TECHNICAL ARTICLE

CONTROL OF AMMONIA EMISSIONS IN NATURALLY VENTILATED DAIRY
CATTLE FACILITIES IN PORTUGAL

JOSE PEREIRA!, HENRIQUE TRINDADE?

ABSTRACT: We conducted a study of the processes associated to NHjz emission in naturally
ventilated dairy cattle facilities, having described factors that regulate NH3; emission, as well as
methodologies for measuring these emissions at these facilities. Appropriate techniques to mitigate
NH3 emission in facilities located in regions with warm climates were also identified. The most
effective mitigation techniques with simple implementation include strategies associated to: (i)
installation design and flooring, which lead to reduced emissions, (ii) excreta pre-excretion, namely
the use of diets with optimized crude protein content and increased milk production at farm level;
and (iii) excreta post-excretion, particularly by changing the conditions of environmental
monitoring within the premises, practice introduction or additive application in the management of
excreta deposited on floors.
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CONTROLE DAS EMISSOES DE AMONIACO EM INSTALACOES NATURALMENTE
VENTILADAS PARA BOVINOS DE LEITE EM PORTUGAL

RESUMO: Efetuou-se um estudo sobre os processos associados a emissdo de NH3; em instalacdes
naturalmente ventiladas para bovinos de leite, tendo sido descritos os fatores que regulam a emissao
de NH3, assim como metodologias de medicdo destas emissdes nestas instalagdes. Foram, também,
identificadas técnicas adequadas de mitigacdo da emissdo de NH3z em instalacdes localizadas em
regides com climas quentes. As técnicas de mitigacdo mais eficazes e de implementagdo simples
incluem estratégias associadas: (i) ao projeto das instalagbes e pavimentos que conduzam a
emissdes reduzidas; (ii) a pré-excrecdo das dejecGes, nomeadamente a utilizacdo de dietas com teor
otimizado de proteina bruta e 0 aumento da producéo de leite ao nivel da exploracéo; e (iii) a pos-
excrecdo das dejecdes, sobretudo pela alteracdo das condigdes de controlo ambiental no interior das
instalacdes, introducdo de praticas ou aplicacdo de aditivos no manejo das dejecGes depositadas
sobre os pavimentos.

PALAVRAS-CHAVE: edificios, gases, métodos, pavimentos, técnicas de mitigacao.

INTRODUCTION

Livestock production is facing increased pressures from society to comply with environmental
legislation, so that production systems are exploited in a sustainable and environmentally friendly
manner. As a result of Directive 96/61/EC of the European Union (EU) for integrated prevention
and control of pollution, each Member State shall prepare and implement the best available
techniques for environment protection. More recently, Directive 2001/81/EC on maximum National
emission limits, estates that in 2010 each EU Member State should limit gaseous pollutant
emissions that lead to acidification and eutrophication, such as ammonia (NH3) and nitric oxide
(NO), by 10%. When the Gothenburg Protocol is fully implemented in the EU, NH3 emissions must
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be reduced by 17% compared to 1990 levels (MELSE et al., 2009). Acidifying pollutant depositions
such as NH3 has a number of negative effects on ecosystems and degradation of materials and
existing facilities. Also, NH3 volatilization can cause direct damage to plants/crops grown in the
vicinity of livestock farms (dry deposition) and also the formation of acid rain (wet deposition) that
lead to changes in ecosystems. Furthermore, NH3 is also a precursor of nitrous oxide (N,O), which
in turn contributes to increase greenhouse effect and ozone layer depletion.

The NHj3; emissions occur at all waste management stages (facilities, storage and soil
application), which represent about 75% of total NH3; emissions in Europe (PEREIRA, 2010).
Livestock facilities have been identified as the largest source of air pollution by agriculture due to
contaminant gas emissions (FURTADO et al., 2012). The livestock facility ventilation need leads to
gases and polluted air emission in the vicinity of facilities (FURTADO et al., 2010; TOLON et al.,
2010), and therefore may present a risk for animal and human health (FURTADO et al., 2012). NH3
emission has as origin the N excreted by animals in urea form and other N organic forms within the
premises of facilities or outdoors or in adjacent areas, such as parks, feeding areas, storage tanks,
animal traffic areas and waiting areas, for example, milking parlors. The bovine excrete excess of N
from the diet in urea form in urine and undigested proteins in feces. This urine urea and existing
undigested proteins in feces representing about 70% of total N ingested by cattle, with the
remaining 30% excreted in the milk and/or retained in live weight gain, however these excreted
levels can vary considerably. The nitrogen compounds such as urea, ammonium N (NH4+), NH3
and undigested proteins are potential sources for NH3 volatilization (HRISTOV et al., 2011).

