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1. Introduction
This report is part of the air pollution assessment carried out to support the Air Quality Directives
revision. The current work is a literature review focusing mainly on the analysis of agricultural
emissions, especially relevant for the future negotiations of the National Emission Ceiling (NEC)
directive and to address the recurrent particulate matter (PM) exceedances in Europe, and the
impact of agricultural emissions on air quality and particularly on PM.

1.1.

Background

Air pollutant emissions from agriculture are main contributors to air pollution, and imply both local
and regional problems, such as PM exposure, eutrophication and acidification, and contribution to
greenhouse gas (GHG) emissions. Air pollutants emitted from the agricultural sector are mainly
methane (CH4), nitrous oxide (N2O) and ammonia (NH3). Agriculture is also a main source of PM, both
primary and secondary in origin. Figure 1 shows the contribution from agricultural emissions to the
EU-15 emissions of specific atmospheric pollutants. NH3 is a main concern as emissions contribute
notably to acidification, eutrophication and PM formation. Thereby agricultural emissions are of
great concern, as NH3 from agriculture contributed to 94% of total NH3 emissions in 2010 within the
EU-27 (Chapter 3).

CO2
N2O
Primary PM10
CH4
SO2
NOX
NMVOC
NH3

Figure 1: Emission-based assessment of agriculture contribution to different environmental issues in EU-15 (After Erisman
et al., 2008).

Policies have been developed to reduce agricultural emissions to the air with certain success in some
countries. In the case of particulate matter (PM), these policies focus mainly on primary PM (as
opposed to secondary). The slowly decreasing agricultural NH3 emissions are expected to contribute
to a baseline PM concentration that is only declining slowly. Some European countries (e.g. France,
The Netherlands) experience a substantial number of exceedances of PM limit values where
secondary inorganic aerosol (SIA) formed from agricultural emissions of NH3 play a major role
(Weijers et al., 2010).In parts of Europe agricultural biomass burning is common practice, and besides
the release of primary PM, emissions of carbonaceous species occur leading to secondary organic
aerosol (SOA) formation.
This report focuses on the contribution of agricultural emissions to total EU emissions (Chapter 3)
and air quality problems (Chapter 4), with special focus on NH3 emissions and PM concentration
levels. The assessment relates to the analysis of the agricultural emission reduction strategies in view
1
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of the future negotiations of the National Emission Ceilings (NEC) directive for certain pollutants. A
literature review has been carried out to determine the contribution from a quantitative point of
view and based on the latest studies. Additionally, based on the literature review the best available
control measures for mitigation of NH3 emissions from agriculture are summarized and discussed
(Chapter 5).

1.2.

Secondary Inorganic Aerosol (SIA) formation

In Europe, secondary particulate matter (both SIA and SOA) contributes about 70% or more of PM2.5
levels in the air (Putaud et al 2010). Therefore, to reduce PM concentrations it is necessary to lower
precursor emissions. The precursors of secondary PM are SO2, NOx, NH3, anthropogenic and biogenic
volatile organic compounds (VOCs); secondary PM components are sulphate, nitrate, ammonium and
compounds of organic carbon. While European NH3 emissions are known to stem mainly from
agriculture, SO2 and NOx emissions have an industrial and traffic-related origin. It is relevant to
consider here the successful abatement of SO2 emissions which has been taking place in recent years,
resulting in NH4NO3 as the main contributor to secondary inorganic aerosols.
Sulphate (SO42-), nitrate (NO3-) and ammonium (NH4+) are the main SIA components in PM, occurring
mainly as ammonium sulphate ((NH4)2SO4) and ammonium nitrate (NH4NO3). These salts are result
from the neutralization of sulphuric acid (H2SO4) and nitric acid (HNO3) with ammonia (NH3), and they
exist in thermodynamic equilibrium with the precursor gases.
The equilibrium between gaseous ammonia and nitric acid, and ammonium nitrate aerosol is written
as:
1
Ammonium nitrate is semi-volatile and the equilibrium can shift to the gas phase under conditions of
high temperature and/or low relative humidity. On the other hand, the formation of ammonium bisulphate and sulphate follows the reactions 2 and 3, respectively, which occurs at higher velocities
with increasing temperature (mainly during the summer months):
𝐻2 𝑆𝑂4 + 𝑁𝐻3 → 𝑁𝐻4 𝐻𝑆𝑂4

2
3

Both reactions, to form ammonium sulphate from H2SO4 and ammonium nitrate from HNO3, arising
from SO2 and NOx oxidation, compete with each other for 1) the available OH∙radicals to form
sulphuric acid and nitric acid, respectively, and 2) for the availability of NH3. Ammonia tends to be
trapped to preferably form ammonium sulphate, thus the formation of ammonium nitrate will
depend on the availability of NH3. It has been established that the amount of NH3 needed to lead to
the formation of ammonium nitrate exceeds the amount of sulphate by a factor of two (Schaap,
2003). While ammonium sulphate is a well-known tracer of long-range transport due to its stability
and consequent long atmospheric residence time, ammonium nitrate is unstable at temperatures
>25-30ºC.
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1.3.

Agricultural sources of pollutants

A brief characterization of the most frequent agricultural sources of pollutants is presented in this
section, with special focus on sources of both primary and secondary PM, and NH3.
Livestock production

Livestock production constitutes the main source of air pollution from agricultural activities. The
most relevant emissions are CH4, which mostly occur as part of the natural digestive process of
animals and the manure management, N2O, and NH3. Coarse particles (PM10-2.5) are also produced
within a livestock farming environment, they are primary in origin and consist of up to 90% organic
matter (Aarnink et al. 1999), which provides opportunities for the adherence of bacteria and odorous
components to the particles. The extent to which PM from livestock houses can adsorb and contain
irritating gases such as NH3, odorous compounds, and pathogenic and non-pathogenic microorganisms is still uncertain. One of the main sources of NH3 is the manure from livestock production,
and mainly through the processes of storage and management. As described in Chapter 3, the NH3
content in the manure and therefore volatilization will depend on the livestock type.
Application of Fertilizers and Pesticides

