Scenarios (SRES 2000) projected global average surface warming and
developed relevant emissions scenarios.

A detailed knowledge of the processes of GHGs and NH3 mass transfer from the
manure and transport to the free atmosphere will contribute to development of
emissions abatement techniques and housing designs that will contribute to the
reduction of gaseous emissions to the atmosphere (Sommer et al. 2006). Carew
(2010) stated that further research is needed to understand the factors limiting
livestock producers adopting emissions abatement techniques and mitigating
strategies to reduce emissions since a whole-farm system approach can provide a
modeling framework to evaluate the feasibility and cost-effectiveness of abatement
measures. While Samer (2015) studied the mitigation strategies for reducing the
emissions of GHGs from manure, the present study focuses on the abatement
techniques for reducing the emissions of air pollutants from livestock buildings.

1 Introduction 3



Chapter 2
Theoretical Considerations

Emission can be defined as the release of pollutants from the source to the envi-
ronment. Transmission can be defined as the distribution and conversion of pol-
lutants during the atmospheric transport. Immission can be defined as the
concentration and deposition of pollutants with impact on the places and creatures
exposed (Fig. 2.1).

Livestock housing is a major source of harmful gases, e.g., CH4, NH3, CO2, and
N2O (Zhang et al. 2011). Gaseous emissions measurements in livestock buildings
are important as these pollutants may affect the health of farmers and the sur-
rounding environment. Emission monitoring enables judgments on the effectiveness
of mitigation strategies and controls on emission targets (Ngwabie et al. 2009), as
well as the health and well-being of the animals. Table 2.1 shows the character-
istics, global warming potentials, maximum indoor gas concentrations, and phys-
iological effects of CO2, NH3, CO, H2S, CH4, and N2O.

Manure management, inside and outside of livestock buildings, is responsible of
emitting several gases. Manure is a mixture of solid and liquid animal excreta (feces
and urine) collected from animal buildings, whereas dung is solid animal excreta,
i.e., feces. Slurry is a mixture of scraped manure and flushing water and is collected
from animal buildings. Hence, slurry is a mixture of manure and water. On the other
hand, litter is animal excreta and bedding material collected from animal buildings
(Samer 2011a). Livestock excreta stored in manure stores, in housing, in beef
feedlots, or cattle hardstandings are the most important sources of GHGs and NH3

in the atmosphere. The storage of dry manure produces large emissions of N2O,
while storage of liquid manure produces large emissions of CH4 (Janzen et al.
2008). Inventories have shown that stored animal manure, animal housing, and
exercise areas account for about 69–80 % of the total emission of NH3 in Europe
(ECETOC 1994; Hutchings et al. 2001). Most of CO2 is formed by the animals and
exhaled by respiration. It can also be part of exhaust gases of heating systems being

© The Author(s) 2016
M. Samer, Abatement Techniques for Reducing Emissions
from Livestock Buildings, SpringerBriefs in Environmental Science,
DOI 10.1007/978-3-319-28838-3_2
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released in the barns. Additionally, a certain portion of CO2 is released by the
manure. The released CO2 from urine and dung in stored manure is less than 5 % of
the amount produced by respiration (Schneider 1988; Aarnink et al. 1992). Low
concentrations of N2O can be measured in dairy barns with liquid manure systems,
where daily or frequent manure removal into external storage tanks is applied and
this does not constitute a major source of N2O (Ngwabie et al. 2009).

Several algorithms for calculating methane and nitrous oxide emissions from
manure management were developed. The biogenic emissions of CH4 and N2O
from animal manure are stimulated by the degradation of volatile solids (VS) which
serve as energy source and a sink for atmospheric oxygen. Algorithms which link
carbon and nitrogen turnover in a dynamic prediction of CH4 and N2O emissions
during handling and use of liquid manure were developed and include a sub-model
for CH4 emissions during storage relates CH4 emissions to VS, temperature, and
storage time, and estimates the reduction in VS; and a second sub-model estimates
N2O emissions from field-applied slurry as a function of VS, slurry N, and soil
water potential, but emissions are estimated using default emission factors.
Anaerobic digestion of slurry and organic waste produces CH4 at the expense of
VS. Accordingly, these models predicted a 90 % reduction of CH4 emissions from
outside stores with digested slurry, and a >50 % reduction of N2O emissions after
spring application of digested as opposed to untreated slurry. Additionally, simple
algorithms to account for ambient climatic conditions may significantly improve the
prediction of CH4 and N2O emissions from animal manure. Besides, several
algorithms were developed for determining ammonia emission from buildings
housing cattle and pigs and from manure stores (Sommer et al. 2004, 2006).

The factors-of-influence (FOI) that strongly influence the dispersion of NH3 are
NH3 mass flow, internal and external temperatures, mean and turbulent wind
components in horizontal and vertical directions, atmospheric stability, and exhaust
air height where the continuous measurement of NH3 remains a challenging
and costly enterprise, in terms of capital investment, running costs or both
(Von Bobrutzki et al. 2010; Von Bobrutzki et al. 2011). The determination of

Emission 

Wind Direction 

Transmission 

Immission 

Fig. 2.1 Emission of pollutants from livestock buildings, transmission, and immission into
neighborhood (Amended, redrawn and adopted from KTBL 2006)

6 2 Theoretical Considerations



T
ab

le
2.
1

Pr
op

er
tie
s,

G
W
P,

m
ax
im

um
ga
s
co
nc
en
tr
at
io
ns
,
an
d
ph

ys
io
lo
gi
ca
l
ef
fe
ct
s
of

so
m
e
no

xi
ou

s
ga
se
s
(C
IG

R
19

84
,
19

94
,
19

99
;
FA

O
20

06
;
IP
C
C

20
07

a;
U
N
FC

C
C

20
14

)

G
as

C
he
m
ic
al

fo
rm

ul
a

L
ig
ht
er

th
an

ai
r

O
do

r
G
W

P
(1
00

ye
ar
s)

C
la
ss

M
ax

im
al

in
do

or
co
nc
en
tr
at
io
n

C
om

m
en
ts

M
et
ha
ne

C
H
4

Y
es

O
do

rl
es
s

21
A
sp
hy

xi
an
t

fla
m
m
ab
le

–
C
on

ce
nt
ra
tio

ns
be
tw
ee
n
50

00
an
d
15

,0
00

pp
m

ar
e
ex
pl
os
iv
e,

se
ve
ra
l
ex
pl
os
io
ns

ha
ve

oc
cu
rr
ed

du
e
to

ig
ni
tio

n
of

m
et
ha
ne
-r
ic
h
ai
r
in

po
or
ly

ve
nt
ila
te
d
liv

es
to
ck

bu
ild

in
gs

N
itr
ou

s
ox

id
e

N
2O

N
o

Sl
ig
ht
ly

sw
ee
t

od
or

31
0

A
ne
st
he
tic

3
pp

m
C
ol
or
le
ss

an
d
no

nfl
am

m
ab
le
ga
s,
w
ith

a
sl
ig
ht
ly

sw
ee
to

do
r.
K
no

w
n
as

“l
au
gh

in
g
ga
s”

du
e
to

th
e

eu
ph

or
ic

ef
fe
ct
s
of

in
ha
lin

g
it

A
m
m
on

ia
N
H
3

Y
es

Sh
ar
p

an
d

pu
ng

en
t

C
on

tr
ib
ut
es

to
gl
ob

al
w
ar
m
in
g

on
ly

w
he
n

co
nv

er
te
d
to

N
2O

Ir
ri
ta
nt

20
pp

m
Ir
ri
ta
tio

n
of

ey
es

an
d
th
ro
at

at
lo
w

co
nc
en
tr
at
io
ns
;
as
ph

yx
ia
tin

g,
co
ul
d
be

fa
ta
l
at

hi
gh

co
nc
en
tr
at
io
ns

w
ith

30
–
40

m
in

ex
po

su
re

H
yd

ro
ge
n

su
lfi
de

H
2S

N
o

R
ot
te
n

eg
gs

N
A

Po
is
on

0.
5
pp

m
(s
ho

rt
ly

5
pp

m
du

ri
ng

m
an
ur
e
re
m
ov

al
)

H
ea
da
ch
es
,
di
zz
in
es
s
at

20
0
m
g/
L
fo
r
60

m
in
;

na
us
ea
,
ex
ci
te
m
en
t,
in
so
m
ni
a
at

50
0
m
g/
L
fo
r

30
m
in
;
un

co
ns
ci
ou

sn
es
s,
de
at
h
at

10
00

m
g/
L

H
yd

ro
ge
n

cy
an
id
e

H
C
N

Y
es

B
itt
er

al
m
on

d
N
A

Po
is
on

fla
m
m
ab
le

10
pp

m
A

ve
ry

to
xi
c
an
d
ex
pl
os
iv
e
ga
s;
re
le
as
ed

to
ge
th
er

w
ith

H
2S

du
ri
ng

m
ix
in
g
of

m
an
ur
e

C
ar
bo

n
di
ox

id
e

C
O
2

N
o

O
do

rl
es
s

1
A
sp
hy

xi
an
t

30
00

pp
m

<2
0,
00

0
m
g/
L
is
in

th
e
sa
fe

le
ve
l;
in
cr
ea
se
d

br
ea
th
in
g,

dr
ow

si
ne
ss
,
an
d
he
ad
ac
he
s
as

co
nc
en
tr
at
io
n
in
cr
ea
se
s;
co
ul
d
be

fa
ta
l
at

30
0,
00

0
m
g/
L
fo
r
30

m
in

C
ar
bo

n
m
on

ox
id
e

C
O

Y
es

O
do

rl
es
s

3
Po

is
on

10
pp

m
C
ol
or
le
ss
,
od

or
le
ss

an
d
ta
st
el
es
s
ga
s

2 Theoretical Considerations 7



emission mass flow is necessary not only to compute dispersion but also to develop
mitigation strategies. While husbandry, dunging, and feeding influence the
ammonia emission, likewise for both forced ventilation and natural ventilation, the
building envelope including ventilation openings (design and control) and the
outside climatic conditions are the dominant influencing factors (Samer and
Abuarab 2014; Samer 2012b; Samer et al. 2011c).

The highest average ammonia emission coincides with higher environmental
temperature. The gaseous emissions from naturally ventilated cattle buildings sig-
nificantly increase with air temperature (Morsing et al. 2008; Adviento-Borbe et al.
2010; Pereira et al. 2011). Low emission values can only be achieved by reducing
the emission source surfaces, decreasing temperature and air velocity near the
source, and minimizing volumetric airflow rates throughout the livestock buildings
(Adviento-Borbe et al. 2010; Bjorneberg et al. 2009; Blanes-Vidal et al. 2007;
Gay et al. 2003). The drawing-off emission flux of harmful gases from a naturally
ventilated building is dependent on wind velocity (speed and direction) and tur-
bulence fields inside and over the building envelope; therewith the emission
mass flow is highly variable and difficult to estimate (Ngwabie et al. 2009;
Van Buggenhout et al. 2009; Hellickson and Walker 1983). The effects on gas
emissions are as a consequence of changing airflow patterns and different types of
flow in the boundary layer between the slurry and ventilation air.

In order to quantify the gaseous emissions, the tracer gas technique was
developed (Samer et al. 2014a). The tracer gas technique is one of the approaches
used for quantifying gaseous emissions and estimating ventilation rates in naturally
ventilated buildings which including the measurement of infiltration, air exchange,
and the dispersion of pollutants (Samer et al. 2011d). This technique implements
tracer gases such as CO2, SF6, and Krypton 85 for measuring the ventilation rates
and to calculate the emission streams. The emission mass flow from the livestock
building is then the product of both the concentration difference between emitted
and fresh air and the ventilation rate. The gaseous concentrations varied in time and
place inside the investigated barn (Samer et al. 2012d; Samer et al. 2011e).