With the Kyoto Protocol, there was an urgent need to quantify and established practices to
reduce gas emissions from livestock facilities emerged, leading to the scientific work development
especially in Northern European countries, verifying a very limited number of studies for warmer
regions, as with Portugal. The aim of this study was to identify proper techniques to quantify and
mitigate NH3 emissions in naturally ventilated facilities of dairy cattle for Portugal conditions.

SUBJECT DESCRIPTION
NH3 volatilization

Total ammonia N (NH4+ + NHj3) is the source of NH3 emission from animal production
systems which, in turn, in cattle effluent originated mainly from urea hydrolysis present in urine
(PEREIRA et al., 2011; 2012). An excess of metabolizable protein compared to the needed amount
to achieve required levels of production will reduce the use efficiency by ruminant, resulting in N
lost in urea form via urine (PEREIRA et al., 2010). For the N excreted in urine, the larger
nitrogenous component is urea which is 50 to 90% of N present compounds (PEREIRA et al.,
2012). The potential NH3 volatilization emanating from existing nitrogen compounds in excreta
decreases in the following order: urea > alantoin > uric acid > creatinine > creatine =~ hippuric acid
> xanthine > hypoxanthine. Cattle feces contain low levels of N forms which are rapidly
decomposable because only a small percentage of N in fresh manure is in the forms of NH4+ or
urea, suggesting that the potential for NH3 volatilization in fresh manure is relatively low
(HRISTOV et al., 2011).

Urea is a diamide which, in a first stage, is converted by the enzyme urease into ammonium
carbonate ((NH4)2CO3) [eq. (1)] and, in a second stage, undergoes dissociation into NH4+, CO,
(gaseous) and water [eq. (2)]. The hydrolysis reaction consumes H* and pH increase occurs, thus
leading to imbalance of NH4+/NH3 balance, increasing the NH3 volatilization [eg. (3)]. The urea
hydrolysis follows first order kinetics Michaelis-Menten for conversion in basic enzyme processes
(PEREIRA, 2010).

Urease

CO(NH, ), + 2H,0 — (NH, ),CO, 1)

(NH, ),CO, +2H" = 2NH} +CO, T +H,0 )
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NH; +OH™ < NH, T +H,0 3)

Feces excreted by animals contain bacteria which produce urease, whereby it is present on the
floors of premises and in soils, as well as in the soil of fattening parks and outdoor parks (PEREIRA
et al.,, 2011). In cattle facilities the existence of urease is positively correlated to the surface
roughness of the floors, with activity of 1.4 g NH4+ -N m? h* (PEREIRA et al., 2011). Hydrolysis
of urea is affected by the pH value, and the optimal value of this parameter suitable for urease
activity is between 6 and 9 (SOMMER et al., 2006). The urease activity on floors is very persistent,
and only a thorough cleaning (i.e., with strong acids) can reduce its presence (OGINK &
KROODSMA, 1996). Also, urease activity is affected by temperature, being low at temperatures
below 5 °C and above 60 °C, increasing exponentially between 5 and 40 °C (RONG et al., 2009;
PEREIRA et al., 2012)

NH3 transport model outward from facilities

The physical process of transporting NH3z from emission sources (i.e., facilities, outdoor
parks, waiting and exercise areas, and storage tanks) can be described using an approach to
transport resistance. The calculation of NH3 transport resistance varies between different conditions
of climate control of facilities, as well as in different design situations, storage tanks and exterior
fattening parks (such as geometry and position of the inlet and outlet air). The physical and
chemical processes leading to NH3 emission from dirty areas with excreta (such as floors, ditch
walls for excreta removal, storage tanks, and effluent superficial area which is stored below floors
inside premises) may differ; in that for its estimate, it is necessary to determine emissions for each
surface (Figure 1). For this purpose, the calculations must take into account the time during which a
surface may be an emission source, and it may vary from a few hours at locations where urine was
deposited, to continuous emissions. From effluent surface, below the floors, resistances associated
with NH3 transport may include the following steps: (i) transport from effluent surface to the floor;
(if) through the floor (iii) from the floor to the facility’s air outlet and (iv) through air outlet
openings to atmospheric air (SOMMER et al., 2006). The NH3 emission from all emission sources
can be calculated by eq. (4).