In recent years, the consumption of fertilizers has increased exponentially worldwide, causing serious
environmental problems and responsible for an expected significant increase of N2O emissions by
2020 (Smith et al. 2007). Air pollution associated with the application of fertilizers is dominated by
nitrogen oxides (i.e. NO, N2O, NO2) and NH3 emissions. The application of ammonium fertilizers to
the soil surface may result in ammonium loss to the atmosphere by volatilization, especially soils with
a high pH (i.e. pH>7). In European countries, NH3 volatilization from field-applied fresh manure, a
commonly used organic fertilizer, is a major contributor to the overall NH3 load from the agricultural
sector (Huijsmans et al., 2003). These emissions also lead to secondary inorganic aerosol formation
and therefore increase in the PM load.
Land preparation

The preparation of the land includes the activities carried out before cultivation and after harvesting.
This activity may account for most of PM emissions from agricultural operations, being tillage one of
the most important causes of release of PM from soils. Measurements in Europe indicate that
emission of dust by tillage operations is many times higher than by natural wind erosion (Funk et al.
2008).
Harvesting

Harvesting includes three different types of operations; crop handling by the harvest machine,
loading of the harvested crop into trailers or trucks, and transport by trailers or trucks in the field.
Emissions from these operations are in the form of solid particulates composed mainly of raw plant
material and soil dust that is entrained into the air. These emissions may simply be due to soil
resuspension, the mechanical processing of the plant material and underlying soil, or due to blowing
or sweeping the crop to remove waste materials (e.g. almonds, Faulkner et al., 2011). Defoliants
and/or desiccants may constitute an additional source of PM. They are used in some crops weeks
before harvesting and PM emissions are due to the drifting of the chemicals, which has been
estimated to be about 1% of the product applied on the crop (USEPA, 2006).
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Field burning of agricultural waste

Agricultural residue burning is the main source of primary PM2.5 emissions in the agricultural sector,
as well as a major source of secondary organic aerosols (SOA). PM resulting from burning of crop
residues is made up of a large variety of carbonaceous compounds including sugars, polycyclic
aromatic hydrocarbons (PAHs), alkanes and alkenes (Liousse et al., 1996; Turn et al., 1997).
Additionally a large variety of volatile organic compounds (VOCs), including PAHs, have been
identified as products from the burning of agricultural waste residues (Keshtkar et al. 2007).
Inorganic compounds such as KCl are also generated by this activity (Niemi et al., 2004; Hays et al.,
2005). These studies evidence the large variability of emissions as a function of the agricultural
residue being combusted (e.g., rice or and wheat residuals, pruning residues, etc.).

1.4.

Objectives

The aim of this report is to collect and review the outcomes from the latest studies about the
contribution of agriculture to air quality problems, with special interest in the contribution to PM
concentration levels, and with focus on the contribution of NH3 emissions to the formation of SIA. In
addition, the best available NH3 mitigation measures will be presented, based on the latest work
done to support the review and amendment of the Gothenburg Protocol under the Convention on
Long-range Transboundary Air Pollution (UNECE, 2012a).
The objective of this report is to shed light in the understanding of the contribution of agriculture to
air quality in urban and rural areas in Europe through answering the following questions:
•
•

How much does agriculture contribute to air quality problems and in particular to PM
levels in the air?
What are the best available control measures to abate agricultural air pollution, with
special focus on NH3 emission reductions.

2. Methodology
A literature search was carried out in different phases, and focussing mainly in European studies. A
first phase focussed on peer-reviewed journals and issues published in the last 5 years (i.e. 20082012), thereafter the search was extended to older issues as few relevant results were found. The
search was primary carried out via search engines such as “ISI Web of Knowledge”, “Science Direct”
and “Springer Link” and based on combinations of the following keywords; “ammonia”,
“ammonium”, “secondary inorganic aerosol (SIA)”, “particulate matter” “agriculture”, “agricultural
contribution”, “mitigation”, “agricultural emissions”, among others. A second phase of the search
focussed on the so called grey literature, which include reports, communications and databases. The
grey literature has been mainly obtained from national/regional air quality assessment programmes
(e.g. Netherland, Ile-de-France region), through EU programs such as “The European Nitrogen
Assessment” (ENA) from the NinE programme (Nitrogen in Europe, current problems and future
solutions), reports published by the European Environmental Agency, the Convention of Long-range
Transboundary Air Pollution (LRTAP) and in particular documents related with the Gothenburg
Protocol. The information concerning emission at European levels have been obtained mainly from
official reports to the LRTAP, and later on it has been supported by information from the scientific
literature.
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3. Agricultural Emissions and Contribution to EU-27 Emissions
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As pointed out at the beginning of this report, agriculture is largely responsible for emissions of
major greenhouse gases (i.e. CH4 and N2O) and ammonia, and it is a significant source of PM, both
primary and secondary. In 2002 agriculture contributed around 10% of total greenhouse gases (GHG)
and 94% of ammonia emissions (EEA, 2005; Figure 2). Nitrous oxide (N2O) is emitted from synthetic
fertilizers and from soil and livestock manure/urine management, while methane (CH4) is mainly
emitted from enteric fermentation, manure management, burning of agricultural residues and rice
cultivation. Ammonia emissions occur mostly as a result of volatilization from livestock excretion (e.g.
manure, slurry), thus the most common sources of ammonia are livestock buildings, open feedlots,
manure storage facilities, and activities related with the handling, management and treatment of the
manure and when that is applied on land. Regarding primary PM, tillage and harvesting are the main
contributors along with the burning of agricultural residues, which especially contributes to PM2.5
emissions.

Figure 2: Emissions of primary particulate matter (PM2.5 and PM10), and secondary particulate matter precursors (NH3, NOx
SOx, and NMVOC) for total (all sectors) and for agricultural sector in EU27 in 2010. National emissions reported to the
Convention on Long-range Transboundary Air Pollution (Source: EEA 2013).