The ventilation rate and the gaseous emissions from a naturally ventilated
livestock building are dependent on wind velocity. In order to investigate the
distribution of air temperature and gaseous concentrations throughout the different
zones of the building and to achieve an efficient control of the bio-responses,
continuous monitoring and controlling of the micro-environment to variations of air
velocity (direction and speed) inside the building is required. Therefore, the air
profiles should be investigated and airflows should be analyzed through the zones
of the building (Samer et al. 2011a; Berckmans and Vranken 2006). Large fluc-
tuations occur in ventilation rates estimated using the combined effects of wind
pressure and temperature difference forces, owing to large fluctuations in the wind
velocity. The fluctuations of wind velocity (direction and speed) negatively affect
the estimation of ventilation rates and then the gaseous emissions (Samer et al.
2014a; Samer et al. 2011d, e). Therefore, the airflow profiles should be investigated
and airflows should be analyzed in livestock barns.
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Investigating the airflow profiles inside a livestock building is important to
determine the air and pollutants’ distribution (Samer 2012a). The air movement can
be characterized by velocity measurements and observation by visualization of the air
flow pattern by smoke, where these images can be recorded by video camera and
analyzed by computer image analysis. Via laser-light-sheet technique the air flow is
made visible by smoke particles. The snapshot is digitally recorded and average
images are calculated afterward. Airflow patterns in animal buildings influence the
distribution of air temperature, gas concentrations, and the release of gases from
manure. Air velocitymeasurements have been used for airflow patternmeasurements.

Odors and gases emitted from animal houses are strongly related to airflows
(Morsing et al. 2008). Sun et al. (2002) developed computational fluid dynamics
(CFD) models to simulate air velocity and ammonia distribution within a hog
building. Snell et al. (2003) stated that ventilation rate could be explained by the
climatic values (wind velocity, wind direction, temperature, and relative air humid-
ity), where the wind velocity is of central importance for the ventilation. Bartzanas
et al. (2007) stated that air velocity measurements incarnate the corner stone for
airflow analysis in rural buildings. Bjerg and Sørensen (2008) carried out numerical
analysis and mentioned that to fulfill modern demands of airflow in livestock
buildings, several procedures—which requires air velocity measurements—should
be implemented, and they are determining air velocity at animal level, limiting air
velocity in the animal occupied zone, homogenizing air velocity distribution in the
entire barn, determining whether air velocity distribution inside and close to the inlet
is similar, investigating air velocity profiles and turbulences, homogenizing air
velocity direction throughout the entire barn, and reducing air velocity at floor level at
high ventilation rate without increasing the pressure drop over the inlet.

2.1 Nitrogen Cycle

A summary of the major remodeling processes in the terrestrial nitrogen cycle is
shown in Fig. 2.2. The individual conversion processes are marked with numbers.
The main processes (Fig. 2.2) in the nitrogen cycle are nitrogen assimilation (no.
1 and 2); synthesis of endogenous proteins (no. 3); ammonification (no. 4, 5, and 6);
direct deposit into soil (no. 7); emission (no. 8 and 9); transmission, deposition, and
immission (no. 10 and 24); immobilization (no. 11); ammonium fixation and release
(no. 12 and 13); nitrification (no. 14 and 15); leaching and capillary rise (no. 16 and
17); assimilatory nitrate reduction (no. 18 and 19); denitrification (no. 18, 20, 21
and 22); photochemical oxidation and chemical fixation (no. 23); and biological
nitrogen fixation (no. 25).
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2.2 Nitrogen Oxides

Nitrogen oxides (NOx) consist of nitric oxide (NO), nitrogen dioxide (NO2), and
nitrous oxide (N2O) and are formed when nitrogen (N2) combines with oxygen
(O2). Nitrous oxide and nitric oxide can be released through nitrification and
denitrification processes. Nitrification is the bacterial oxidation from nitrite to
nitrate under aerobic conditions, as follows:

NH4
þ ! NH2OH ! N2Oð"Þ ! NO�

2 ! NO3
�

Denitrification is the reduction of nitrite/nitrate to N2 under anaerobic conditions,
as follows:

NO�
3 ! NO�

2 ! NO ! N2O ð"Þ ! N2

If the above-mentioned processes do not result in a fully conversion of the
N-bonds because of suboptimal conditions, N2O can be released.

Both nitrite and nitrate bacteria are carbon-autotrophic bacteria. Under strictly
aerobic conditions, the bacteria use the released energy during nitrification for

Atmosphere

Atmosphere

Atmosphere

Atmosphere

Animal

Plant Biodegradation Products

SoilSoilSoil

Soil Soil

Groundwater

Marine Nitrogen Cycle

Fig. 2.2 Nitrogen cycle in the environment (Amended, translated and adopted from Jensen 1974;
Lehninger 1977; Schilling et al. 1989; Reinhardt-Hanisch 2008)
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assimilation of carbon dioxide (chemosynthesis) and therefore do not require
organic carbon. The optimum pH is between pH 6 and 8. The influencing factors of
nitrification and denitrification (Figs. 2.3 and 2.4) were illustrated by Amon (1998)
and further amended by Reinhardt-Hanisch (2008). Under adverse conditions N2O
and NO can be released during nitrification (Fig. 2.5).

Under adverse conditions, such as increasing nitrate or nitrite concentrations
(electron acceptors), increasing oxygen concentration, decreasing concentration of
carbon, decreasing pH, decreasing temperature, and decreasing N2O reductase
activity, incomplete denitrification occurs and N2O and NO are released (Fig. 2.5).

Nitrogen has enormous environmental effects, where humans have radically
changed natural supplies of nitrates and nitrites. The main cause of the addition of
nitrates and nitrites is the extensive use of fertilizers. Combustion processes can also
increase the nitrate and nitrite supplies, due to the emission of nitrogen oxides that
can be converted into nitrates and nitrites in the environment. Nitrates and nitrites
also form during chemical production and they are used as food conservers. This
causes groundwater and surface water nitrogen concentration, and nitrogen in food
to increase greatly. The addition of nitrogen bonds in the environment has various
effects. First, it can change the composition of species due to susceptibility of
certain organisms to the consequences of nitrogen compounds. Second, mainly
nitrite may cause various health effects in humans and animals. Food that is rich in
nitrogen compounds can cause the oxygen transport of the blood to decrease, which
can have serious consequences for cattle. High nitrogen uptake can cause problems
in the thyroid gland and it can lead to vitamin A shortages. In the animal stomach
and intestines, nitrates can form nitroamines, dangerously carcinogenic compounds.

Favorable Conditions

NH4
+ Concentration

(Main Influencing Factor)

High

Temperature

5 – 40 °C
(Optimal: 30 – 35 °C)

O2

Obligatory

pH - Value

6 - 8

Water Saturation

60 – 80 %

Phosphate

Available

C - Availability

High

Influencing Factors

Nitrification
NH4 NO2

- NO3 
-

Fig. 2.3 Influencing factors of autotrophic nitrification (Amended, translated and adopted from
Amon 1998; Reinhardt-Hanisch 2008)
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2.3 Ammonia

Ammonia, a colorless and highly water-soluble gas, is primarily an irritant and has
been known to create health problems for animals in confinement building.
Irritations of the eyes and respiratory tract are common problems from prolonged
exposure to this gas. Ammonia can be detected by humans at levels as low as
5 mg/L and can reach levels of 200 mg/L in poorly ventilated buildings. Recently,
the most common complaints against animal producers involve odor, and the pri-
mary component of odor is ammonia. Furthermore, very high levels of ammonia
concentrations, such as 2500 ppm, may even be (rapidly) fatal. In several countries
the labor inspectorate has established standards for ammonia concentrations, the
so-called threshold values that should not be exceeded. In many countries, the

Favorable Conditions

Reduction Agent 
(Carbon)

High

Temperature

ca. 10°C

O2

(Main Influencing Factor)

< 5 Vol.%

pH - Value

6 - 8

Water Content

> 80%

Alternative Electron 
Acceptors

(NO3
-, NO, NO2, N2O)

High

Influencing Factors

Denitrification
NO3

- NO2
- N2

Fig. 2.4 Influencing factors of denitrification (Amended, translated and adopted from Amon
1998; Reinhardt-Hanisch 2008)

Fig. 2.5 Formation and release of N2O and NO by nitrification and denitrification (Amended by
Reinhardt-Hanisch 2008 adopted from Colbeck and Mackenzie 1994)
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threshold limit is 25 ppm (time weighted) for an 8 h working day for staff and for
the living environment for livestock, while a higher limit is often applied for
short-term exposures, e.g., 35 ppm over 15 min in England. However, sometimes
the limit is stricter, e.g., 10 ppm for stockmen in Sweden. Shorter working days
may allow higher threshold values, but little is known about the long-term effects of
gaseous ammonia in the working environment. However, lower concentrations are
always preferable to higher concentrations, both for workers and livestock.
Ammonia emissions are expressed in mg NH3 m−2 h−1; however, ammonia
emission factor is expressed in kg NH3 per place and year where this value is 4.86
for tie-stalls and 14.57 for freestalls.

The effect of ammonia on the environment due to acidification and eutrophication
can be severe. It is associated with soil acidification processes and eutrophication.
Ammonia and its chemical combinations (NHx) are important components of
acidification in addition to sulfur compounds (SOx), nitrogen oxides (NOy), and
volatile organic compounds (VOC). Ammonia is released from manure and urine,
and is most noticeable during storage and decomposition. Formation of ammonia is
induced by catalytic breakdown of urea as follows (Reinhardt-Hanisch 2008):

CO ðNH2Þ2 þH2 O �!urease
2NH3 þCO2

Regarding the NH3↔NH4
+ equilibrium in liquid, the higher the temperature and

the higher the pH value of manure, the more the NH3 production, i.e., the higher the
emission potential. Furthermore, NH3 release is based on mass transfer from NH3

solved in the liquid to NH3 in the air (Fig. 2.6). The main accelerating factors are
high temperature, high air velocity, high turbulence of the air stream, and large size
of the emitting surface. Seethapathy et al. (2008) stated that in winter lower
atmospheric NH3 concentrations occur due to the reduced volatility, lower tem-
peratures, and the generally higher relative humidity.

Fig. 2.6 Ammonia formation
and release (Monteny 2000)
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The difference between the partial pressure of ammonia in the liquid and the
partial pressure of the gaseous ammonia in the air of the boundary layer above the
contact surface is the partial pressure difference. In a closed system (Fig. 2.7), a
dynamic balance occurs between the amount of dissolved ammonia (NH3(l)) and the
amount of gaseous ammonia (NH3(g)) is established. Figure 2.7 shows the ammonia
mass transfer from liquid to gas, where in practice, the liquid is the manure and/or
the contaminated surfaces inside the livestock building and the gas is the indoor air
of the building.

Ammonia is released by excrements under special biochemical (pH value,
temperature, and microorganisms) and physiological (species, age, feeding, and
animal activity) conditions. NH3 is released from different places, e.g., contami-
nated laying and walking areas, dirty animals, and manure stored inside the barn.
NH3 is released into indoor air in a certain concentration (g m−3) which depends on
the airflow, partial pressure, surface areas, manure handling system and housing
system, and design (Fig. 2.8). Depending on the volumetric airflow rate, i.e.,
ventilation rate (m3 h−1), NH3 is emitted in the exhaust air to outside of the barn in a
certain mass flow emission rate (g h−1).

Ammonia is only transported over short distances (transmission) in the atmo-
sphere, and is deposited close to the emission source as dry deposition and is then
entered into the soil. In the form of ammonium and various intermediates (Fig. 2.9),
the nitrogen can be transported over long distances before it is usually deposited as
wet deposition and entered into the soil (Dämmgen and Erisman 2006). An over-
view of the emission, dispersion, vertical and horizontal transport, and chemical
reactions and deposition of ammonia and ammonium is shown in Fig. 2.9.