FIGURE 1. Conceptual model of NH3 transport processes in dairy cattle facilities (adapted from
SOMMER et al., 2006).

In which the total NH3 flux from the facility is given by emissions from each source: (a)
effluent surface in the removal or storage channel; (b) channel walls dirty with effluent; (c) slatted
floor over the channel, and (d) solid floor with excreta deposited on the surface.
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1

= A(NH
4+l + I

F 39 N H3,A ) (4)

NH, —

where,

FNH3 - total NH; flow;

A - NH3 emission source surface area;

ri-rn - resistances to NHj transport between the emitting surface and free atmosphere, which
are affected by ventilation (or wind) and contact surface parameters (roughness);

NH34 - NH3 atmospheric concentration in the air layer immediately above surface, and

NH3 a - NH3 concentration in exterior environment atmosphere. However, it is common to

ignore NH3 A as its concentration is low compared to NH3 g.

NH3 emission measurement in naturally ventilated facilities

In recent years a set of techniques for NH3 emission measurement in livestock facilities have
been developed and validated in field conditions, even for facility case where existing NH3
concentrations are low (DORE et al, 2004; NI & HEBER, 2008; SAMER et al., 2011, 2012).
Recent studies have suggested that to quantify facility emission, ventilation flow rate and air gas
concentrations emitted through the air outlet openings must be known [eg. (5)], and a key aspect to
the emission rate determination is to calculate the air exchange rate in the facility (NGWABIE et
al., 2009; SAMER et al., 2011). In this perspective, the NH3 emission determination from facilities
with forced ventilation is considered a standard procedure; however, in natural ventilation facilities
the determination is more complex, since in forced ventilation the flow rate ventilation
determination is simpler than the natural one (e.g. using anemometers) as air flow intake or exhaust
are controlled by fans.

ENH — CV (Cin _Cout)
’ n

()

where,
Enns - NH3 emission (animal mg h™);
CV - ventilation flow rate (m* h™") obtained for a 24 h period;
Cin and Cou - NH3 concentrations (mg m™) inside and outside the facility, respectively, and
n - total number of animals housed in the building.

For example, the protocol currently used in Netherlands for NH3 emission measurement from
livestock facilities specifies that they must be performed considering the airflow coming out of the
facilities (ventilation flow rate or air exchange rate) and average NH3; atmosphere concentration
with the exiting air in the facilities, the NH3 emission being calculated as the product of ventilation
flow rate and average NHj concentration (MOSQUERA et al., 2005). In the case of livestock
facilities with forced ventilation, where air emitted is extracted by the ventilation system, the
protocol currently used in Netherlands specifies the use of N oxide (NOy) analyzer coupled to a
thermal NH3; converter, or a photo-acoustic gas analyzer with infrared to measure the NH;
concentrations and an airspeed sensor, placed in the ventilation system, for measuring ventilation
flow rate.

For facilities with natural ventilation, which is the case for most of the existing facilities for
dairy cattle in Portugal, the air renewal in this ventilation system is controlled by the processes of
thermal lift and wind speed, which in most situations work together. These facilities generally have
large air inlets and outlets, which sometimes may be part or even the total area of transverse and/ or
longitudinal building faces. In such cases air renewal depends on wind speed and direction, and a
wide range of ventilation patterns can be observed. There is also a large uncertainty regarding to the
building openings that serve as air inlets and outlets, as they can vary from day to day and even
during the day (or within hours) (PEREIRA et al., 2010).
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Several studies have shown that for the NH3 emission measurement from naturally ventilated
livestock facilities we can use methods or techniques that are based on the ventilation flow rate
estimate and NH3 concentration emitted in the air, thus obtaining the emission (DORE et al., 2004;
SAMER et al., 2011, 2012 ), or in methods that allow to estimate or quantify the NH3 flow based
on micrometeorological methods, including various configurations of flow sampling passive
devices (commonly known as Ferm tubes) have shown robust results (DORE et al., 2004;
PEREIRA et al., 2010).