5

ETC/ACM Technical Paper 2013/10

Figure 2 shows the contribution of agriculture to total EU-27 emissions of particulate matter (PM)
and secondary PM precursors from 1990 to 2010. Agricultural emissions contribute about 2.5 and
8.5% of total emissions of primary PM2.5 and PM10, respectively, whereas it is responsible of 94% of
the total NH3 emissions (EEA 2005). Total emissions changes are noteworthy; significant decrease is
observed for the precursors, SOx, NMVOC and NOX from 1990 to 2010, with a decrease of about 444,
125 and 87%, respectively. Primary emissions of PM2.5 and PM10 decrease by around 40 and 35%,
respectively, and NH3 emissions by around 40% from 1990 to 2010. Emissions from the agricultural
sector have also experienced reductions, for instance, emissions of PM2.5 and PM10 decreased by 5
and 10% from 1990 to 2010, respectively, and NOx and NH3 emissions decreased by 30 and 42%,
respectively.
Agricultural emission changes and specifically those related to ammonia emission are slightly
different between European countries. Agriculture is estimated to contribute to around 97% of the
anthropogenic ammonia emissions in France and Denmark (CITEPA, 2010; NERI, 2011), with about
40% due to land fertilization. In Greece livestock production is estimated to contribute by around
57% to national total NH3 emissions (Sidiropoulos and Tsilingiridis, 2008).
Figure 3 shows reported changes in ammonia emissions for European country and the comparison
with the emission ceiling directive and 2020 Gothenburg protocol target. Countries such as
Netherlands and Lithuania reported ammonia emissions reductions above 60% from 1990 to 2010,
whereas Norway and Spain reported ammonia emission increases (Figure 3). All EU Member States
except Spain and Denmark reported national NH3 emissions levels for 2010 below the emission
ceilings set by the National Emission Ceilings Directive (NECD).

Figure 3: Reported changes in ammonia (NH3) emissions for each country from 1990 to 2010 in comparison with the 2010
National Emission Ceilings Directive (NECD) and 2020 Gothenburg protocol targets (EEA/ACM, 2013).

European figures for PM emissions may also slightly differ from those at national level and especially
for those countries with intense agriculture. For instance in The Netherlands, the contribution of
agriculture to PM emissions has been estimated to be of about 25% in 2002 (Chardon and van der
6
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Hoek, 2002) and of about 17% contribution to emissions of PM10 in 2010 (Dutch Emission
Registration, 2013). In Denmark, 29% of the national Total Suspended Particulate (TSP), 18% of PM10
and 5% of PM2.5 emissions is attributed to agriculture (NERI, 2011), in France, the percentage was
estimated to be up to 30% of the national emission of PM10 (CITEPA, 2010) and in the UK, the
estimated national agricultural contribution to total PM10 emissions was between 5-15% (HPA, 2006).
Differences in emissions have also been reported for different agricultural activities or types of
productions; for instance in livestock production, poultry and pig houses are the main sources of PM
emissions, contributing to about 50 and 30%, respectively, of total PM emissions from agriculture in
Europe (EMEP-CORINAIR, 2007). In the United Kingdom the spatial distribution of NH3 emissions
showed high levels at areas characterized by intensive agricultural activity, specially pig and poultry
farming (Hellsten et al., 2008). Figure 4 shows the emissions from different types of livestock
production at European levels in 2010. Swine, poultry and cattle are the main emission sources for
PM and NH3. Emissions from poultry and swine are mainly of PM10, and cattle and swine are the main
sources of NH3.
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Figure 4: Emissions from livestock production sectors in Europe (2010). National emissions reported to the Convention on
Long-range Transboundary Air Pollution (Source: EEA, 2013).

Other activities need to be taken into account as part of the agricultural sector. Figure 5 shows NH3,
PM2.5 and PM10 emissions from different activities of the agricultural sectors; livestock production
(i.e. Cattle dairy and non-dairy, buffalo, sheep, goats, horses, mules and asses, swine and poultry),
synthetic N-fertilizers, agricultural operations both at farm level and off farm (e.g. plowing,
harrowing, disking and cultivating), N-excretion, burning of agricultural wastes, and others.
Comparing the different activities, livestock production is the main emission source of NH3, PM10 and
PM2.5. Synthetic N-fertilizers contribute in addition to NH3 emissions, and agricultural operations at
farm levels contribute to PM, especially PM10. For instance, Bogman et al. (2007) assessed the
particle emission from farming operations in Belgium and they established emissions of about 10.1
kton (7.5 kg ha-1) of TSP per year, and from 2.0 to 3.1 kton (1.5 to 2.3 kg ha-1) of PM10, accounting for
35% of total TSP emission and 24% of total PM10 emission. It is relevant to highlight here that
estimates of emissions from burning of agricultural waste may not be fully accurate, given the
complexity of this issue. On the one hand, obtaining precise emission factors is highly complex
because of the largely varied types of agricultural residues which are burnt in the different regions in
Europe. On the other hand, biomass burning activities are mostly regulated to be carried out during
specific annual periods with favourable meteorological conditions, but these regulations are not
7
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always observed and the degree of un-regulated biomass burning activities may vary across the
different European regions.
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Figure 5: NH3, PM10 and PM2.5 emissions from agricultural sectors in Europe (2010). National emissions reported to the
Convention on Long-range Transboundary Air Pollution (Source: EEA, 2013).

4. Contribution of Agricultural Emissions to Particulate Matter
Concentrations
Agricultural emissions can contribute to PM levels directly (primary particles) or indirectly through
the formation of SIA and SOA (secondary particles). Primary emissions of PM (PM2.5 and PM10) from
agriculture are below 10% of total emissions at European levels, and studies about the contribution
of agricultural emissions to PM concentration through primary emissions are scarce. Agricultural
activities sources of primary PM range from those associated with livestock production, harvesting,
land preparation to agricultural waste burning. In addition, factors such as housing, feeding, type of
animal and environmental will influence the formation of PM and the concentration levels. CambraLópez et al. (2010) reviewed the state of the art concerning particulate matter from livestock
production emphasizing the need for further characterization of both PM and the sources. Although
it is known that 90% of the PM from livestock production is organic matter, the contribution from
primary or secondary sources is still uncertain.
The burning of agricultural residues is a significant source of primary PM, especially PM2.5 as it
contributes to about 23% of primary PM2.5 emissions from the agricultural sector (Figure 5). It is also
a major source of secondary organic aerosols (de Gouw & Jiménez, 2009). Several studies in
literature have focused on the characterization of the source profiles of PM emitted from a specific
8

