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The largest source of ammonia (NH3) emissions to the atmosphere is NH3 from agriculture, the majority of which arise from livestock manure. The NH3 emitted is a threat to human health through the formation of fine particles, causes eutrophication of natural ecosystems and is a loss of fertilizer nitrogen (N). The Convention on Long-Range Transboundary Air Pollution (CLRTP) and the European Union National Emission Ceilings Directive (NECD) sets limits for national NH3 emissions and require the reporting of annual emission inventories to demonstrate compliance. The EMEP/EEA Air Pollutant Emission Inventory Guidebook provides emission factors (EFs) to support inventory compilation. Here we report the development of revised NH3 EFs for livestock housing, manure storage, field-applied manure and excreta deposited during grazing. Data from 276 studies were used with more than 70% of these data from peer reviewed journals, the remaining being from conference proceedings and scientific reports. For most sources, the new EFs are the weighted means of the emissions reported. The empirical ALFAM model was used to develop EFs for field-applied slurry. The standard deviation of the EFs were substantial, due to the breadth of the categories of livestock and management systems and because of variations in manure management and climate. The data collected will be available at http://www.alfam.dk.

Keywords: ammonia, housing, store, applied, grazing, inventories, slurry, manure


INTRODUCTION

Ammonia (NH3) emissions from livestock manure and mineral fertilizers constitute a large loss of reactive nitrogen (N) (Amann et al., 2013). Agriculture is the largest source of NH3 in the atmosphere (Sailesh et al., 2013) and global agricultural NH3 emissions increased by 90% between 1970 and 2005.

The NH3 emitted is a threat to human health, because it reacts with acidic compounds in the atmosphere (Walker et al., 2006), forming fine particles (PM2.5) that cause lung diseases (Wang et al., 2017). Ammonia-N deposited to land or waters may exceed the critical N loads of the ecosystems causing eutrophication (e.g., Sutton et al., 2011).

Emissions of NH3 from livestock manure account for a large but very variable proportion of the plant-available N in the manure, from a few percent to 100% of TAN (e.g., Hafner et al., 2018, 2019). For farmers, the loss of fertilizer N due to NH3 emissions may significantly reduce N fertilizer efficiency, contributing to low overall use efficiency of applied N, i.e., <50% in the tropics and <70% in temperate areas (Malhi et al., 2001). Experiments on commercial farms in Denmark have shown that N use efficiency of the ammonium ([image: image]) in manure is highly variable (Olesen et al., 2009). Consequently, farmers tend to underestimate the fertilizer value of manure, so that the total available N applied (manure + mineral fertilizer) may exceed crop requirements. This increases fertilizer costs, contributes to nitrate pollution of drinking water and aquatic ecosystems, and increases emissions of NH3 (Sutton et al., 2011).

Concern over the harmful consequences of NH3 emissions led to the adoption in 1999 of the Gothenburg Protocol of the UNECE Convention on Long-range Transboundary Air Pollution (CLRTAP; UNECE, 2019). The European Union has since enacted the National Emission Ceilings Directive (NECD; EP, 2016), which brings CLRTAP into the EU's legal framework, including the NH3 emission ceilings applied to the Member States. Both CLRTAP and NECD require that the EU countries must submit an annual NH3 emission inventory and this calls for models that can be used for calculating national emissions.

The EMEP/EEA air pollutant emission inventory guidebook (“the Guidebook,” European Environment Agency, 2016) provides guidance to European emission inventory compilers on methods for estimating emissions of compounds encompassed by CLRTAP and NECD, including NH3. The methodologies are divided into Tiers of increasing complexity and detail and for key sources such as NH3, the use of a Tier 2 or higher methodology is mandatory. The emission factors (EFs) were last systematically reviewed in 2008 and with the limited resources available at the time, the EFs were based on the expert judgement of the EAGER group of researchers (http://www.eager.ch/). The aim of this review was to provide state of art EFs for the Tier 2 calculation of NH3 emission from the manure management chain. Emission factors have been derived for several livestock categories (e.g., dairy cows, sows, finishing pigs etc.) and for solid or liquid manures. This review was undertaken as part of the revision of the 2016 version of the Guidebook (European Environment Agency, 2016), and the EFs are primarily relevant for European livestock systems but may be applicable to equivalent systems in similar climates.