Techniques based on the ventilation flow rate estimate

Several methods for NH3; emission measurement based on ventilation flow rate have been
used and compared, among which those that have shown more effective results and have been
accepted as measurement techniques are: (i) tracer gas [eq. (6)], where there is gas application, used
as tracers (i.e. krypton -85 (Kr®), sulfur hexafluoride (SFg), sulfur pentafluoride trifluoromethyl
(SF5CF3)); and (ii) mass balance (COy) [eq. (7)] and energy (heat), in which it is assumed that the
heat and CO, produced by the animals in the facility can be determined from previously validated
models, and these factors are used to estimate NH3; emissions by comparison (DORE et al., 2004;
TEYE & HAUTALA, 2008; NGWABIE et al., 2009; SAMER et al., 2011, 2012; SCHRADE et al.,
2012). The use of tracer gas has been identified as a reliable method for estimating gaseous
emissions from naturally ventilated livestock facilities, but the CO, balance is also commonly used
(SAMER et al., 2011, 2012).

cv, - (In co_l—_ln Cl)V (6)

where,
CV - ventilation flow rate (m® h™) estimated using tracer gas (in decay);
Co - concentration of tracer gas in time 0 (maximum) in ppm;
C; - concentration of tracer gas in time 1 (minimum and close to detection limit) in ppm;

T - time measurement between ¢y and c; values obtained (in hours), and
V - building volume (m?).

nP
CVco2 = = (7)

pCO2 (Cin - Cout )1076

where,
CVco2 - Ventilation flow rate (m® h™) estimated based on CO, balance;
n - total number of animals housed in the facility;
Pcoz - CO; individual production by animals (g h™);
Cin and Coy - CO, concentrations (g m™) inside and outside the building, respectively, and
pcoz = CO, density.

NHj3 flow quantification

The NHj3; emission quantifications also been made by using various configurations of
sampling flow passive devices, which are based on measuring NH3 flow in emission sources, for
example in livestock facilities with natural ventilation (DORE et al., 2004; PEREIRA et al., 2010)
and parks and other outdoor areas (MISSELBROOK et al., 2006; NI & HEBER, 2008).

The Ferm tubes consist in the use of tube pairs arranged in series or according to the same
axis, in which an air flow passes, controlled by a hole in the between the tube pair connection. In
each tube a filter paper impregnated with NH3 adsorbent acid (usually sulfuric acid) is previously
introduced, allowing it to capture the NH3 flow from the air in proportion to exposure time (DORE
et al., 2004). The arrangement of a Ferm tube set properly distributed wraparound the emission
source, which are the air inlet and outlet of a building, allows obtaining the fluid flow that is given
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by numerical integration of NH3 liquid flow values obtained in each sampling area (PEREIRA et
al., 2010). The total emission from each building is calculated as the emission sum from all areas of
monitored openings [eq. (8)].

2]

In which A, (in m?) is the air gap area monitored by the device n, a (in m?) is the hole area on
the device and X; is the device constant. The reason A,/(Xsx a) is the correction factor between the
air gap area and the hole area of each device. M, (in ug) is the NH3 net value retained on the device
(i.e. the NH3 amount collected in the leaving air flow rate minus the air flow rate entering through
the building ventilation); the NH3 flow to an air opening is given by dividing M, by the exposure
time t, (in seconds).

Techniques to mitigate NH3 emission

NH3 emission from cattle facilities depends on several key factors including temperature, air
speed, ventilation flow rate, floor type, diet and its composition, and excreta removal system
(SOMMER et al., 2006; PEREIRA et al., 2010; SCHRADE et al., 2012). Consequently, the
emission originated in cattle facilities, used in livestock production systems of various European
countries will be different, and higher values were observed in Portugal compared to Northern
Europe countries (PEREIRA et al., 2010) (Table 1).

TABLE 1. NH3 emission factors in naturally ventilated dairy cattle facilities.