ETC/ACM Technical Paper 2013/10

kind of crop burning. In Zhang et al. (2007), authors investigated on the profiles of particulate organic
matters emitted from cereal straw burnings, finding a high contribution of levoglucosan and
methyloxylated phenols to the mass of fine particulates. In Hays et al. (2005) they investigated on the
chemical characterization of PM2.5 from simulated agricultural fires of surface residuals of rice and
wheat in China, finding that combustion-derived PM emissions from wheat were enriched in K and
Cl, whereas the PM emissions from rice were largely carbonaceous. Organic matter was identified to
account for as much as 18% of the PM mass emissions. In Viana et al. (2008) it was shown that PM10
levels during open burning events of rice straw residues were especially enriched in oxalate,
fluoranthene, C31 n-alkane, levoglucosan, K, water-soluble organic carbon (WSOC), oleic acid, Cl-, Na,
NO3- and V. Furthermore, high enrichments were observed for Zn, Pb, Cr, and Cd, probably due to
bioaccumulation of these metals in rice straw. In Lai et al. (2009), rice-straw burning was identified as
a predominant source of atmospheric PAHs during burning periods at a rural and at an urban sites in
central Taiwan, especially of low-weights PAHs.
Despite the availability in the literature of studies focusing on the characterisation of emissions,
there are very few studies that provide quantitative information about agricultural waste burning
contribution to PM levels at both rural and urban areas. Reche et al. (2012a) and Viana et al. (2013)
identified the transport of agricultural wastes burning emissions from the regional scale to the urban
environment (i.e. Barcelona, Spain) and established a contribution of about 7±4% of PM2.5 urban
aerosols. Rural sites in Germany are one of the best characterized regarding this concern within
Europe, as Germany is among the largest agricultural producers in the European Union, for example
in Goossens et al. (2001) agricultural activities have been defined as a serious degradation process in
rural environments in north-western Germany. In this study, authors estimated the contribution of
agriculture to total transported dust levels, accounting for around 25-30%. PM source apportionment
studies in rural areas generally identify biomass burning as one of the most important atmospheric
emission sources, especially for the organic fraction (Puxbaum et al., 2006; Gelencsér et al., 2007;
Sandradewi et al., 2008; Yttri et al., 2011). According to Puxbaum et al. (2006), biomass burning
within Europe contributes in around 10-30% to organic matter in the PM2.5 fraction. However, studies
rarely discriminate between the contribution of wild and agricultural fires. Within Europe, open
burning of rice field residues (rice straw) in a rural site in Spain was estimated to increase ambient
PM10 levels on the regional scale by 10–15 µgm-3 on average, reaching 30 µgm-3 during peak
episodes, these concentrations may represent up to 40% of the PM10 mass during peak episodes
(Viana et al., 2008). Regarding biomass burning of agricultural residues, in an urban background site
in northern Spain, a transport of agricultural wastes burning emissions from the regional scale
towards the city was identified and quantified to contribute with 7±4% of PM2.5 urban aerosols
(Reche et al., 2012a).
Scarce information is available regarding the contribution of agricultural emissions to the urban
environments. An estimation of this contribution is highly uncertain due to the variability of
agricultural emissions together with the complexity of urban pollutants. Agricultural activities were
estimated to increase annual PM2.5 levels by 1% in Paris, although in this study it is highlighted that
the effect of ammonia through formation of secondary particle was not investigated (AirParif, 2012).
The formation of SIA due partly to agricultural emissions of ammonia is of concern, as PM
concentration in Europe remains high over large regions. It is essential to remember that NH3
emissions originate mainly from agricultural sources, but that this is not the case for NOx and SO2. As
9
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it was shown in previous chapters, total emissions of ammonia have an extraordinary contribution
from the agricultural sector (i.e. ≈94%), thus control strategies to reduce ammonia emissions will
have a considerable influence on PM concentrations through reduction of formation of secondary
PM (i.e. ammonium sulphate and ammonium nitrate). For instance, Erisman and Schaap (2004)
addressed the role of ammonia in the formation of SIA and they pointed out how SIA concentration
can only be effectively reduced if ammonia emissions are decreased. The EURODELTA II study (Thunis
et al, 2008) shows that reductions of NH3 emissions may be more effective in terms of reduced PM
mass concentrations per kt of gas emitted than reductions of NOx emissions in some countries, like
the UK. This is nevertheless not always the case, and the effectiveness of NH3 versus NOx and SOx
emissions reduction, vary depending on the emission country. The same study shows that reducing
primary PM emissions is considerably more effective to reduce PM concentrations, than reducing
emissions of any precursor gas (about 3 to 5 times more effective per reduced emitted kT).
Urban ammonia emissions are also of concern in this respect and should thus also be addressed by
control strategies (Reche et al., 2012b). Even if urban NH3 emissions are low in comparison to
agricultural emissions, they are especially relevant because they are produced in areas (the urban
environment) with relatively high NOx emissions (potentially also SO2) and high population exposure.
As a result, urban ammonia emissions have a high potential for SIA formation in the urban scale, as
ammonia is a pollutant that deposits more rapidly than e.g NOx or SO2. Significant urban NH3 sources
have been identified in several cities (Perrino et al., 2002; Vogt et al., 2005).
SIA originated from agricultural but also from urban and industrial sources constitutes a significant
part of PM, and especially of the fine fraction (PM2.5). In their review of 2010, Putaud et al. concluded
that the sum of SO42- and NO3- ranges between 19-20% of the PM10 mass from rural to kerbside
environments in N-western Europe, is around 20% of PM10 in Southern Europe, and ranges between
17-22% of PM10 in Central Europe (Table 1). Values around 40% of SIA in PM10 have been reported in
urban backgrounds in Germany (Quass et al., 2004) and in six European cities (i.e. Duisburg, Prague,
Amsterdam, Helsinki, Barcelona and Athens; Sillanpaa et al., 2006), and SIA of about 20-30% are
reported at European level (WHO, 2003) and of about 30 and 50% average in the Nederland and
associated with PM10 concentration levels below and above 40 µgm-3, respectively (Table 1). It is
noteworthy to point out that in some European areas such as in The Netherlands the highest SIA
levels frequently coincide with exceedances of the PM10 daily limit value (Weijers et al., 2010).
SIA are mainly composed of nitrate, sulphate and ammonium, thus the contribution of ammonium to
SIA and total PM (PM2.5 and PM10) is relevant for the evaluation of the contribution of ammonia
emissions, and thus agricultural emissions, to air quality and particularly to PM concentration levels.
Table 1 shows a summary of studies which provide quantitative information about SIA and their
constituents in PM2.5 and/or PM10, at different scales and based on both measurements and
modelling. The values reported for the contribution of ammonium to the PM are similar between
studies and they range between 7 and 10% in most of the cases. In certain European regions such as
Spain, clear spatial gradients for NH4+ have been detected (Querol et al., 2008, Figure 6), with higher
ammonium levels along the Eastern coast of Spain where the highest NH3 agricultural emissions are
recorded but also where the relative humidity is highest, thus implying a higher atmospheric stability
of the ammonium nitrate salt. Putaud et al. (2010) evaluated the data of aerosol concentration and
composition obtained at >60 natural background, rural, near-city, urban, and kerbside sites across
Europe. They concluded that the main constituents of both PM10 and PM2.5 are generally organic
10
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matter, sulphate and nitrate, and that there is a clear decreasing gradient in SO42- and NO3contribution to PM10 when moving from rural to urban to kerbside sites. In contrast, the total
carbon/PM10 ratio increases from rural to kerbside sites. Significant gradients in PM chemistry were
observed when moving from North-western, to Southern to Central Europe. In a review of European
cities by Querol et al (2004), it was concluded that the contribution of SIA (from traffic, industrial
emissions including power generation and agriculture) ranged from 3 to 9 µgm-3 for PM10 and from 3
to 8 µgm-3 for PM2.5 at regional sites. These concentrations were somewhat lower (3–5 µgm-3) in
Sweden. SIA levels were very similar in urban areas, but in intensively industrialised regions or
heavily polluted urban areas, an input of secondary inorganic aerosols from 2 to 5.5 µgm-3 was
detected for PM10 and from 1 to 5 µgm-3 for PM2.5 on top of the above contributions. Figure 7 shows
the relative contribution of SIA components to the PM mass in three categories. Both sulphate and
ammonium contribute mainly to the fine PM fraction (PM2.5), whereas nitrate contributes in addition
to the course PM fraction (PM10-2.5) (Putaud et al. 2004).
Table 1: Contribution of SIA, sulphate, nitrate and ammonium reported in the literature. Studies listed in chronological
order.
Study
Schaap, 2003