METHOD

Data were collected from articles published in peer reviewed journals and from proceeding articles presented at international conferences or published in national reports.

The EFs are expressed as a function of TAN to enable a mass-flow approach to calculation NH3 emissions so that calculations of emissions during manure storage and following manure application will take account of differences in emissions at early steps in manure management, e.g., housing and storage (Webb and Misselbrook, 2004).


Housing

The variation in the units used to report NH3 emissions from livestock housing complicates the summary of these data. Emissions may be reported as: a % of total ammoniacal nitrogen (TAN = NH3+[image: image]) or total N excreted, g N per animal per day, g N per animal per hour, g N per livestock unit (LU) per day etc. The Supplementary Material lists emission data in a range of units as given in the original articles. For compatibility with the Guidebook, it was necessary to express the emission in % of TAN per year. To convert data from these formats, the following procedure was adopted:

• If data were already expressed in % of TAN excreted then data were used unchanged.

• For poultry, emissions expressed in % of N-total excreted were converted to TAN by calculating the fraction in excreta that is TAN or in a short time will be transformed to TAN (i.e., uric acid).

• If emission was related to number of head of livestock then the national value of N excretion per head (reference source) was used to obtain N excretion and TAN in the excreta.

• If livestock units (LU) were used then EF were related to the annual average weight of an animal in that livestock class and excretion then the emission was estimated using national excretion data.

Where N excretion by the livestock could not be derived from the paper and where national data on average annual N excretion for that class of livestock were not available, the excretion data from Velthof et al. (2015) were used to calculate the amount of Total N excreted per head of livestock for the livestock category. The rationale for using these data was that they report excretion calculated using the IPCC (2006) Guidelines, in which N-excretion is the difference between N intake and the N retention in livestock and livestock products. To calculate the TAN excretion, the ratio of TAN to total—N excreted in the Guidebook (European Environment Agency, 2016) was used.

If the emission was given per LU and number of animals per LU could not be calculated because average weight of animals in the livestock category were not given, then the EUROSTAT definition of number of animals per LU was used (Eurostat, 2013).

If emission was given in heat producing units then one HPU was taken to equal the animal's heat production of 1,000 W at environmental temperature of 20°C. For a dairy cow of 600 kg that produce about 30–35 L milk that will be ca. 1.45 HPU per LU (CIGR, 2002; Zhang et al., 2005).

There is a wide range of housing categories in Europe and emission from livestock housing is much affected by floor design, manure removal, cleaning etc. In the Tier 2 NH3 emission methodology (European Environment Agency, 2016) the calculation scheme is simplified in recognition that data on the number of livestock in each production system are often sparse. Therefore, EFs are only calculated for the main, indicative, categories of livestock production and manure management systems and are presented in tables with standard deviation of the mean (SD). In addition a weighted average for each category has been calculated to reflect the number of farms used in each study: i.e., if a study reported an emission from four farms then that mean emission was allocated four times the weight of a mean emission measured at a single farm. No other factors, e.g., duration of the measurement period, were used to weight the mean EF.

In contrast to non-ruminant livestock, it is common for ruminant livestock to be grazed. The length of the grazing season varies across Europe and within countries. Cattle will usually graze outdoors when the weather allows sufficient grass growth to feed the animals and when soil conditions are dry enough for the animals to graze the pasture and not damage the soil. Hence in general cattle will be grazing during the 'summer' period (April to October) and housed over winter (November to March). However, in regions where summers are too dry for grass growth cattle may be housed during that season. The purpose of the Guidebook (European Environment Agency, 2016) is to provide guidance and default EF for countries that have not developed their own methods and EF to enable the calculation of national NH3 emissions. Hence we based the default EF on “typical” cattle rearing systems with summer grazing and winter housing. If such systems do not represent those used in a country then that country is encouraged to develop appropriate EF.