Fig. 2.7 Ammonia mass transfer from liquid to gas (Amended, translated and adopted from
Hartung 1995)
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2.4 Hydrogen Sulfide

Hydrogen sulfide (H2S), an aggressive trace gas, is generated from anaerobic
breakdown of manure after some time in storage, where it is stored in the manure as
gas bubbles (CIGR 1994). H2S is highly toxic, poisonous, deadly, odorous (odor of
rotten eggs/low concentrations contributed significantly to odor), colorless, and

Fig. 2.8 Development, release, and spreading of ammonia inside the barn (Amended, translated,
redrawn and adopted from Keck 1997)

Fig. 2.9 Emission, dispersion, vertical and horizontal transport, chemical reactions, and
deposition of ammonia and ammonium (Amended, translated and adopted from Dämmgen and
Erisman 2002), where NH3 is ammonia; HNO3 is nitric acid; NH4NO3 is ammonium nitrate;
NH4HSO4 is ammonium hydrogen sulfate; and H2SO4 is sulfuric acid
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heavier than air, at low concentrations (<10 ppm). H2S could cause dizziness,
headaches, and irritation to the eyes and the respiratory tract. In addition to causing
adverse effects to human and animal health, H2S might be oxidized in the air
forming sulfuric acid (H2SO4) resulting in acid rain that could cause ecological
damage. H2S concentration of 0.1 % can cause unconsciousness and death through
respiratory paralysis unless artificial respiration is applied immediately. H2S
deadens the olfactory nerves (the sense of smell); therefore, if the smell of rotten
eggs appeared to have disappeared, this did not indicate that the area was not still
contaminated with this highly poisonous gas (CIGR 1984, 1994, 1999). Manure
tank agitation is then followed by H2S emission, and consequently, possible death
occurs. Therefore, after manure tank agitation the area must be evacuated and the
team members must leave the area.

2.5 Methane

There are two sources of methane production: (1) anaerobic decomposition of
manure, and (2) enteric fermentation of fodder by anaerobic bacteria in of rumen
where CH4 is released by eructation. A cow’s rumen produces 37 L of CH4 per kg
dry matter of feed intake. A cow digests 17 kg dry matter per day which release
0.5 m3 CH4 day

−1 (CIGR 1994). Concentrations between 5000 to 15,000 ppm are
explosive; several explosions have occurred due to ignition of methane-rich air in
poorly ventilated livestock buildings. Figure 2.10 shows the anaerobic decompo-
sition of organic matter (e.g., manure).

2.6 Carbon Dioxide

The CIGR report (1994) stated that the total CO2 production is a sum of the
following three components: animal respiration, rapid breakdown of urea in urine,
and anaerobic decomposition of dry matter in the slurry. Over 96 % of the total CO2

Fig. 2.10 Anaerobic decomposition of organic matter
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production is from animals’ respiration. Under normal conditions in livestock
buildings CO2 concentration is between 500 and 3000 ppm. There is no health risk
for animals and humans at this level. The threshold limit is set to 3000 ppm.

2.7 Carbon Monoxide

Carbon monoxide is produced by incomplete combustion of fuels inside livestock
buildings. For instance, when tractors operate some machines to accomplish an
operation-like feed distribution and manure management. The threshold limit for
CO is 10 ppm. Carbon monoxide can cause death in adult pigs at concentrations
around 4000 ppm and in broilers at 2000 ppm (CIGR 1994).

2.8 Odors

The aerobic and anaerobic breakdown of organic substances (manure, feed left-
overs) results in over 300 odorous components, whose mixture gives the smell
impression in addition to the smells of animals and feed. The compounds of odors
are produced from manure inside livestock buildings. Different gases are produced
as livestock manure is degraded by microorganisms as previously maintained.
Under aerobic conditions, CO2 is the principal gas produced. Under anaerobic
conditions, the primary gases are CH4 and CO2. About 60–70 % of the gas gen-
erated in an anaerobic lagoon is methane, and about 30 % is carbon dioxide.
However, trace amounts of more than 40 other compounds had been identified in
the air exposed to degrading animal manure. Some of these included mercaptans
(this family of compounds included the odor generated by skunks), aromatics,
sulfides, and various esters, carbonyls, and amines (CIGR 1999). Furthermore,
odorous compounds in swine manure were ranged between 30 compounds that
were the likely contributors of the odor nuisance and 168 compounds which had
been identified by previous researches. The gases of most interest and concern in
manure management are CH4, CO2, NH3, and H2S.

Manure handling and storage facilities can be a source of malodors in dairy
operations. Offensive odor is partly the result of incomplete anaerobic decompo-
sition of stored manure. Zhu and Jacobson (1999) found that the most important
genera for odor production were Eubacterium and Clostridium. Studies have
identified 35–73 volatile compounds in dairy manure (Filipy et al. 2006; Rabaud
et al. 2003; Sunesson et al. 2001) with the most important odorous manure com-
ponents found to be the volatile fatty acids (VFA), p-cresol, indole, skatole, along
with hydrogen sulfide (H2S) and ammonia (NH3) by virtue of either their high
concentrations or low odor thresholds (O’Neil and Phillips 1992). Wright et al.
(2004) identified p-cresol, p-ethyl phenol, and isovaleric acid as the most persistent
and biggest contributors to odor downwind of the source. Miller and Varel (2001)
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noted that ethanol, acetate, propionate, butyrate, lactate, and hydrogen were the
major fermentation products of stored cattle manure. Due to far-reaching envi-
ronmental and socioeconomic concerns, efforts to reduce odor, NH3, H2S, and
greenhouse gas emissions from animal agriculture are essential (Wheeler et al.
2011b, c).

2.9 Dust and Aerosols

Aerosols can be defined as solid or liquid particles which remain suspended in the
air for longer periods because of their minute dimensions of between 10−4 and
102 μm. The aerosols can combine chemically with gases emitted into the air and
these new compounds are inhaled by living organisms. Airborne particulates can
include both solid and liquid particles. Viable particles are living microorganisms or
any solid or liquid particles which have living microorganisms associated with
them. Dusts can be defined as dispersed particles of solid matter in gases which
arise during mechanical processes or have been stirred up. Dust may cover a wide
range of sizes and shapes, and can be airborne or settled (Hartung and Saleh 2007).

Generally, dust can be considered as one of the most important sources for air
contamination in livestock buildings, where it may be generated from forages
(ingredients, form, water, and fat contents), fur of animals (species, genotype, age,
and number), bedding materials as litter (type, amount, and water content), dried
manure, feathers/fur, dander (hair and skin cells), molds, pollen, grains, grain mites,
insect parts, mineral ash, gram-negative bacteria, endotoxin, microbial proteases,
ammonia adsorbed particles, infectious agents, and building materials (Robert
2001).

Dust formation on surfaces occurs by the effect of several forces, e.g., drying,
chewing crushing cleaning, management (bedding, feeding, manure handling, etc.),
and sedimentation. Further forces as animal activity, human activity, and airflow
rates generate airborne dust in livestock building. The influencing factors are animal
weight, animal density, housing system, ventilation system, daytime, and season
(Aarnink and Ellen 2007). Affected by the ventilation, dust is emitted outside of the
livestock building and this forms the dust emissions. Dust carries some pathogens,
bacteria, and microbes. Additionally, some gases as NH3 are adsorbed on the
surface of the particulate matter (PM) of the dust. Figure 2.11 shows dust sources
with attributes, processes, and forces that influence dust formation and dust emis-
sion from animal houses.

Airborne particulates can include both solid and liquid particles. Viable particles
are living microorganisms or any solid or liquid particles which have living
microorganisms associated with them. Dusts are dispersed particles of solid matter
in gases which arise during mechanical processes or have been stirred up. Dust may
cover a wide range of sizes and can be airborne or settled. Chemical properties of
dust particles must be analyzed according to their chemical compositions which
are divided into inorganic and organic (viable and nonviable) components.
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Fig. 2.11 Development, release, and spreading of dust inside the barn (Amended, translated,
redrawn and adopted from Aarnink and Ellen 2007)
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The chemical composition of dust from different sources shows that the airborne
and the settled dust have nearly the same concentrations of Dry Matter (DM), ash,
N, P, K, Cl, and Na. The dust particles are subjected to a variety of physical
processes according to their density, size, and shape (Fig. 2.12). The most important
physical effects said are sedimentation, agglomeration (particles collide due to the
turbulence and adhere to each other forming agglomerates), aerodynamics,
adsorption, and resuspension. The dust is characterized by sedimentation experi-
mentation and microscopic analysis.

The dust contained in the exhaust emissions should not exceed a 20 mg/m3 mass
concentration or 0.20 kg/h of emission mass flow according to the maximum
acceptable concentration (MAC) list (DFG 2006). The respirable dust (<5 μm) may

Fig. 2.12 Classification of particle structure after shapes (adopted from Mostafa 2008 after
Nannen 2005)
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not exceed a concentration of 4 mg/m3 and for the alveolar dust (<1.1 μm) the limit
value is 1.5 mg/m3 (DFG 2006). Pedersen et al. (2000) showed that the limit
recommendations for humans under Danish conditions are 2.4 mg/m3 of total dust,
0.23 mg/m3 of respirable dust with a total of 800 EU/m3 (EU: Endotoxin Unit), and
7 ppm of ammonia. Endotoxins are toxins, poisonous substances produced by
living cells or organisms, associated with certain bacteria.

An “endotoxin” is a toxin that, unlike an “exotoxin,” is not secreted in soluble
form by live bacteria, but is a structural component in the bacteria which is released
mainly when bacteria are lysed. Lysis refers to the breaking down of a cell, often by
viral, enzymatic, or osmotic mechanisms that compromise its integrity. Together
with the dust particles microorganisms can be transported into the respiratory
system causing infections. Endotoxins can trigger allergic reactions in the airways
of susceptible humans even in low concentrations. PM carries odor, NH3, endo-
toxin, bacteria, and fungi.

The hazard caused by aerosols, suspension of fine solid particles, or liquid
droplets in a gas depends on their chemical composition as well as where they
deposit within human respiratory system. Aerosols are solid or liquid particles
which remain suspended in the air for longer periods because of their minute
dimensions of between 10−4 and approximately 102 μm. The aerosols can combine
chemically with gases emitted into the air and these new compounds are inhaled by
living organisms or can settle on them. The mixture “air with dust particles” is
considered as Newtonian fluid, where the flow of this mixture is treated as “single
phase flow” in fluid mechanics. The Brownian motion rules the suspended aerosol
particles in air, where the aerosols undergo irregular random motion due to bom-
bardment by surrounding fluid molecules.

Pedersen et al. (2000) classified the dust into the following:

1. Total dust: the fraction containing particles below 20 μm in aerodynamic
diameter collected by the use of 38 mm filter cassettes with 5 mm downward
inlets.

2. Respirable dust: the fraction collected using a cyclone pre-separator (50 %
cut-off effectiveness value of 5 μm).

3. Inhalable dust: the diameter of these dust particles is slightly larger than 20 μm.
The inhalable concentration will be about 25 % higher than the “total dust”
concentration, but it depends on the particle size distribution.

The airborne inhalable and respirable fractions are overall higher in pig and
poultry buildings than in cattle houses. Dust concentrations and emissions are
affected significantly by several things such as housing type, the season of year, and
day/night time. The inhalable and respirable dust concentrations in the poultry
buildings are 3.60 and 0.45 mg/m3, respectively. The dust emission rates on a
500 kg AU are between 2118 and 248 mg/h for inhalable and respirable, respec-
tively (Takai et al. 1998).

The particulate matters (PM) are categorized as PM10, PM5, PM2.5, and PM1.
PM10 is particulate matter smaller than 10 µm aerodynamic equivalent diameter.
Similarly, PM5, PM2.5, and PM1 are particulate matters smaller than 5, 2.5, and
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1 µm aerodynamic equivalent diameter, respectively. On the other hand, the total
suspended particles (TSP) are tiny particles of aerosols or particulates at high
concentrations in the air and could raise air pollution concerns. TSPs range in size
from 0.001 to 500 µm.