Location - Scale
Europe

Putaud et al. 2004

24 European sites; natural,
rural, near city, urban and
kerbsite

Contribution
Sulphate: 25-50% PM2.5
Nitrate: 5-35% PM2.5

Notes
Modelling

Ammonium to PM10: 6% natural/rural background, 7% nearcity/urban background, 4% kerbside

Measurements

Ammonium to PM2.5: 8% natural/rural background, 10% nearcity/urban background, 7% kerbside
Putaud et al. 2010

Querol et al. 2004

Quass et al. 2004

Sillanpaa et al. 2006

WHO, 2006
Forfs et al. 2007

Whyatt et al. 2007
EMEP, 2008
Weijers et al., 2010

60 European sites; natural,
rural, near city, urban and
kerbsite
7 European site; regional
background, roadside and urban
background

Germany, urban background

Sulphate + Nitrate to PM10: 19-20% N-W Europe, 20% S-Europe and
Measurements
17-22% C-Europe
SIA to PM10: 27-42% regional background, 10-33% roadside, 1740% Urban Background
SIA to PM2.5: 36-44% regional background, 23-45% roadside, 3245% Urban Background
SIA: 40% PM10 (17% Nitrate; 16% Sulphate; 7% Ammonium)
SIA: 44% PM2.5 (17% Nitrate; 18% Sulphate; 9% Ammonium)

Duisburg, Prague, Amsterdam,
SIA: 40% PM2.5
Helsinki, Barcelona and Athens;
Urban Background
Sulphate: 14-31% PM2.5
Ammonium: 7-10% PM2.5
Europe
SIA: 20-30% PM10
SIA: 30-40% PM2.5
Belgium
Sulphate: 18% PM2.5
Nitrate: 10% PM2.5
Ammonium: 8% PM2.5
Ammonium: 14.4% PM10 (measured)
UK, regional
Ammonium: 8.4% PM10 (modelled)
Europe, rural stations
Nitrate: 6-19% PM10
Ammonium: 5-9% PM10
The Netherlands
SIA: 30-40% PM10 (average)

Measurements

Measurements

Measurements

Modelling

Measurements
Measurements and Modelling

measurements and modelling

-3

SIA: 25-35% PM10 (PM10 < 40 µgm )
-3

Hristov 2011
Moldanová et al. 2011
AirParif, 2012

US, different regions
Europe
Paris; roadside, urban
background, suburban
background, rural

SIA: 45-55% PM10 (PM10 > 40 µgm )
PM2.5 from ammonia: 5-11% total PM2.5
Ammonia: 20% SPM
SIA: 25% PM2.5 (25% traffic, 40% urban, >45% rural)
SIA: 30% PM10

Modelling
Measurements

The comparison between stations carried out by Putaud et al. (2004) does not seem to show a clear
trend in ammonium contribution (Figure 7), being slightly lower in kerbside, and similar at rural and
urban backgrounds. However, a higher proportion of NH4NO3 may be formed in urban atmospheres
even at the local-scale (Amato et al., 2011) in Southern European regions. The levels of SIA at pairs of
regional background and urban background stations in Southern Europe (applying the Lenschow
approach) show important differences (Querol et al., 2004). Concerning the contribution of SIA to
PM2.5, it was 37% at urban environments in N-western Europe, 22% in Southern Europe and 32% in
11
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Central Europe. It is estimated that the contribution from ammonium sulphate is mainly linked to
long-range transport, whereas that of ammonium nitrate has also meso-scale and urban-scale
components.

-3

+

Figure 6: Distribution of mean annual NH4 levels (µgm ) across Spain for both PM10 (left) and PM2.5 (right) fractions.
Seasonal trends are also shown (Querol et al. 2008).
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Figure 7: Relative contribution (%) of ammonium, nitrate and sulphate to PM mass in three site categories (Data from
Putaud et al., 2004).