The default EFs for NH3 emissions from buildings housing cattle reported in this paper were calculated on the basis that both dairy and beef cattle are outside for 180 days during summer. This assumption is based on expert judgement.

Data from housing and management systems that differ significantly from EU systems or from studies where the aim was to reduce NH3 emission have been omitted from the calculations, because the EF should contribute to calculations of NH3 emission from standard housing and management systems. In some cases we could not calculate the excretion of N and the data from these studies were not included in the calculations.



Manure Storage

In most publications the annual emission of NH3 from liquid manure stores was given as g m−2 y−1. Here the emission was calculated as a % of stored TAN, and related to a store with the depth 3 m and an average of TAN concentration in the studies from where data was collated.

In the calculation of NH3 emission from solid manure the EF was related to TAN in the manure at initiation of the storage period. Data from measurements of emission using small dynamic chambers in the laboratories provide useful information about the relative effect of manure treatments on emissions (Perazzolo et al., 2015; Owusu-Twum et al., 2017), but were omitted from the calculations on the grounds that the absolute values measured will not be representative of values found in practice.



Field Applied Manure

The EFs for slurry applied in the field were estimated using the ALFAM2 model, which takes into account the slurry dry matter (DM), application rate, temperature and rain at or immediately after the time of application. The development of Tier 2 EFs for these sources therefore requires an estimate of slurry characteristics and the seasonal distribution of applications, so the environmental conditions required as model inputs can be obtained. For slurry we concluded that many areas in Europe with medium to high intensity agriculture are designated Nitrate Sensitive Zones and so obliged to follow good agricultural practices. Consequently, slurry will be applied at times of the year when there is a crop present that can utilize the manure nutrients. EU regulation limits how early slurry can be applied but most closed periods end between mid-January and mid-February and max N-application rate is limited to 170 kg ha−1 (Webb et al., 2013), and the majority of liquid manure applied to arable crops will be in the spring. A small proportion is applied pre-sowing to winter arable crops that can take up the readily available inorganic N in slurry. Unlike arable crops, grassland is harvested several times per year, and slurry is applied to grassland throughout the growing season. However, the growth potential of grassland is greatest in the spring and the residual effects of manure applications can be utilized most effectively during the remainder of the growing season, so good agricultural practice would be to apply a large proportion of liquid slurry in the spring. Using expert judgement, the timing of manure applications was specified for Spring (March-May), Summer (June-August), Autumn (September to November), and Winter (December-February) (Table 1).


Table 1. Seasonal distribution of livestock slurry applications by type and land use.

[image: Table 1]

The distribution over the year to grassland and arable land is estimated knowing that ruminant livestock manure N accounts for about 60% of European production and non-ruminant 40% (European Union, 2018a,b) and it is assumed that 80% of ruminant manure is applied to grassland and the remaining 20% to arable (mainly silage maize). All non-ruminant manure is applied to arable land. This means that about 50% of all manure is applied to arable crops and 50% to grassland. And by weighing the application times slurry application can be distributed over the year (Table 2).


Table 2. Seasonal distribution of livestock slurry applications.

[image: Table 2]

We distinguished between cool, temperate and warm climates, equating approximately to Scandinavia and the Baltic countries, the remainder of Europe north of the Alps/Carpathian mountains and Europe south of the Alps/Carpathian mountains, respectively. The conditions at the start of the growing season in the cool and temperate regions are likely to be similar but to occur later in the former than in the latter (Table 3). In the warm region, the situation is more complex. In areas where rainfall is adequate or irrigation is possible, there is likely to be double cropping. This may lead to more manure being applied in the autumn and for the spring application to be made when the air temperature is higher than would be the case in the other two regions. Where irrigation is not possible, the application pattern for grassland is likely to resemble that for arable cropping, since there will be relatively little summer production. To simplify the situation, we used the same spring/summer/autumn periods as for the two other regions but considered that the temperature is higher. The average air temperatures assumed are shown in Table 3.