There are several parameters that affect the dust formation and emission. The
housing system and design affects indoor dust concentration and emission rate. For
instance, the air in floor housing systems for laying hens may be more polluted than
in traditional cage systems. The year seasons have significant effect on dust con-
centrations and emission rates where several studies showed that the dust con-
centrations are the highest in summer compared to the other seasons. On the other
hand, the mean inhalable dust emission rates in winter and summer were estimated
to be 1590 and 2388 mg/h for 500 kg live weight basis, respectively (Takai et al.
1998). The diurnal change and animal activity have significant effect on indoor dust
concentration and emission rate, where Hessel and Van den Weghe (2007) found
that the dust concentrations are twice as high during the light period (5542 μg/m3)
compared to the dark period (2598 μg/m3). Indoor dust concentration is directly
proportional to animal activity which is higher during lights-on. The ventilation rate
greatly affects the indoor dust concentration and emission rate, where there is a high
variation in the pattern of spatial dust distribution in mechanically ventilated pig
buildings. Thus, the ventilation systems have direct effects on the spatial dust
concentration, whereas the increase of the ventilation rate will not necessarily
reduce the overall dust level effectively because the dust production rate will
increase with increasing ventilation. The dust concentration can be measured using
the following methods (Gustafsson 1997; Lim et al. 2003; Mölter and Schmidt
2007):

1. Gravimetric measurements of the amount of total dust (mg/m3) with 37 mm
diameter millipore filters at a flow rate of 1.9 L/min.

2. Counting the number of different sized particles with a Rion optical particle
counter.

3. Weighing the settled dust on 0.230 m2 settling plates.
4. Tapered element oscillating microbalance (TEOM).
5. Optical aerosol spectrometers (OAS).
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Chapter 3
Emissions Abatement Techniques

Liquid manure storage facilities are sources of gaseous emissions of NH3 and
greenhouse gases especially CH4 and N2O. Methane is the most predominant
greenhouse gas emission from liquid manure storage facilities (Samer et al. 2014b;
Berg et al. 2006a). Therefore, several studies have investigated different mitigation
strategies for reducing greenhouse gases and ammonia emissions. Emissions occur
at all stages of manure management: from buildings housing livestock; during
manure storage; following manure application to land; and from urine deposited by
livestock on pastures during grazing. Ammoniacal nitrogen (total ammoniacal
nitrogen, TAN) in livestock excreta is the main source of NH3. At each stage of
manure management TAN may be lost, mainly as NH3, and the remainder passed to
the next stage. Hence, measures to reduce NH3 emissions at the various stages of
manure management are interdependent, and the accumulative reduction achieved
by combinations of measures is not simply summated. This TAN-flow concept
enables rapid and easy estimation of the consequences of NH3 abatement at one
stage of manure management (upstream) on NH3 emissions at later stages
(downstream), and gives unbiased assessment of the most cost-effective measures.
Ammonia can be converted into nitrous oxide at any stage of manure management.

The EMEP/EEA air pollutant emission inventory guidebook provides green-
house emission abatement measures for animal husbandry and manure management
in the form of best available technique (BAT) for each case, type of manure, land
use, limits of applicability, emission reduction (%), and availability for different
farms (EMEP/EEA 2009). On the other hand, the Executive Body for the
Convention on Long-Range Transboundary Air Pollution (2007a, b) provided a
guidance document on control techniques for preventing and abating emissions of
ammonia. Moreover, the European Commission (2003) provided an Integrated
Pollution Prevention and Control (IPPC) reporting on the BAT for intensive rearing
of poultry and pigs.

Best available technique (BAT) has the following characteristics: (1) most
effective protection of the environment as a whole (Best); (2) possible and viable
implementation in relevant sector, taking into consideration the costs and
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advantages (Available); and (3) design, construction, maintenance, and operation
(Technique). The best techniques should provide/consider the following: (a) low
emissions of pollutants (NH3, CO2, CH4, N2O, odor, aerosols, noise), (b) soils and
water conservation (leakage control or no leakage), (c) efficient use of energy (for
ventilation, heating, etc.), (d) efficient use of raw materials (feed, water, bedding
materials, etc.), (e) animal welfare, (f) amount and quality of manure, (g) efficient
use of waste, (h) possibility of technical application, (i) and feasibility.

Previous studies have evaluated different treatments and additives for reducing
gaseous emissions from manure and slurry in laboratory using glass jars or plexi-
glass tanks and a multi-gas monitor (Samer et al. 2014b; Wheeler et al. 2011a, b;
Reinhardt-Hanisch 2008; Berg et al. 2006a). On the other hand, reducing the
emitting surface area, optimizing ventilation systems, implementation of cooling
systems (hot season), and reducing manure retention time in building are the best
available emissions abatement techniques for livestock buildings. The mitigation
principles can be summarized as follows:

1. Influencing or interrupting the formation of pollutants:

• Inhibiting the urease activity, where this will lead to reduce NH3 formation.
• Avoiding suboptimal conditions for the conversion of N-bonds, where this

will result in N2O reduction.

2. Feeding:

• Reducing extensive cattle feeding, where this will result in CH4 reduction.
• Avoiding N-surpluses which cannot be metabolized and will be excreted.
• Using adjusted rations to species and production stage.
• Using feed additives (e.g., amino acids).

3. Housing system/storage/application:

• Minimizing dirty (emitting) surfaces.
• Covering manure storages.
• Lowering the temperature and the pH value of manure.
• Fast and frequent manure removal.
• Fast incorporation into soils after application.

4. Ventilation:

• Reducing air velocity and temperature near emitting surfaces.
• Optimizing the balance between airflow rate, necessary air exchange rate,

temperature needs, and animal welfare requirements.

The implementation of an emission abatement technique for reducing a partic-
ular gas may change the concentrations of other pollutants (e.g., dust, CO2, H2S,
etc.), may have an effect on welfare and productivity of the animals, should be
feasible and have low investment and operating costs, and should provide a safe
environment for the farmers (CIGR 1994).
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3.1 Livestock Buildings and Manure Management

Manure can be stored inside the livestock building in the form of either liquid
manure stored in manure channel or solid manure as litter which consists of feces,
urine, and bedding material (straw, sawdust, or wood shavings). Manure storage
outside of the building can be as either liquid manure stored in lagoons or in
above-ground tanks, or solid manure stored in field heaps or heaps in yards
(Fig. 3.1).

According to CIGR (1994), the release of NH3 within a livestock building can be
minimized by reducing the evaporating surfaces, minimizing airflow rates above
surfaces, lowering the temperature to be below 10 °C, lowering the pH of manure to
be below 6, shortening the storage period inside the building, frequent manure
removal from the building, and treating the manure aerobically for urine and feces
separation or anaerobically for biogas production. The type of slats, animal
behavior, the ventilation system, and the manure handling system affect one or
more of the above-mentioned influencing factors. Generally, the larger the per-
centage of slotted area, the less the surface is available for evaporation and the
lower the NH3 volatilization will be. In case of using mechanical ventilation sys-
tems, the extraction of air beneath the slats reduces NH3 concentrations inside the
livestock building. Higher air velocity and lower NH3 concentrations directly above
the manure surface will, however, increase the release of NH3. Therefore, low air
velocity with stable airflow profiles inside the building will minimize NH3 mass
transfer from manure pits in the building. The applicability of the above-mentioned
emissions abatement techniques depends strongly on the housing system and the
building design. In the case cattle buildings, the following emissions abatement
techniques can be implemented to reduce NH3 volatilization: slopping floor with
manure scraper, slopping floor with manure scraper under the slats, implementation
of additives in manure storages, and reducing contact surface between manure and
air by covering the manure storages. In case of poultry buildings, frequent removal

Fig. 3.1 Manure storage
facilities
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of manure would be the best emissions abatement technique. Dekker et al.
(2011) stated that adjusting the housing system and the manure management has the
potential to decrease the emissions. For instance, using organic laying hen hus-
bandry in aviary systems instead of single-tiered systems has the potential to reduce
emissions of NH3, N2O, and CH4; further reductions might be realized by changes
in litter management. UNECE (2007) stated that emission reductions can be
achieved in poultry housing by drying manure and litter to a point where NH3 is no
longer formed by hydrolysis of uric acid.

Daily flushing of slurry from cattle houses would reduce total annual CH4 and
N2O emissions by 35 % CO2 equivalent, and that cooling of pig slurry in-house
would reduce total annual CH4 and N2O emissions by 21 % CO2 equivalent
(Sommer et al. 2004). Methane emissions can be significantly reduced by complete
slurry removal between the fattening periods and subsequent cleaning of the slurry
pits in pig housing. Additionally, the release of methane from indoor slurry storage
can be influenced by availability of oxygen and volatile solids, pH value, substrate
temperature, retention time, and presence of inhibiting compounds. These factors
should be further investigated to develop emissions abatement techniques. Special
considerations should be given to avoid increasing specific gas emissions while
abating another one (Haeussermann et al. 2006). For instance, abating agricultural
emissions of NH3 may cause the release of N2O from this sector up to 15 % higher
than in the case of no NH3 control (Brink et al. 2001). Increased knowledge of the
factors that affect emissions from livestock barns may lead to a better understanding
of daily (between different days) and diurnal (within a specific day) variations in
emissions, an improvement of mitigation methods, and a refinement of emission
models. Animal activity, animal weight, indoor air temperature, and relative
humidity have influence on carbon dioxide, methane, and ammonia emissions.
Emission variations emphasized the need for measurements during different times
within the day and during the growing period in order to obtain reliable data for
assessing abatement techniques (Ngwabie et al. 2011).

In order to mitigate N2O emissions from manure stored in animal houses,
modifying the feeding strategy and adopting slurry-based system compared to a
straw or deep litter-based system are the best mitigation methods. On the other
hand, in order to mitigate CH4 emissions from manure stored in animal houses, the
following are the best mitigation methods: modifying the feeding strategy, frequent
removal of slurry from beneath the house, and cooling slurry, e.g., below the slatted
floor (Chadwick et al. 2011). In animal houses that do not use bedding materials,
the slurry, feces, and urine remain in a predominantly anaerobic state with little
opportunity for the NH4

+ to be nitrified. As a result, little or no N2O emissions are
likely to occur from such systems (Zhang et al. 2005). Reducing the production of
H2S is possible by reducing the indoor temperature which will result in reducing the
anaerobic breakdown of the manure stored inside the building. The indoor CO2

concentration can be reduced by increasing the ventilation rate (CIGR 1994).
However, this has an adverse effect where the emission rates of other noxious gases
will increase.
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Mathematical models and computer programs were developed to be imple-
mented in constructing manure tanks and manure handling systems (Samer 2011a,
2008a) as well as biogas plants (Samer 2010), whereas the location of such systems
in the farm vicinity was specified to be downwind to avoid gas transmission to the
different farm facilities with a specified minimum distance between the farm and
any adjacent residential communities, roads, and ecosystems (Samer 2008b). On the
other hand, manure pits for temporary manure storage in livestock buildings form
another effective source of gaseous emissions as shown in the different emissions
inventories (Samer 2013a). Heat stress in dairy cows is one of the leading causes of
decreased production and fertility. Increasing air velocity, using ceiling fans, to
enhance convective heat transfer and accordingly body heat dissipation is highly
required. However, this has negative effects such as increasing emission mass flux
of the harmful gases. Airflow profiles affect the gas emission rates which increase
with the increasing volumetric airflow rates and air velocities, where free air
streams allow more gas release through convection mass transfer. Furthermore, the
ceiling fans indirectly increase the ventilation rates which ultimately results in
increasing the gaseous emissions. Therefore, a balance must be achieved among the
different contradictions: air velocity optimization, heat stress alleviation, air dis-
tribution enhancement, and gaseous emissions reduction. On the other hand, gas-
eous emissions increase with increasing temperatures (Samer 2011b, 2012a; Samer
et al. 2011a). The implementation of proper waste management which is safe to the
surroundings fulfills the green building specifications (Samer 2013b).