Ammonium contribution to PM is similar between studies, ranging between 4 to 10% in most of
them (Table 1). For instance, Putaud et al. (2004) reported an ammonium contribution of about 4 7% to PM10 and of about 7 - 10% to PM2.5 (Figure 7), confirming the main contribution to the fine PM
fraction. Similar ranges were obtained in Spain (Querol et al., 2008) and Germany (Quass et al., 2004)
(Table 1), being also sulphate the main component of the SIA. Higher ammonium values than 10%
have been reported at regional level in the UK (≈14%; Whyatt et al., 2007), and of about 20% of the
suspended particulate matter at European level (Moldanová et al. 2011).
As discussed above, ammonium salt aerosols formed by the neutralization of sulphuric acid and nitric
acid with ammonia originate partly from agricultural emissions. Agriculture extraordinarily
contributes to total NH3 emissions (i.e. 94-97%) and it has been reported as the main source of
ammonia. In addition and based on previous studies, ammonium is transported from the rural to the
urban areas (Putaud et al. 2004), and even ammonium originating in the Netherlands has been
established to contribute considerably to the particle mass in a German urban area (i.e. Münster;
Vogt et al., 2005). Some studies established other urban sources as additional contributor to NH3
emissions in urban areas; such as traffic (e.g. Roma; Perrino et al., 2002), or waste containers and
sewage systems (e.g. Barcelona; Reche et al., 2012b; Pandolfi et al., 2012).
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Certain uncertainties in the assessment of agricultural emissions and thus formation of SIA exist.
Recent investigations show that PM emissions from agriculture in regions of intensive ammonia
emission may have been previously underestimated, and a large part of the gap between modelled
and measured PM concentrations might be explained by previously underestimated agricultural
sources (Wu et al., 2008). Thereby, uncertainties have been associated with measurement data, as
volatilization loss has been identified in some studies (Keck and Wittmaack, 2005). Furthermore,
large uncertainties still remain regarding primary emissions of mineral aerosols from land
preparation activities, due to the large variability in emission factors across Europe as a consequence
of the differences in aridity of the soils and in land preparation practices. Finally, SOA formation
processes are well-known to be linked to agricultural biomass burning emissions, but studies suggest
that previous estimates underestimated the relevance of this emission source (de Gouw & Jiménez,
2009). All of this results in the relatively high uncertainty of the estimates of the impact of
agricultural emissions on air quality in Europe.

5. NH3 Emission Control and Mitigation Measures
As indicated in previous chapters, the agricultural sector is responsible for more than 90% of the NH3
emissions in Europe. Moreover, some studies pointed out about reducing NH3 emissions as an
effective way of reducing SIA concentration levels, thus PM concentration levels, and the number of
PM10 daily limit exceedances (Erisman and Schaap, 2004; Putaud et al., 2010). The most important
sources of NH3 emissions in the EU-27 are livestock production, especially animal manures, followed
by the application of synthetic nitrogen fertilizers.
Animals utilize only a fraction (5 to 45%) of the available N in the feeding for the production of meat,
milk, eggs and offspring. The greater part is excreted via urine and faeces, which is either stored and
managed for some time in manure storage systems, or deposited directly on land and allowed to
decompose. Following storage, manure is applied to agricultural land to fertilize crops including
grasslands. However, only about 30 to 60% of the manure N will be utilized by growing crops for the
production of plant protein, and only the protein in the harvested fraction of the crop will feed
people or livestock. Therefore, in a livestock farming system less than 10% of the N from manure is
exported from the farm as animal products (i.e. meat, milk and eggs), and the greater part is
dissipated into the environment (Oenema and Velhof, 2007).
Significant losses of gaseous N compounds occur via volatilization of NH3. Emissions of NH3 occur
during various stages of the animal production and manure management:
1)
2)
3)
4)

Animal feed,
Animal manure excreted in housing systems and in pasture,
Animal manure in storage systems, and
From animal manure applied to crop land.

In addition, NH3 emissions occur from the application of synthetic nitrogen fertilizers, especially ureaand ammonium-based nitrogen fertilizers. Figure # schematically shows the key sources of ammonia
from livestock and crop production.
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Figure 8: Key sources of ammonia from livestock and crop production (Source: Oenema and Velthof, 2012).

Methods to control and mitigate ammonia emissions from agriculture have been developed and
tested for several decades. A range of emission control options is now proven in practice in more and
more countries for the major sources of agricultural ammonia emissions (e.g. animal manure and
urea fertilizer application). Furthermore and because of learning effects, the practical functioning of
these techniques has been improved and costs have declined. This chapter summarizes a review of
the main control and mitigation measures for NH3 emissions from agriculture reported in Oenema et
al (2007), Oenema and Velthof (2007), Witzke and Oenema (2007), Döhler et al (2011), Oenema et al
(2011), and most recently in Oenema and Velthof (2012) and UNECE (2012b).
It is important to note that emission reduction efficiencies of the different available abatement
measures depend on the chosen reference system and on local factors, such as climate and soil
conditions, differences in management practices and in the technical performances of abatement
measures. Further, these categories of measures may affect each other’s effectiveness and
efficiency. The applicability of these measures and their costs will also vary across countries,
depending on types of farms, their size, methods commercially available and experience. Costs tend
to be higher on small farms in countries with little experience, and lower on large farms in countries
with lots of experience.
Annex IX of the Gothenburg Protocol (UNECE, 1999) categorizes ammonia emission abatement
measures as follows:
•
Nitrogen management, taking account of the whole nitrogen cycle;
•
Livestock feeding strategies;
•
Low-emission animal housing systems;
•
Low-emission manure storage systems;
•
Low-emission manure spreading techniques;
•
Possibilities for limiting ammonia emissions from the use of mineral fertilizers.

Nitrogen management
Nitrogen management is seen as an integral measure of the whole nitrogen cycle, which may affect
all sources of NH3 emissions and help to prevent pollution swapping between different sources,
nitrogen compounds and environmental compartments. It is based on the premise that decreasing
the nitrogen surplus and increasing nitrogen use efficiency contributes to lower emissions of NH3. On
14
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mixed livestock farms, between 10 to 40% of the nitrogen surplus is related to NH3 emissions, while
the remaining part will be lost through N leaching and denitrification (Oenema and Velthof, 2012;
UNECE, 2012b).
Oenema et al (2011) provides a conceptual framework for developing integrated approaches to N
management. The ‘optimum’ level of integration depends on many factors (e.g. farm type), and it
remains a challenge to define such optima for various situations and cases. The integral approach can
be seen as an extension to known abatement options that would allow to avoid losses and to better
provide agricultural production (animals, plants) with the needed nitrogen amounts. The principles
in the nitrogen management to decrease emissions of N are (UNECE, 2012b):
• All N sources on the farm are fully considered in a coherent whole-farm perspective and a
whole N cycle perspective;
• All N sources are stored and handled properly;
• Amounts of N used are strictly according to the needs of growing plants and animals;
• Nitrogen sources are used in a timely manner, using the appropriate techniques, in the
appropriate amounts and appropriate place;
• All possible N loss pathways are considered in a coherent manner.
UNECE (2012b) summarises the indicative ranges for target nitrogen (N) surplus and N use efficiency
(NUE) as function of farming system, crop species and animal categories as follows:
Farming systems
Specialized cropping
systems
Grassland-based
ruminant systems

Mixed crop-animal
systems

Landless systems

Species/
categories
Arable crops

NUE,
kg/kg
0.6-0.9

N surplus,
kg/ha/yr
0-50

Comments

Vegetables

0.4-0.8

50-100

Leafy vegetables have low NUE

Fruits

0.6-0.9

0-50

Dairy cattle

0.3-0.5

100-150

Beef cattle

0.2-0.4

50-150

Sheep & goats

0.2-0.3

50-150

Dairy cattle

0.4-0.6

50-150

Beef cattle

0.3-0.5

50-150

Pigs

0.3-0.6

50-150

Poultry

0.3-0.6

50-150

Other animals

0.3-0.6

50-150

Dairy cattle

0.8-0.9

n.a.*

Cereals have high, root crops low NUE

High milk yield, high NUE; Low stocking
density, low N surplus
Veal production, high NUE; 2 year old
beef cattle, low NUE
Sheep & goats
High milk yield, high NUE; Concentrate
feeding, high NUE

N Output via milk, animals, manure +
N-loss ~equals N input; N surplus is
gaseous N losses from housing and
storages.