Emission Factor Country Author

20,0 g N-NH; normal-head™ day™ Sweden NGWABIE et al., 2009
23,5 g N-NH; normal-head™ day™ Switzerland SCHRADE et al., 2012
43,7 g N-NH; normal-head™ day™ Portugal PEREIRA et al., 2010

The most effective mitigation and simple to implement techniques include associated
strategies (i) excreta pre-excretion, including diets with optimized crude protein content, leading to
a decrease in the N excreted amount as urea present in urine (HRISTOV et al., 2011), and increased
milk production at farm level (PEREIRA, 2010), (ii) and excreta post-excretion, mainly by
exchanging conditions in terms of environmental control within the premises (temperature and air
speed), use of floors that lead to reduced emissions, practice introduction or additive application in
the produced excreta management (SOMMER et al., 2006; NDEGWA et al., 2008; PEREIRA et al.,
2013). However, some outlined above actions are sometimes difficult to implement in existing
facilities for cattle because they imply high costs, potential production losses and high time and
hand labor consumption. An alternative to reduce NH3 emission is periodic additive applications on
the floors/ parks and/ or effluent removal of tanks/ trenches. These additives are effective in
reducing NH3 emissions, controlling the following processes: (i) NH4+ adsorption capacity during
excreta decomposition, (ii) microorganism activity control through periodic additive applications
being effective on excreta pH reduction, and (iii) urease enzyme activity inhibition.

Facility design

The best way to achieve a NH3z emission reduction in cattle facilities is the fast excreta
removal (mainly urine) to storage structures or treatment systems. Studies employing models to the
floors scale of naturally ventilated cattle facilities showed that a solid non-angled floor led to higher
emissions than slatted floor as it favored the urease enzyme contact with urine urea (PEREIRA et
al., 2011).

Slatted floor in cattle facilities promotes partial feces removal and urine drainage to a removal
channel or storage tank located immediately under the slats, wherein 60% of NHjzvolatilization
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originated from slatted and the 40% remainder from the channel or tank (OGINK & KROODSMA,
1996). Compared to a slatted floor, the 3% inclination of a solid floor reduces NH3 volatilization in
21%. Though, a solid floor with a double slope (V-shape) to a central drain (which promotes urine
drainage) reduces in 50% (BRAAM et al., 1997), as well as the perforation presence in a solid floor
(less than 0.5% of total floor area) reduces 46% NHj3 volatilization (NDEGWA et al., 2008).
Recently, HAMELIN et al. (2010) noted that in slatted floors, a border insertion on the upper beam
surface (along the length) reduces NH3 emission from 23 to 42%, because it decreases the contact
surface area between urine and beam side faces, diverting urine directly to the channel under them.
Furthermore, the combination of floor cleaning (scraping and/or washing) and urine drainage to a
central drain reduces emission in 65%, when compared to slatted floor (BRAAM et al., 1997,
SOMMER et al., 2006). NH3 emission is decreased by about 50% in inclined solid floors, compared
to slatted floor, and in addition, the top coat type applied to the floor surface does not significantly
affect these emissions, because it has no effect on urease activity (SWIERSTRA et al., 1995).
However, the flat top coat in angled floors can facilitate urine run-off, which may lead to smaller
losses by NH3 volatilization.

Changing flooring type or urine-feces separating systems, aiming to reduce NH3z emissions,
must be planned regarding to the farm profitability, because they have great costs, so it seems like a
more viable solution to be adopted in new facility designs or rehabilitation of existing ones.

On the other hand, it has been shown, in several studies, that air speed and temperature
decrease, or floor cooling, lead to significant NH3 emission reduction from the emitting surface
(floors or tanks), due to these two factors having significant effect on NH3 convective mass transfer
(RONG et al., 2009). Because cattle facilities are naturally ventilated particularly through openings
for air renewal of large dimensions, such as it occurs in Portugal. It is very difficult to maintain a
regular ventilation flow rate, which does not make practical the air speed control as a NH3z emission
measure reduction (PEREIRA et al., 2010). Similarly, temperature control in naturally ventilated
cattle facilities is quite difficult to achieve, because the temperature inside the premises depends on
daily and seasonally outdoor fluctuations. However, positioning the air entrance openings, or
placing curbs (1-1.5 m high) on floor level to prevent the direct hitting of the air flow and the floors
(and/or tanks), can lead to NH3; emission reduction in about 52% of a solid V-shaped floor
(SWIERSTRA et al., 1995).