A survey should be accomplished for the farms in a specific. This allows the
effects of the variability of farm and manure management parameters among farms
on GHGs and NH3 emissions to be fully taken into account. Estimating the
emission factors per animal for several livestock categories and different farm
classes can be used to develop emissions inventory and to upscale available national
inventory (Reidy et al. 2008a). The stratified sampling and the individual farm
calculations allow the comparison of emissions from specific regions and altitudes
and the study of the variability among farms. This approach permits a more detailed
analysis of the regional distribution of GHGs and NH3 emissions as well as a more
robust and standardized monitoring of the future development of emissions. The
emissions inventory can be then analyzed and implemented to develop effective
GHG and NH3 mitigation strategies focusing on the largest emissions sources.

Uncertainties of estimated emission factors (EF) should be assessed in order to
update the annual CH4 and N2O emissions. Additionally, emissions from manure
management have the largest uncertainty, due to the high natural variability of
manure. The more the animal accurate data are available, the lowest the uncertainty
is expected. This is the case in the intensified production systems (Merino et al.
2011). Several flow models were used to calculate GHGs and NH3 emissions from
litter-based systems and slurry-based systems. The variability of emissions found in
practice is likely to be much greater for straw-based systems than for slurry sys-
tems. The differences in estimates of NH3 emissions decreased as estimates of
immobilization and other N losses increased. Since immobilization and denitrifi-
cation depend also on the C:N ratio in manure, there would be advantages to

3.1 Livestock Buildings and Manure Management 27



include C flows in mass-flow models. This would also provide an integrated model
for the estimation of emissions of methane, non-methane VOCs, and carbon
dioxide. Estimation of these would also enable an estimate of mass loss, calculation
of the N and TAN concentrations in litter-based manures, and further validation of
model outputs (Reidy et al. 2008b, 2009).

It is crucial to determine the emission rates, fluxes, and factors before and after
deploying an emissions abatement technique, where this should be considered in
amending the present emissions inventory of the geographic area where the con-
sidered abatement technique has been deployed. Therefore, it is important to esti-
mate the emissions of pollutants from livestock housing and manure management
especially inside of the building. One key issue is to measure the concentrations of
the pollutants in exhaust air as well as inlet air, at worker’s level, animal’s level,
and close to manure storage inside the building. These measurements depend on
season, daytime, and production stage. The characteristics of the measurements are
duration, repetition, and measurements cycle (as often and as longer as possible).
The indoor measurements should cover the concentrations of the different pollu-
tants, ventilation rates, temperature, humidity, animal activity, and airflow profiles.
The outdoor measurements should focus on the outdoor concentrations of pollutants
and wind velocity, temperature, and humidity.

3.2 Additives

Liquid manure storage facilities, inside and outside of livestock buildings, are
sources of gaseous emissions of NH3 and greenhouse gases especially CH4 and
N2O. Additives can reduce gaseous emissions from swine waste lagoons and pits.
The additives have the potential to reduce methane emissions from anaerobic swine
lagoons (Shah and Kolar 2012). Numerous types of amendments have been pro-
posed to reduce odor and gas emissions. McCrory and Hobbs (2001) categorized
commercial additives according to their modes of action: (1) digestive additives;
(2) disinfecting additives; (3) oxidizing agents; (4) adsorbents; and (5) masking
agents. Chemical pH adjustment additives are also used to manage off-gas emis-
sions. Microbial digestive additives consist of selected microbial strains and/or
enzymes that reduce production or enhance decomposition of odorous compounds
in animal wastes. Despite the inconsistent, and sometimes ineffective, performance
of commercial manure amendments, these products continue to be the most widely
available and popular type of odor control.

Amendments can be practical and cost-effective for reducing NH3 and GHG
emissions from dairy manure. Amendment products that act as microbial digest,
oxidizing agent, masking agent, or adsorbent significantly can reduce NH3 by more
than 10 %, whereas microbial digest/enzymes with nitrogen substrate appeared
effective in reducing CH4 fluxes. For both CH4 and CO2 fluxes, aging the manure
slurry for 30 days can significantly reduce gas production. Some amendments
reduced odor emission depending on the storage period (Wheeler et al. 2011b, c).
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Low starch content of beef cattle feedlot manure limits VFAs production (Miller
and Varel 2001).

The effectiveness of the Digest3+3© microbial additive for reducing odor and
pollutant gas emission from a swine gestation-farrowing operation was evaluated,
where the additive was used to treat the deep pits to be compared with other
untreated pits. However, they found no significant differences in terms of odor,
NH3, and H2S concentrations and emissions between treated and untreated units.
Overall, the microbial treatment had very little effect in reducing odor, ammonia,
and hydrogen sulfide emission (Rahman et al. 2011). Selected essential oils are
being promoted as effective and safe antimicrobial or antiviral (disinfectant) agents
that also act as masking agents in the control of odor. Essential oils are aromatic
liquids extracted from plant material via expression, fermentation, or distillation
methods (Burt 2004) and are known to have various modes of action.

Oxidizing agents transform odorous compounds into less-offensive gases by
chemical oxidation. Strong oxidizing agents act as disinfectants through their ability
to degrade enzymatic proteins and oxidize sulfides, mercaptans, and NH3. In a
study of ferric chloride (FeCl3) on degradation of odorous compounds,
Castillo-Gonzalez and Bruns (2005) reported a significant reduction of volatile fatty
acids concentration (propionic butyric, isobutyric, valeric, and isovaleric) in swine
manure between 2 and 6 days incubation at 25 °C. At concentrations of 480 and
240 mg/L of potassium permanganate (KMnO4), Ritteret al. (1975) reported that
the mixture was effective in controlling odors from dairy slurry. In a laboratory
study, hydrogen peroxide (H2O2) caused a very significant reduction in p-cresol
levels (Eniola et al. 2006). Govere et al. (2007) found complete removal of three
phenolic odorants, without recurrence for 72 h, from swine waste via gas chro-
matograph analysis after the addition of a mixture of hydrogen peroxide and
miniced horseradish, while odor intensity was cut into half as determined by a
human odor panel. Generally, oxidizing agents are effective in reducing malodors,
but only for a short period, due to the large quantities of reagents required for
complete oxidation (Wheeler et al. 2011b, c).

Natural zeolite, clinoptilolite (an ammonium-selective zeolite), has been shown
to enhance adsorption of volatile organic compounds and odor emitted from animal
manure due to its high surface area. Cai et al. (2007) reported reduction >51 % for
selected offensive odorants (i.e., acetic acid, butanoic acid, isovaleric acid, dimethyl
trisulfide, dimethyl sulfone, phenol, indole, and skatole) in poultry manure with a
10 % zeolite topical application. However, it showed some ineffective perfor-
mances. It is believed that the frequent poor performance of absorbents stems from
selective odorant adsorption, leaving other noxious odors to escape.

An effective odor amendment must be inexpensive, efficient, and suitable to
dairy farm management. Several of these amendments cause an increase in total
solids in manure storage (i.e., adsorbents) or inhibit the natural degradation of solids
by the indigenous microbial population (i.e., disinfecting or alkaline materials).
Extra benefits of an effective odor amendment may offer farmers, in addition to
odor and gas emission controls, improved manure handling properties, reduction in
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surface water pollution, and in some cases reduction in the levels of pathogenic
bacteria with potential benefit in soil pH adjustment (Wheeler et al. 2011b, c).

Manipulating the balance between ammonia and ammonium by lowering the pH
value of slurry is another measure to reduce emissions (Stevens et al. 1989; Oenema
and Velthof 1993; Hendriks and Vrielink 1997; Kroodsma and Ogink 1997;
Martinez et al. 1997; Beck and Burton 1998; Pedersen 2003). Ammonia and
methane emissions can be controlled by pH value. Manipulating the pH value of
slurry has an effect on the balance between ammonia and ammonium. The pH
values of untreated slurries range between 7 and 8 usually. Lowering the pH
reduces the gaseous emission. From former investigations, it is known that a slurry
pH around 5.5 can reduce ammonia emission by 80–90 % (Al-Kanani et al. 1992;
Berg et al. 2006a, b; Husted et al. 1991; Li et al. 2006; Pain et al. 1990; Stevens
et al. 1989). A slurry pH below 4.5 nearly avoids ammonia emission (Hartung and
Phillips 1994). The pH value influences the activities of microorganisms. Higher
methane production occurs, when the pH value is between 6 and 7 (Lay et al. 1997).
A slurry pH below 6 is necessary to reduce methane emission and below 5 impede
methane formation (Berg et al. 2006a, b). Whereas the use of inorganic acids has
several disadvantages, using organic acids is a promising possibility to reduce not
only ammonia but also methane and nitrous oxide emissions (Berg and Hoernig
1997; Berg and Pazsiczki 2003; Berg 2003). Samer et al. (2014b) developed a
hypothesis for reducing emissions from manure stored inside and outside of live-
stock buildings. The hypothesis is treating manure with acidic liquid biowastes
(e.g., wastes of citrus and milk industries) where the organic acids in the liquid
biowastes will reduce the pH of manure which consequently mitigates gaseous
emissions. Eventually, this process is an integrated waste management of both
manure and acidic liquid biowastes. Therefore, the objective of this research paper
is to investigate the possibility of reducing gas emissions (CH4, N2O, and NH3)
from dairy manure by adding low-pH biowastes, e.g., whey, wastes of citrus juice
industries, etc.

The effect of NI dicyandiamide (DCD) on transformations of N to nitrate (NO3
−)

was investigated and subsequent reduction to N2O in a grazed pasture system
receiving cow urine, where the DCD was able to decrease the nitrification rate
(Giltrap et al. 2010). Based on this study, an issue can be raised: is the DCD able to
be used as an inhibitor of N2O emissions from floor inside a livestock building? A
promising approach for reducing ammonia emissions from dairy farming is the use
of urease inhibitors. The basic investigations on urease inhibitors afforded an
important contribution to the expansion of knowledge in this area, and will lead on
the other hand to develop new techniques in order to reduce the NH3 emissions
from livestock housing (Reinhardt-Hanisch 2008). The implementation of urease
inhibitors is effective in reducing ammonia emissions from cattle and pig slurry
(Hagenkamp-Korth et al. 2015).
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3.3 Covering Manure Storages

Different materials for covering liquid manure storage facilities have been inves-
tigated and are in use for mitigating odor and ammonia emissions (Sommer et al.
1993; Williams 2003). These materials abate also methane and nitrous oxide
emissions. Different materials for covering liquid manure storage facilities to reduce
gaseous emissions were investigated on laboratory scale: perlite, lightweight
expanded clay aggregate, and chopped straw—both individually and combined
with lactic acid or saccharose, respectively (Berg et al. 2006a). Covering pig
manure with pulverized lignite reduces NH3 emissions by 70 % and odor emissions
by 50 % with no mitigation of GHG (Berg and Samer 2010). Nitrous oxide is
emitted at one-tenth the rate of methane. However, it can increase using common
cover materials (straw and granules) which reduce ammonia emissions effectively.
The higher N2O emission rates occur when manure tank has a dry encrusted sur-
face. Hence, the strongest encrustation delivers the highest N2O emission fluxes.
Adding water to the encrusted surface, simulating rainfall, could reduce nitrous
oxide emission (Berg et al. 2006a).