Beef cattle
0.8-0.9
n.a.
Pigs
0.7-0.9
n.a.
Poultry
0.6-0.9
n.a.
Other animals
0.7-0.9
n.a.
* Not applicable, as these farms have essentially no land. However, the N surplus can be expressed in kg per
farm per year. In the case that all animal products, including animal manure and all residues and wastes, are
exported, the target N surplus can be between 0 - 1000 kg per farm per year, depending on farm size and
gaseous N losses.
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Animal feeding strategies
The quantity of nitrogen excretion in animal faeces and urine is linearly dependent on the intake of
nitrogen in food (protein). For example, about 65% of the nitrogen ingested by pigs is not used for
growth and is excreted. Feeding according to the protein requirements of the animals reduces the
oversupply of protein, leading to a reduction in nitrogen excretions and thus a decrease in ammonia
emissions.
Feeding strategies are implemented through:
• phase feeding,
• low-protein feeding, with or without supplementation of specific synthetic amino acids and
ruminal bypass protein,
• increasing the non-starch polysaccharide content of the feed,
• supplementation of pH-lowering substances, such as benzoic acid.
Phase feeding is an effective and economically attractive measure even if requiring additional
installations. These strategies decrease ammonia emissions from manure in housing, storage and
during application to crop land (UNECE, 2012b).
Phase feeding implies adapting the amount of proteins in the food to the needs of the animals. For
instance young animals and high-productive animals require more protein than older, less-productive
animals. In average this measure leads to a NH3 emission reduction of 10% for a 1% reduction in the
mean protein content in the diet, but efficiencies depend strongly on the animal categories.
Low-protein animal feeding is one of the most cost-effective ways to reduce NH3 emissions. It has no
implications on animal health as long as the requirements for all amino-acids are met. It is most
applicable to housed animals, as experts have indicated that the practical applicability of feeding
strategies to grazing animals is limited (UNECE, 2011). Never the less, emissions from pastures are
low and grazing itself is indicated as a measure. For example, total annual emissions (from housing,
storage and spreading) from dairy systems may decrease by up to 50% with nearly all-day grazing, as
compared to animals that are fully confined (UNECE, 2012b).

Animal housing
The available techniques to reduce NH3 emissions from animal housing have been well known for
decades and apply one or more of the following principles:
Principles

NH3 emission reduction*

•
•
•
•

Decrease the surface area fouled by manure
Rapid removal of urine and rapid separation of faeces and urine
Decrease air temperature and velocity above the manure
Reduce PH of the manure

•
•
•
•

Reduce temperature of the manure
Dry the manure (e.g. poultry litter)
Scrubbing ammonia from exhaust air
Decrease housing time by increasing grazing time

15-25% in pig housing
25-46%
up to 20%
up to 60% in pig and cattle
housing systems
45-75%
up to 70%
70-95%
10-50%, but some emission
swapping

* Oenema and Velthof (2012)
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All of these principles are scientifically sound and practically proven. Different housing systems and
environmental conditions are required by different animal categories, requiring therefore different
techniques for the application of the above mentioned principles with different results in NH3
emission reduction. UNECE (2012b) lists the NH3 emission reduction techniques for animal housing in
different categories and their emission reduction levels as follows:
Category
• Existing pig and poultry housing on farms with >2000 fattening
pigs or >750 sows or >40 000 poultry
• New or largely rebuilt cattle housing
• New or largely rebuilt pig housing
• New and largely rebuilt broiler housing
• New and largely rebuilt layer housing
• New and largely rebuilt animal housing on farms for animals
other than those already listed in this table
*
Compared with reference as defined in UNECE (2012b)

Emission reduction*
20%
0-70%
20 to 90%
20-90%
20 to 90%
0 to 90%

Manure storage
Measures to reduce NH3 emissions from manure storage systems apply one or more of the following
principles: a) Decreasing the surface area where emissions can take place, i.e. through covering of
the storage, encouraging crusting and increasing depth of storages; b) Reducing the pH and
temperature of the manure; and c) Minimizing disturbances such as aeration (UNECE, 2012b).
The Nitrates directive requires modified storage conditions and storage times, which has implications
on NH3 emissions and mitigation potentials. The directive demands leak-tight manure storages and
sufficient storage capacity, related to longer prohibition periods for manure application. However,
the Nitrates directive does not require covered manure storages. Ammonia losses from slurry stores
can be minimized by covering open stores. Döhler et al (2011) and Oenema and Velthof (2012) list
the main natural and artificial covers solutions and their efficiencies as follows:
•

•

•

Natural floating covers, by allowing the formation of a natural crust, are the simplest and most
inexpensive form of slurry store covering. These covers primarily form on cattle slurry, but they
also develop on pig slurry rich in fibre and dry matter, when mixing is reduced and manure input
is below the surface. The reduction potential ranges between 30 and 80% for cattle slurry and
between 20 and 70% for pig slurry.
Artificial floating covers with chopped straw, peat, bark, etc, can have a higher reduction effect
of 40% to 90%. However, the straw cover must be at least 10 cm thick. The effectiveness of both
cover variants (natural floating cover and chopped straw) is limited on farms with frequent
slurry distribution because the natural floating layer or the straw layer is destroyed temporarily
or permanently. Straw covers must be replaced after stirring. It is applicable to large earthbanked lagoons and concrete or steel tanks.
Granule covers have lower material losses than in the case of straw. They float again shortly
after the slurry has been stirred. Therefore, only a small amount of the granules is spread with
the slurry. However, it is necessary to replace the lost material. Emission losses are reduced by
60 to 90%.
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•

•

Floating sheets also have a reduction potential from 60 to 90%. Their advantage lies in low
maintenance requirements. Precipitation water must be led or pumped into the slurry lying
underneath.
Floating bodies and solid covers, such as a concrete cover, a tent roof, or a plastic cover, have
the highest reduction potential of up to 95% (60-95%). Floating bodies are only suitable for
liquid pig slurry without a natural floating layer. Solid covers have the longest service life and
low maintenance requirements, and avoid rainwater input.