Effluent management

Studies conducted in dairy cattle facilities of Northwest Portugal (PEREIRA et al., 2010,
2011, 2012) suggest that, for temperature values between 5 and 25°C, NH3; emissions are
particularly important at times of the year when high temperatures occur (spring/summer), or in
countries with temperate climates (average annual temperature between 15 and 25 °C). Particularly,
PEREIRA et al. (2010) showed that NH3 emissions from uncovered areas of dairy cattle facilities
accounted for between 69 and 92% of housing system total NH3 emissions (indoor and outdoor
areas). Consequently, these same studies suggest that additional mitigation measures should be
introduced under these conditions compared to Northern Europe countries.

As ways of reducing NH3 emissions, it appears that frequent excreta scrape of non-inclined
solid floor will have lower effect on NH3 volatilization because a thin film remains, which is a
significant NH3 emission source (KROODSMA et al., 1993; BRAAM et al., 1997). The scraping
followed by washing with pressurized water has been shown very effective to reduce NH3 emission
(MISSELBROOK et al., 2006), but it has the disadvantage of leading to increased effluent volume,
unless treated wastewater is reused (partially or fully) for facility washing. Nevertheless, the mix of
floor type and cleaning frequency (washing and/or scraping) results in more effective NH3 emission
reduction.

Another alternative to reduce emission is the periodic additive application on the floors/ parks
(by spraying additive solutions over excreta) and/ or effluent removal trenches/tanks (by additive
solutions). These additives are effective in reducing NH3 emissions, controlling the processes:
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(i) NH4+ adsorption capacity during excreta decomposition: clinoptilolite application (zeolite
type clay mineral) has a potential for reducing NH3 emissions greater than 60% (NDEGWA et al.,
2008).

(i) microorganism activity control through periodic additive application effective on (1)
reducing excreta pH, in particular: (a) dilute sulfuric acid solution, lowering pH to 5.5, reducing
85% NH; volatilization (NDEGWA et al., 2008); (b) aluminum sulfate reducing 98% NHj
emissions when applied to floors, and (c) diluted aluminum chloride solution allowing 52% NH3
emission reduction, in addition mitigating odors and phosphorus solubilization (SMITH et al.,
2004); or additives effective as (2) disinfectant, reducing microbial activity, as in formaldehyde
diluted solution, which when applied to solid and slatted floors (tilted) has a potential to reduce
NH3 emissions by 50% and 80%, respectively (OGINK & KROODSMA, 1996).

(iii) inhibition of the urease enzyme activity by periodically applying NBPT solution [N-(N-
butyl) thiophosphoric triamide] on the floor, has proven to be a very effective technique for
reducing NH3 emission of outdoor parks (around 65%) and dairy cattle facilities (by 40-50%)
(NDEGWA et al., 2008; MISSELBROOK et al., 2006; PEREIRA, 2010).

For effective NH3 emission reductions from dairy cattle facilities in Portugal we suggest that
the implementation of any mitigation measures take place, firstly, in Spring and Summer and in the
facility uncovered areas, because they have the largest emission sources. Nonetheless, this reduction
must be cautiously made and integrated at farm level, as the emission reduction in one step
(facilities, storage or land application) can increase emissions in remaining steps of effluent
management or even losses due to nitrate ion leaching.

CONCLUSIONS

NH3 volatilization is the result of biochemical processes of excreta decomposition deposited
on the floors of dairy cattle facilities and NHj3 emission results from very complex physical
processes commanded primarily by temperature, surface area, emission source exposure and air
speed. Secreted compounds, transformation processes, and NH3 emission regulation mechanisms
identification in facilities allows the control of NH3 losses. NH3 emissions in cattle facilities can be
monitored using tracer gas, Ferm tubes and CO, balance. The mitigation technique implementation,
identified in this study, will contribute to animal livestock sustainability and applicable regulation
compliance; however, there is limited number of studies published for warmer climate conditions
than Northern Europe, such as Portugal, in which technical actions to reduce NH3; emissions should
be evaluated.
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