3.4 Aerobic and Anaerobic Treatment

Manure can be treated and utilized as a biofertilizer (Fig. 3.2). Liquid manure
treatment can be aeration, separation, or anaerobic digestion. Solid manure treat-
ment can be active composting or anaerobic digestion. The anaerobic digestion of
manure for producing biogas and biofertilizer is an effective emission abatement
technique. The generally positive impacts of anaerobic and aerobic treatment on the
reductions of methane and volatile organic compounds (VOCs) are confirmed.
However, the effects of anaerobic and aerobic treatment varied over the time of
storage, especially for VOCs. In order to achieve significant reductions in VOCs
emission, the storage time of anaerobic digester or aerobic reactor effluent should be
limited to no more than 84 days (Zhang et al. 2008). Several studies discussed the
plan and design of biogas plants and household units (Samer 2010, 2012c). In order
to comprehensively estimate the significance of biogas utilization on rural energy
development and greenhouse gas emission reduction, Yu et al. (2008) analyzed all
types of energy sources, including straw, fuelwood, coal, refined oil, electricity,
liquefied petroleum gas (LPG), natural gas, and coal gas, which were substituted by
biogas, based on the amount of consumption. Energy substitution and manure
management working in combination, i.e., coupled issues of environment and
energy, reduce the emissions of GHGs efficiently. By the employment of biogas
digesters, the reduction of GHGs (CH4, N2O and CO2) was estimated to be 49.7 %
of CO2 equivalents (CO2−eq).
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3.5 Dietary Manipulation

The primary source of NH3 is nitrogen (N) in the feed. The better the nitrogen
utilized by an animal, the less the nitrogen will be excreted by the animal. It is
recommended that the exact amounts of amino acids in the diet be provided to meet
the nitrogen requirements of the animal. However, the animal requirements change
with age and weight (CIGR 1994). Manipulation of livestock diets to affect manure
production, composition, and odor is an effective emission abatement technique.
Nitrogen excretion rates, which affect N2O emissions from manure, are based on
dry matter intake (DMI) through diet (Vergé et al. 2012). Therefore, diet manip-
ulation to improve animal N utilization efficiency is one of the most effective
measures to reduce livestock NH3 emissions compared to housing and manure
storage techniques (Carew 2010). Similarly, it is an effective measure to reduce
N2O emissions. On the other hand, the reliance of beef production on roughages
makes enteric methane a major term in the GHG budget of beef cattle (Capper
2012; IPCC 2006). There is currently no effective mitigation for enteric methane
emissions (Cottle et al. 2011). However, more grain in the cattle diet reduces the
intensity of enteric methane emissions (Capper 2012). On the other hand, the
primary source of ammonia is nitrogen in the feed. The better the nitrogen utilized
by an animal, the less the nitrogen will be excreted by the animal. It is

Fig. 3.2 Aerobic treatment and utilization of livestock manure (Amended, translated, redrawn
and adopted from Burton et al. 2003)
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recommended that the exact amount of amino acids in the diet be provided to meet
the nitrogen requirements of the animals. However, these requirements change with
age and weight (CIGR 1994).

3.6 Dust Emissions Abatement Techniques

Molecules of the greenhouse gases (CH4, N2O, NO, and CO2) and ammonia can be
adsorbed by the particulate matters emitted from livestock housing and from the
surface manure stored temporarily in livestock buildings as well as from the con-
taminated surfaces inside the livestock buildings. Therefore, dust emissions are
another mean of greenhouse gases and ammonia emissions. Consequently, reducing
dust emissions is essential. On the other hand, the EU emission norms for PM have
come into effect recently, may be limited for continuation and/or expansion of
intensive livestock operations in the near future, alongside existing ammonia and
odor emission standards (Melse et al. 2009). Therefore, the implementation of dust
abatement techniques is crucial.

Generally, the mitigation strategies are limitation of the particle release, bonding
of particles, limitation of re-suspension, and filtering/cleaning of air. The abatement
techniques are spraying of oil and/or water, adding water or oil to feed, feeding
technique and frequency, optimization of air distribution, little straw use, and
implementation of air filter. Furthermore, increasing the air quality can be achieved
by purifying the re-circulating air inside the animal barn. There are dry and wet
filter techniques. The dry filter achieves the highest dust reduction efficiency in
comparison to the cyclone and wet filter system. The reduction efficiencies of the
dry filter, under commercial scale barn measurement, are 55 and 72 % for indoor
concentration and dust emission rate, respectively.

There are several means for reduction of dust in/from livestock houses, such as
(1) dust suppression with spraying oil and/or water, (2) ionization, (3) cleaning the
air by oxidization using chemical compounds called “oxidants,” (4) use of wind-
breaks, and (5) implementation of dedusters, scrubbers, and filters as either dry or
wet (Mostafa 2008; Mostafa and Buescher 2011; Mostafa 2012). The most per-
spective options to reduce dust emissions from animal houses are as follows
(Aarnink and Ellen 2007):

1. Source problem solving: feed (using improved pellets, coating pellets, liquid
feed), feces and urine (reducing pen fouling), and bedding refreshment.

2. Preventing dust formation by preventing manure drying and improving pro-
cesses for making and transporting feed and straw.

3. Preventing dust to become airborne by reducing activity, improving feed dis-
tribution system, adding oil to animal feed, spraying oil and/or water, making
big layer of bedding material, and optimizing pen design.
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4. Preventing dust emission by using internal air cleaning systems (air filter and
electrostatic filter), implementing external air cleaning systems (biofilter, bio-
scrubber, air filter, electrostatic filter, water curtain, mist of water).

3.6.1 Spraying Oil and Water

Fogging (only water) is used for reducing indoor dust. By means of nozzles water
can be sprayed in the barn. Spraying just before the herdsman enters the milked
cows to the barn reduces the dust. Additionally, showering the passages and fittings
will moisten the dust to a level where the dust cannot rise again (CIGR 1992).
Showering water on floor surfaces in the walking alleys reduces the total dust
concentration by 9 % and spraying salt solution of KCl in the air using nozzles
reduces the total dust concentration by 41 % (Gustafsson 1997). Zhu et al.
(2005) stated that dust concentration in swine gestation houses can be reduced by
75 % of average airborne dust concentration in the summer season through
spraying/misting during the feeding time. Fogging by means of water has a short
effect on the amount of dust in the indoor air due to the evaporation of water.
A more permanent effect can be obtained using oil, because the evaporation of oil is
slow (CIGR 1992).

Spraying a mixture of oil and water was proved to be a very effective method for
reducing dust in livestock buildings at relatively low costs. The main effect of oil
and water spraying is preventing dust on surfaces to become airborne. Using a
quality design, dust reduction can reach 90 % (Pedersen et al. 2000; Aarnink and
Ellen 2007). A variety of vegetable oils including canola, corn, sunflower, flax,
soybean, and rapeseed oils along with mineral oils have been used to control dust
from feed sources and building floors. Soybean oil reduced dust counts by 99 %
following 1–2 % addition to dry feed (Pedersen et al. 2000; Ullman et al. 2004). On
the other hand, spraying mixtures of oil and water in pig houses reduces dust
concentration by 75–80 % (Gustafsson 1997).

3.6.2 Oxidizing Agents

An oxidant, oxidizing agent, can be defined as a chemical compound that readily
transfers oxygen atoms or a substance that gains electrons in a chemical redox, i.e.,
reduction/oxidation reaction (Mostafa 2008, 2012). Cleaning the air can be
achieved by oxidation using oxidants such as ozone, potassium permanganate,
chlorine, and chlorine peroxide. Ullman et al. (2004) evaluated indoor ozone sys-
tem for dust control effectiveness, where the total dust concentrations decreased by
60 % at the fan exhaust under maximum tunnel ventilation compared to a nearby
building without ozone treatment.
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3.6.3 Ionization Systems

When negative ions are discharged by ionization heads installed in a livestock barn,
the dust particles will be ionized and attracted to earth-connected surfaces (CIGR
1992). Precisely, ionization is the physical process of converting an atom or
molecule into an ion by adding or removing charged particles such as electrons or
other ions. This process works slightly differently depending on whether an ion
with a positive or a negative electric charge is being produced. A positively charged
ion is produced when an electron bonded to an atom (or molecule) absorbs enough
energy to escape from the electric potential barrier that originally confined it, thus
breaking the bond and freeing it to move. The amount of energy required is called
the ionization potential. A negatively charged ion is produced when a free electron
collides with an atom and is subsequently caught inside the electric potential barrier
releasing any excess energy (Mostafa 2008, 2012).

The reduction of dust concentration in animal buildings using an ionization
system was investigated, where the ionization of air imparts a negative charge on
dust particles that can then be attracted to collection plates or rods. Ionization
reduces dust concentrations by about 78 %, with reductions ranging from
approximately 68–92 % for six different ranges of ionization (Ullman et al. 2004).
Electrostatic space charge systems (Fig. 3.3) were shown to remove up to 91 % of
artificially generated dust and 52 % of dust generated by mature White Leghorn
chickens in a caged layer room. An apparatus consisting of two negatively charged
needles located 0.25 m above the floor and a positively charged aluminum collector
plate (0.76 m high by 1.4 m long) located in front of the door, charged at 12 and

Fig. 3.3 Electrostatic space
charge system (Adopted from
Mitchell and Baumgartner
2007)
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8 kV, respectively, was tested at a livestock facility. Ionization was approximately 6
times greater at dust removal than gravity alone.

An electrostatic space charge system was investigated by Mitchell et al.
(2004) to demonstrate its effectiveness for implementation in a breeder/layer farm
environment for reducing airborne dust. The system implemented ceiling fans to
distribute negatively charged air throughout the room and to move negatively
charged dust downward in the direction of the grounded litter where most of the
dust would be captured. The dust concentration was reduced by an average of 61 %
over a period of 23 weeks.

3.6.4 Aerodynamic Dedusters

Zhang et al. (2001) developed two aerodynamic uniflow dedusters (a cyclone-type
particle separator and gas remover with airflow capacity 188 and 1880 L s−1) with
low pressure requirement and high particle separation efficiency. This development
is based on fluid dynamics, particle mechanics, and sensitivity analysis. The small
model deduster employs a set of turbine-type vane guides, an involute separation
chamber, and a flow converging section to minimize turbulence and reduce the
pressure loss. Dusty air is drawn from the air inlet passing through a set of vanes to
establish a spiral flow pattern. The air then passes through the involutes’ chamber
and converges at the exit section above the dust bunker. Particles are collected in
the dust bunker and clean air is exhausted through the blower. This device unlike
the conventional cyclones can remove respirable particles at pressures of 50 Pa. The
large model deduster contains three concentric dedusters. The outer cylinder of the
smaller deduster serves as the inner cylinder of the bigger deduster. Thus, the total
cross-sectional area is increased to allow air delivery and the volume of the unit is
minimized. The fan speed can be varied via a frequency controller so that the
performance at different airflow rates can be evaluated. An automatic dust flushing
system was developed to periodically clean the dust in the dust bunker. The new
design is aimed at reducing dust emissions for exhaust fans with large air flow rates.
The dust mass concentration was measured at the inlet and the outlet of the deduster
using filter collectors during 24 h periods. The results showed that the dust mass
removal efficiency was 91 % at the 60 % power level. The dust reduction efficiency
was 89 % at 100 % power level. Figure 3.4 shows aerodynamic dedusters. Air was
drawn into the annular tunnel through a set of vane.

3.6.5 Bioscrubbers

Snell and Schwarz (2003) described the exhaust air cleaning system based on a
bioscrubber. The exhaust air flows horizontally to the house gable and passes
through the fans to enter the filter which is located outside the stable. In the
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beginning the air is humidified and then flows into the first filter bank which
consists of the so-called pads. In this stage the dust is washed out of the air and
transported downward by the water and the air flows through the second filter bank.