Manure application
Low-emission manure application techniques involve machinery that (i) decreases the exposed
surface area of slurries applied to surface soil through band application, injection, incorporation;,
and/or (ii) decreases the time that emissions can take place, i.e. buries slurry or solid manures
through injection or incorporation into the soil; and (iii) decreases the source strength of the emitting
surface, i.e., through lowering the pH and NH4 concentration of the manure (through dilution).
Examples of such application techniques are:

•
•
•
•

•

•

Measures
The band-spreading of slurry at the soil surface, which
deposits the slurry on the soil in parallel bands using
trailing hose, suitable for arable grassland.
The band-spreading of slurry at the soil surface, which
deposits the slurry on the soil in parallel bands using
trailing shoe methods, suitable for arable grassland.
Slurry injection - open slots, suitable for application on
grassland and in growing crop stands, with slopes < 15%
and low stone content.
Slurry injection - closed slots, where the slurry is fully
covered after injection by closing the slots with press
wheels or rollers fitted behind the injection tines. Deeper
injection is required when greater volumes of manure
are injected to avoid manure oozing to the surface
Incorporation of surface-applied solid manure and
slurry into soil. Applicable in arable soils without
vegetation (in pre-sowing season)

Emission reduction*
30-35%
30-60%
60-80% (Oenema and Velthof,
2012)
70% (UNECE, 2012b)
70-90% (Oenema and Velthof,
2012).
80% (shallow slot 5-10 cm);
90% (deep injection >15cm)
(UNECE, 2012b)
When the manure is
completely buried within the
soil immediately after
application: 80-90%.
Incorporation within 4 h.:
45-65%.
Incorporation within 24 h.:
30% for slurry, 35% for solid
manure from cattle and pig
and 55% from poultry
30%

Dilution of slurry by at least 50% in low pressure water
irrigation systems, suitable for arable grassland.
* Based on Oenema and Velthof (2012), UNECE (2007) and UNECE (2012b).

Known techniques to reduce NH3 emissions from manure application are now applied at a much
larger scale and in more countries, lowering costs, especially for larger farms. The up-scaling has
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taken place mainly through contractors as many animal farmers in e.g. the Netherlands and Denmark
have outsourced manure application to specialized contractors.
The timing of manure application has changed during the last decade as a result of the Nitrates
directive. The directive imposes longer prohibition periods for manure application to decrease the
risk of nitrate leaching. Ammonia emissions might however increase with longer prohibition periods
because manure application is then more concentrated during the growing seasons with higher
temperatures and less precipitation (Oenema and Velthof, 2012).

Fertilizer application
Measures to reduce emissions of NH3 from the application of urea and ammonium based fertilizers
are based on one or more of the following principles (UNECE, 2012b):
•
decrease the surface area where emissions may occur, i.e. through band application,
injection, incorporation (but a rapid increase in pH in concentrated bands of urea, especially
where there is high crop residue, may lead to high emissions due to rise in pH);
•
decrease the period emissions may occur, i.e. through rapid incorporation of fertilizers into
the soil or via irrigation;
•
decrease the source strength of the emitting surface, i.e., through urease inhibitors, blending
and acidifying substances;
•
ban its use (as in the case of ammonium (bi)carbonate).
UNECE (2012b) summarized the ammonia emission reduction techniques for application of urea and
ammonium-based fertilizers and their emission reduction levels as follows:
Fertilizer type
Urea

Ammonium carbonate
Ammonium-based fertilizers

Application techniques
Injection
Urease inhibitors
Incorporation following surface application
Surface spreading with irrigation
Ban
Injection
Incorporation following surface application
Surface spreading with irrigation

Emission reduction* %
> 80
> 30
> 50
> 40
~100
> 80
> 50
> 40

* Compared to the broadcast application of the urea- and ammonium based fertilizers
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6. Conclusions
The main outcomes from the literature review are summarized in the following points:
•

•

•

•

•

•

•

Burning of agricultural waste and agricultural operations at farm level (e.g. plowing,
harrowing, disking and cultivating) are main sources of primary and secondary PM2.5 and
PM10. However, studies about their contribution to air quality and PM concentration are
scarce, and thus a significant knowledge gap exists.
Agricultural emissions contribute to about 2.5 and 8.5% of the total emissions of primary
PM2.5 and PM10, respectively. In addition, agriculture is responsible for 94% of the total NH3
emissions, which is one of the precursors of SIA.
Based on the studies published in the literature, the contribution of SIA to PM is mainly to
the fine fraction (PM2.5), contributing around 30-45% of the PM2.5, reaching values above 40%
for high PM10 concentration levels or exceedances days (i.e. PM10> 50 µgm-3).
The contribution of total ammonium to PM has been established in different studies ranging
from around 7% to 10% of PM2.5 in urban background, and bellow 10% of PM10. This
contribution is essential in the sense that ammonia levels contribute to SIA formation (the
presence of NH4+ being the limiting factor for the formation of ammonium sulphate and
nitrate). Thus, ammonia emissions favour the increase of the whole SIA fraction in PM10 and
PM2.5, contributing with high percentages to the total PM load.
Differences in SIA concentration levels between locations (e.g. rural vs. urban) have been
reported to be small, and interpreted as a confirmation that SIA compounds are mainly longrange transported from outside the urban environment, even dough there are also urban
sources of NH3.
Several studies pointed out about reducing NH3 emissions as an effective way of reducing SIA
concentration levels, thus PM concentration levels, and the number of PM10 daily limit
exceedances (Erisman and Schaap, 2004; Putaud et al., 2010). A reduction in primary PM
(PPM) emissions is, nevertheless, the most effective way of reducing PM in terms of reduced
PM concentration mass per kT emission reduction of PPM or precursor gas.
The most important abatement techniques and strategies to reduce NH3 emissions from
agriculture are scientifically sound and practically proven. Their description, applicability and
emission reduction potential is well described in recent literature, as UNECE (2012b) and
Oenema and Velthof (2012).
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