Fig. 3.4 Uniflow deduster where air is drawn into the annular tunnel through a set of vane. a First
prototype (Zhang et al. 2001), b Large prototype (Zhang et al. 2001), c Forces affecting the particle
trajectory inside the deduster (Zhang 2000), d Air cleaning recirculation system with dedusters
(Source Illinois Odor and Nutrient Control Proving Center)
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In this filter the pH value of the water is regulated by acid to eliminate NH3, fine
dust, and odorous substances which cannot be washed out in the first filter bank.
The water from both filters is collected and smoothed so the solid matter deposits on
the ground of the basin and the water is then pumped up to flow over the pads
again. The results of the dust concentration measurements show that more than
80 % of the airborne dust was removed by the filter. Figure 3.5 shows the com-
ponents of exhaust air cleaning system.

3.6.6 Windbreak Trees and Walls

A windbreak or shelterbelt is a plantation usually made up of one or more rows of
trees planted in such a manner as to provide shelter from the wind (Mostafa 2008,
2012). Windbreak walls placed at 3−6 m from the building deflected the airflow
from the exhaust fans in the upward direction similar to other wind barriers, and
therefore, it provides area for dust deposition. The vertical height at which the dust
plume would flow over a downwind area under low wind velocity was increased by
windbreak walls. Consequently, the dust levels in the downwind area from the
windbreaks were minimized (Pedersen et al. 2000).

Fig. 3.5 Exhaust air cleaning system (Amended, translated, redrawn and adopted from Snell and
Schwarz 2003)
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3.7 Biofiltration for Odor Control

There are a variety of approaches to removing odors and gaseous pollutants from
effluent streams: absorption, adsorption (gas adsorption is used industrially for odor
control), condensation, chemical and/or biochemical reaction, incineration, and
selective diffusion through a membrane. One of the implemented techniques is the
elimination of malodorous gas emissions (odorous compounds, hydrogen sulfide,
and ammonia) and volatile organic compounds (VOCs) from a livestock building
using a biofilter, which is also an attractive technique for the reduction of green-
house gases. Chen and Hoff (2009) stated that biofilters can be used as an effective
technology for reducing odor and VOCs emissions from animal facilities, where the
reduction efficiency (RE) is up to 99 % for odor and up to 86 % for odorous VOCs.

The removal of methane from exhaust air of livestock buildings and manure
storages (air from the headspace of liquid manure tanks) has a large potential for the
reduction of greenhouse gas emissions from animal husbandry. Melse and Van Der
Werf (2005) designed a biofilter with a filter bed consisting of a mixture of compost
and perlite in a 40:60 (v/v) ratio which was inoculated with activated sludge that
had shown a good methane oxidation rate as compared to pure cultures. Methane
removal up to 85 % could be achieved. The methane removal (g m−3 h−1) appeared
to be proportional to the concentration (g m−3). Relatively low methane concen-
trations and high air flows, as reported for the exhaust air of animal houses, would
require very large biofilter sizes. Treatment of air from 1000 m3 liquid manure
storage with a methane concentration of 22 g m−3 would require a 20 m3 biofilter
for a desired emission reduction of 50 %.

The operating principle of a biofilter is that the contaminated air from the
building is passed through a chamber which contains a moist packing medium.
Provided moist conditions are maintained, naturally occurring aerobic bacteria
populate the packing medium. As the air flows through the biofilter, the undesirable
components are dissolved in the moisture on the packing medium where they are
sequestrated, where the aerobic bacteria oxidize them, forming principally carbon
dioxide, water, and mineral salts (Phillips et al. 1995). The water and humidity of
the packed column inside the media of biofilters are very important for the process
of absorption and to offer the microorganisms an optimal bioenvironment for
growth (Jungbluth and Buescher 1996).

The biofilter main function is to bring microorganisms into contact with pollu-
tants contained in an air stream. The box that makes up this biofilter contains a filter
material, which is the breeding ground for the microorganisms. The microorgan-
isms live in a thin layer of moisture, called the biofilm, which surrounds the
particles that make up the filter media. During the biofiltration process, the polluted
air stream is slowly pumped through the biofilter and the pollutants are absorbed
into the filter media. The noxious gases diffuse into the biofilter media and are
adsorbed onto the biofilm. This gives microorganisms the opportunity to degrade
the pollutants and to produce energy and metabolic byproducts in the form of CO2

and H2O. The biofilter treats a contaminated air stream by biologically destroying
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the contaminants. The applicability of biofilters depends on the nature and the
concentration of the organic constituent.

Biofiltration technology has been proven to be the most cost-effective method
for treating ventilation exhaust air reducing emissions from livestock (Phillips et al.
1995; Nicolai and Janni 1999; Chen and Hoff 2009). Additionally, biofiltration has
been proved to be effective for removing low concentrations of easily biodegrad-
able constituents from air. Together with other advantages such as low cost and less
maintenance requirement, biofiltration is a promising air pollution control
(APC) for reducing odor emission. Several researches have concentrated on media
choice, retention time determination, control of operating parameters, and reducing
the capital costs. The biofilter can remove H2S in air stream up to 120 ppm to below
1 ppm at airflow rate of 0.57 m3 s−1 (Yang and Tugna 1999).

Abd El-Bary (2003) elucidated the advantages and disadvantages of biofiltration
process. The main advantage of using biofiltration over other more conventional
control methods are lower capital costs, lower operating costs, low chemical usage,
and no combustion source. Biofiltration units can be designed to physically fit into
any industrial setting. A biofiltration unit can be designed as any shape, size, or as
an open field with the piping and delivery system underground. In addition,
biofilters can be designed with stacked beds to minimize space requirements and
multiple units can be run in parallel. Biofiltration is versatile enough to treat odors,
toxic compounds, and VOCs. The treatment efficiencies of these constituents are
above 90 % for low concentrations of contaminants (<1000 ppm). Different media,
microbes, and operating conditions can be used to tailor a biofilter system for many
emission points. On the other hand, the capital costs of biofilter systems are
comparable to those of alternate technologies such as air scrubbers and adsorption
systems. Operating costs are minimal. There is no chemical or energy consumption
in the process, and minimal instrumentation and monitoring are required. The major
costs are filter bed media replacement every 3–5 years representing a depreciation
of 10 % of total capital cost per year and electrical costs for operation of exhaust
fans. On the other hand, the disadvantages of biofiltration lie in that biofiltration
cannot successfully treat some organic compounds, which have low adsorption or
degradation rates. This is especially true for chlorinated VOCs. Contaminant
sources with high chemical emissions would require large biofilter units or open
areas to install a biofiltration system. Sources with emissions that fluctuate severely
can be detrimental to the biofilter microbial population and overall performance.
Acclimatization periods for the microbial population may take weeks or even
months, especially for VOCs treatment.

3.7.1 Biofilter Design

Biofilters can be classified as open or closed by configuration or as vertical or
horizontal by gas flow direction (Chen and Hoff 2009). The common biofilter
design is a large box next to the livestock building (Fig. 3.6). The most common
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types of biofilters are the vertical gas flow open-bed biofilter (Fig. 3.7) and the
horizontal gas flow open-bed biofilter (Fig. 3.8). The vertical gas flow biofilter can
be further divided into up-flow or down-flow, where the up-flow type is generally

Fig. 3.6 Biofilters (Source Hartmann Filter GmbH & Co.KG.)

Fig. 3.7 Vertical gas flow open-bed biofilter (Amended, translated, redrawn and adopted from
Schmidt et al. 2004)
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cheaper than down-flow in terms of construction costs (Nicolai and Lefers 2006).
Therefore, up-flow open-bed biofilters are preferred for agricultural uses. The
horizontal gas flow biofilters offer an option if enough surface area and space are
not available. Chen and Hoff (2009) stated the factors concerned in design and
operation of biofilters which are media property, empty bed residence time, media
moisture measurement and control, microbial ecology, construction, and operation
cost. The performance of a biofilter is evaluated in terms of odor and VOCs
reduction efficiency (RE) and air pressure drop. The most important factors that
affect the performance of a biofilter are packing media, media moisture content, and
empty bed residence time. In order to install and operate a biofilter the following
parameters should be considered: removal efficiency, air pressure drop, and
construction/operation costs. The controlling factors are moisture content, tem-
perature, pH of the medium, nutrients, contaminant load, oxygen content, airflow
direction, dust, and grease, whereas the operation factors are (1) retention time
(RT) which is the time length allowed to the contaminated air to be in contact with
the biofilter media; (2) dynamic biofilter performance also called dynamic behavior
of biofilter; (3) efficiency and performance of biofilters where the biofilter is most
sensitive to interstitial velocity, biofilter height, specific surface area and first order
biodegradation rate constant; and (4) biofilter clogging. The design parameters of
biofilters are as follows:

1. Size and space: the space on-site is the greatest concern in designing biofilters.
A small biofiltration unit can be designed to handle approximately 60 m3 h−1 in
as little space as 2.33 m2. Similarly, a biofiltration system, designed to treat large
air volumes, requires space as large as a basketball court.

2. Biofilter depth: higher media depth has higher potential reduction efficiency
with a maximum value. However, higher media depth results in higher pressure
drop which is linearly related to media depth at a constant airflow rate. The
media depth of 0.25–0.50 m has been recommended as optimal for agricultural
biofilters (Chen and Hoff 2009).

Fig. 3.8 Horizontal gas flow
open-bed biofilter (Nicolai
and Thaler 2007)

42 3 Emissions Abatement Techniques



3. Retention time (RT): the retention time represents the length of time the bacteria
are in contact with the contaminated air stream and is equal to the ratio of void
volume to volumetric flow rate. Therefore, the longer the retention times, the
higher the efficiencies; however, the design must minimize retention time to
allow the biofilter to accommodate higher airflow rates. For most biofilters,
retention times range between 30 s and 1 min (Nicolai and Janni 1999).

4. Empty bed residence time (EBRT): EBRT is defined as the volume of biofilter
media divided by airflow rate passing through the media. At a typical 5 s empty
bed residence time and 55 % media moisture content, a mixture of compost and
wood chips can achieve average reduction efficiency of 78, 78, and 81 % for
odor, H2S, and NH3, respectively. Each pollutant needs a minimum EBRT
depending on its loading rate and media moisture content. EBRTs between 4
and 10 s should be sufficient for a biofilter designed to control odors and VOCs
from agricultural sites provided the moisture content is controlled adequately
(Chen and Hoff 2009). Higher loading rates and lower media moisture content
generally need a longer EBRT for an effective removal.

5. Moisture content: the humidity of air stream is important for maintaining the
moisture content of the biofilter media and the biofilm. The media moisture
content has been verified as a critical factor influencing biofilter performance as
it supports the microbial population. Contaminated air streams introduced to the
biofilter are usually pumped through a humidifier prior to entering the biofilter
to reach a relative humidity greater than 95 % (Abd El-Bary 2003). A range of
40–65 % is believed suitable for media commonly used in agriculture, such as
compost-based and wood chip-alone media (Chen and Hoff 2009). In addition to
humidifying the airflow, sprinkler systems are frequently installed inside the
biofilter that can be controlled to maintain suitable media moisture.

6. Temperature: the biofiltration appears to be an effective treatment process in the
temperature range of 25–35 °C (Lu and Lin 1999). The temperature range from
20 to 40 °C has been recommended, with 35 °C believed optimal for biofilter
operation. However, a wider temperature ranging from 4 to 40 °C has also
shown high reduction efficiencies (Chen and Hoff 2009).

7. Biofilter pH and nutrients: the byproducts of microbial degradation are organic
acids. In order to maintain the pH of the biofilter media around neutral, i.e., a pH
around 7, buffering material may be added to the biofilter media (Abd El-Bary
2003). Nutrients should be kept in mind when biofilters are designed and
operated. There are no guidelines identifying the amount of available nutrients
needed in biofilters (Chen and Hoff 2009). Various nutrients supplied by
compost-based media, which are commonly used in agriculture, in addition to
the nutrients from exhaust air make supplemental nutrients unnecessary.

8. Pressure drop: the pressure drop is closely related to media type, media depth,
moisture content in the media, media pore size, and air flow rate through the
media. The pressure drop across the biofilter should be minimized since an
increase in pressure drop requires higher blowing power and can result in air
channeling through the media. The pressure drop through biofilters should be
limited to no more than 50 Pa (Chen and Hoff 2009). Increased moisture and
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decreased pore size result in increased pressure drop. Therefore, the media
selection and moisturizing are critical to biofilter performance and energy
efficiency.

9. Maintenance: the operation and maintenance of the biofilter would require
weekly site visits during initiation of operations. However, after acclimatization
and all system problems are resolved, the frequency of site visits could be
reduced to be biweekly or monthly.

3.7.2 Media of Biofilter

Generally, the media should be capable of providing nutrients to the microorgan-
isms and minimizing pressure drop. There are some criteria for choosing an opti-
mum biofilter medium. In order to operate effectively in recycle systems, the media
used in attached growth systems must have a relatively high specific surface area,
i.e., surface area per unit volume, and an appreciable voids ratio. The specific
surface area controls the amount of bacterial growth that can be supported in a unit
volume. The voids ratio is critical for adequate performance of the system. The
voids ratio characterizes how much space is provided for the fluid to pass through
the media in close contact with the biofilm.

The media used in the biofilters must be inert, noncompressible and not bio-
logically degradable. The media carries the biofilm where the bacterial growth
occurs, and therefore, the media components are called biocarriers. A great variety
of media materials have been verified suitable for biofilters. The media used in
biofilters can include peat, heather, bark, composted sewage sludge, granular car-
bon, or other suitable materials. The randomly packed media can be sand, crushed
rock, river gravel, plastic biocarriers, ceramic material shaped as small beads or
larger spheres, rings, or saddles. However, the practical application in agricultural
facilities and factors such as cost and local availability must be considered. Chen
and Hoff (2009) stated that the mixture of compost and wood chips (ratio of 30–70
by weight) has been recommended as one of the better choices. Wood chips alone
are another good option assuming enough bacteria and nutrients exist in the exhaust
air. If not, inoculation can be achieved with compost and soil as well as activated
sludge. Figure 3.9 shows hardwood and cedar media. The structured media can be
crossed stacks of redwood slats, or plastic blocks composed of corrugated tubes or
plates. Pressurized-bead filters and fluidized-bed filters use a finely graded plastic or
sand media with average equivalent diameters generally from 1 to 3 mm and from
0.1 to 1.5 mm, respectively. Chen and Hoff (2009) stated that degradation of
biofilter media, along with degradation of pollutants, is unavoidable. Biofilter life
can be increased using a higher ratio of hardly degraded or nondegraded media
materials. Remixing of media can increase biofilter life. A reasonable media
lifespan of 3 years up to 5 years can be expected without causing a large pressure
drop.
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The shape of the media and its dimension is vital. The media of biofilters are
characterized in terms of their key properties which include pH, total organic
carbon (TOC), nitrogen and moisture content, oxygen uptake rates, and hetero-
trophic and fungal plate counts. Based on the physical characteristics of the various
packing media, soft-wood chips over 75 mm screen size (Fig. 3.10) appeared to be
the most promising because they provide one of the lowest pressure drops, the

Fig. 3.9 Hardwood (HW) and western cedar (WC) media (Chen 2008)

Fig. 3.10 Wood chips media (Source Hartmann Filter GmbH & Co.KG.)
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lowest coefficient of variation for air distribution across the pacing and are the least
compressible (Phillips et al. 1995). All of these three physical factors are important
for efficient minimum cost operation of biofilters in livestock buildings. The surface
area of the media must be given a special consideration. The nitrification capacity of
biological filters is largely dependent upon the total surface area available for
biological growth and the efficiency of the area utilization, i.e., greater gas removal
capacity is resulted from an increase in biofilm surface area (Summerfelt and
Cleasby 1996). The performance of biofilter media should be evaluated continu-
ously. The biofilter media characteristics that affect the performance of biofilters
include pH, moisture content, oxygen uptake rates, total organic carbon (TOC), and
microbial plate counts including total heterotrophs and fungi (Cardenas-Gonzalez
et al. 1999).

Biofilter function can be impaired if a biofilter has too little oxygen or is
overloaded with solids, biochemical oxygen demand (BOD), or ammonia.
Increased loading can reduce the capacity of the biofilter to complete the two-step
bacterial conversion of ammonia to nitrate, because increasing the loading increase
the competition for space oxygen among heterotrophic organisms and nitrobacter,
and nitrosomonas. Nitrobacter require the nitrite produced by nitrosomonas and
tend to be located toward the outlet end of the biofilter. If space and oxygen become
limiting when loading is increased, nitrobacter are generally the first to be dis-
placed, as they are the last in the line of microbial consumers, but nitrosomonas can
also be displaced or suffer from oxygen-limiting conditions. Conditions that cause a
reduction in the relative amount of nitrobacter compared with nitrosomonas will
cause the nitrite concentration across the biofilter to increase, which can become
toxic (Abd El-Bary 2003). Two techniques have been applied, sometimes simul-
taneously, in order to solve the problem of insufficient ammonia and nitrite removal
in large recirculation systems. The first technique is that the biofilter is sized to
allow larger surface area for microbial treatment with consideration of oxygen
requirements, and consequently the biofilter has both the space and oxygen capacity
to handle higher odorous compounds and pollutants’ loading rates. The second
technique is that ozone is added to the system to oxidize excess nitrite to nitrate.

The organic oxidation capacity of biological filters is largely dependent upon the
total surface area available for biological growth and the efficiency of the area
utilization. Ideally, increasing the surface area of the media will result in a corre-
sponding increase in harmful and malodorous gas removal capacity. The efficiency
of nitrification per unit surface area is depending upon the accessibility of the media
surface, the mass transfer rate into the biofilm, the growth phase of the biofilm (lag,
log, stationary, or death phase), and the competition with heterotrophic microbes for
space and oxygen. Nitrification rates reported for different filter types range from
0.04 to 0.78 g total ammonia nitrogen (TAN) removed per day per square meter of
surface area, i.e., 0.04–0.78 g TAN/m2 day (CIGR 1999).
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3.7.3 Recent Advancements

Samer (2014) proposed a technique for climate adaptation that is able to reducing
gas, odor, and dust emissions from livestock buildings; especially cattle, broiler,
and pig housing, through prototyping and implementing a biological–chemical filter
(BioChemiFilter). Nanotechnology and laser radiation is implemented to enhance
the BioChemiFilter efficiency as follows: (1) A novel prototype of BioChemiFilter
(BCF) was developed, and the proposed BCF consists of four phases/stages: the
first phase is a deduster which catches dust (PM5, PM10, and PM20); the second
phase is a desulfurization unit which consists of chains where bacterial colonies of
hydrogen sulfide (H2S) scavengers are cultured, and this unit catches H2S and
decomposes it into harmless sulfa and water; in the third phase ammonia (NH3) and
nitrous oxide (N2O) are caught by nitrosomonas which use them as energy source
for themselves but they release nitrite as by-product; the nitrite will be transformed
to nitrate by nitrobacter and the nitrate will be sequestered by sodium at the end of
this phase to produce sodium nitrate which is a food preservative. (2) Nanoparticles
are prepared and then used to treat the bacterial colonies where the nanoparticles
replace the relevant heavy metal found in the structure of the co-enzyme; this
process increases the bacterial activity. (3) Laser radiation is implemented to treat
the bacterial colonies which stimulates cell division; consequently, the bacterial cell
count increases. The calculations showed that implementing the proposed BCF
(Fig. 3.11) can reduce the emissions from 4059194 to 170820 kg CO2 equivalent
per year from a typical dairy barn housing 150 cows. Consequently, an amount of
3888374 kg CO2 equivalent can be saved which represents 95.8 % of the total
greenhouse gases and carbon dioxide global warming potential.

Fig. 3.11 Multiphase biological–chemical filter (Samer 2014)
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Chapter 4
Perspective

The environmental legislations in Europe impose the following: (1) establishment,
operation, and substantial alteration of livestock installations are subject to license;
(2) sort and complexity of the licensing procedure depend on the location/site,
species, and number of animals and the possible environmental impact (odor,
ammonia, dust and nitrogen); (3) building permit is obligatory, where the initiation
of an immission licensing procedure depends on the planned number of animal
places; and (4) the permit according to an immission licensing procedure includes
further official decisions related to the planned installation, in particular the building
permit. Therefore, several studies focused on assessing minimum distances to
prevent odor nuisance and harmful environmental impacts, setting emission, and
immission limit values. Consequently, technical requirements and standards, best
available techniques, and good agricultural practices are obligatory.

The emissions abatement techniques (Fig. 4.1) and, therefore, the mitigation
strategies are facing several problems, which can be summarized as follows:
(1) sophisticated quantification of emissions from the total production chain (animal
housing, manure storage, and manure application); (2) the described measures are
only single measures; however, the actual emissions from a livestock building can
differ quite clearly; (3) potential reduction effect of a measure can be overlaid or
compensated by other influencing factors; (4) large variability in measurements
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from different housing systems and designs is adding to the complications in
estimating emission factors and developing reduction strategies; and (5) conflict of
interests between animal welfare, economic and environmental aspects.

Fig. 4.1 Outline of emissions
abatement techniques
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Chapter 5
Summary and Conclusions

According to the issues raised in this study, the following can be further concluded:

1. The environmental legislations must regulate the establishment and operation of
livestock farms through licensing procedures. Licenses are conferred upon farms
based on their commitment to technical requirements and standards, best
available techniques, and good agricultural practices which prevent negative
environmental impacts.

2. Developing emissions abatement techniques to reduce emissions from livestock
farms should be preceded with developing national emissions inventory which
will provide a database on emission sources from which potentials of effective
mitigation strategies can be drawn and relevant emissions abatement techniques
can be applied.

3. It is crucial to consider the manure management systems inside the livestock
buildings (slatted floor, manure scrapper, litter-based system…), floor type,
building design, and ventilation system where these parameters have discernible
influence on the emissions flow rates. Therefore, each farm should be treated as
special case, where some farms may have applied emissions abatement tech-
niques and other farms may have not, and therefore farm survey is necessary to
be taken into consideration when inventorying the emissions and before
developing mitigation strategies to reduce greenhouse gases and ammonia
emissions from livestock manure.

4. Understanding of the development, release, and spreading processes of dust,
odor, CH4, CO2, N2O, NO, and NH3 into the indoor air will contribute to
development of emissions abatement techniques and housing designs, and will
contribute to the reduction of odor, dust and gaseous emissions.

5. It is crucial to determine the emission rates, fluxes, and factors before and after
deploying an emission abatement technique, where this should be considered in
amending the present emissions inventory of the geographic area where the
considered abatement technique has been deployed.
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6. There are several techniques to reduce greenhouse gases and ammonia emis-
sions such as dietary manipulation, manure treatment, additives utilization,
covering manure storages, reducing the emission source surfaces, decreasing
temperature and air velocity near the source, and minimizing volumetric airflow
rates throughout the livestock buildings.

7. There are several means for reduction of dust in/from livestock houses, such as
dust suppression with spraying oil and/or water, ionization, cleaning the air by
oxidization using chemical compounds called “oxidants”, use of windbreaks,
and implementation of dedusters, bioscrubbers, and filters as either dry or wet.

8. There are a variety of approaches to removing odorous compounds from effluent
streams: biofiltration, absorption, adsorption, condensation, chemical and/or
biochemical reaction, incineration, and selective diffusion through a membrane.
Biofilter technique is an effective technique for the elimination of malodorous
gas emissions (odorous compounds, hydrogen sulfide, and ammonia emissions)
and volatile organic compounds (VOCs).

9. The implementation of an emissions abatement technique for reducing a par-
ticular gas may change the concentrations of other pollutants (e.g., dust, CO2,
H2S, etc...), may have an effect on welfare and productivity of the animals,
should be feasible and have low investment and operating costs, and should
provide a safe environment for farmers.
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