Table 3. Average air temperatures used for the seasonal application of slurry.

[image: Table 3]

Estimating the rainfall at these times is difficult. The annual precipitation in agricultural areas varies from >2,000 mm (W Norway) to 250–500 mm (E Spain) (European Environment Agency, 2018).

A reasonable value of precipitation for the main agricultural areas is about 750 mm per year. We took a simple approach here and use an annual average, based on 750 mm per year (0.085 mm per hour). Similarly, it is difficult to estimate appropriate wind speeds. Here again we took a simple approach; on the basis of a map of wind speed at 50 m (Wind Atlas, 2018), we considered a representative speed to be 5.5 m s−1. The NH3 emission calculations used wind at 2 m as input so the wind speed at 2 m height was calculated assuming a surface roughness length (z0; m) at 0.1 m as follows:

[image: image]

where v is the wind speed (m s−1) at height z (m), and reference wind speed vref (m s−1) at reference height zref (m). This gives an average wind speed at 2.7 m s−1.

Much of the data used to estimate of NH3 emissions from solid manure was obtained from a data file provided by Webb et al. (2012) and studies published since 2012. The values are from measurements made over more than 120 h and include those made using wind tunnels. The emission was given in % of applied TAN. Emission estimates higher than 100% have been omitted from the calculations.



Grazing

There are few studies where NH3 emission from grazing cattle are measured using micrometeorological measurements. Therefore, a few measurements was used in this study, where emissions was measured using wind tunnels with air flow adapted to the wind speed in the environment and where the wind tunnels was moved to include the effect of rain has been used in the calculations.




RESULTS

Most of the studies of emission from buildings used in this study are published in peer reviewed papers (Table 4), while reports make up a large fraction of the data on emissions from stored and applied slurry. Emissions from applied solid manure contribute with most of the reported data. The few studies of emission from grazing have all been published in peer reviewed journals.


Table 4. Overview over the category of publications from where data has been used in this study.

[image: Table 4]

The number of studies decreased in the order; fattening finishing pigs in buildings with a slatted floor, dairy cows in buildings with a slatted floor, fatteners (solid floor), laying hen, and broilers (solid and slatted floor) (Table 5). There were data available from fewer than 10 studies for dairy cows (solid floor), tied dairy cows and non-dairy cows (solid floor), sows and piglets (solid floor), and laying hen and turkeys on solid floor (Table 5). The variation in measured EF is about 50% of the average in most studies with the exception of EF from pig buildings and turkey. The estimated EF for dairy cows (slurry), fatteners (slurry), fatteners (solid), and sows and piglets are similar to the factors in the current Guidebook (European Environment Agency, 2016). For the other categories the calculated EF deviate by more than 50% from the estimates given in the current Guidebook.


Table 5. Ammonia emission from livestock buildings given as a % of TAN content in the manure stored in the animal house (references to articles providing data for each category can be found in the Excel spreadsheets in the Supplementary Material).

[image: Table 5]

As for building EF, the final means reported here were weighted according to the number of stores from which measurements were taken. The means were not weighted according to the length of the measurement period. There are more studies of emissions from stored solid manure than from stored liquid manure, respectively, 50 and 21 studies (Table 6). The larger number of studies of emission from stored solid manure is not reflected in a low SD in percent of the estimated EF, which with exception of the EF for biogas slurry was higher than 50%. The estimated EF deviated with more than 33% from the guidebook data for dairy cows (solid), other cattle, horses, mules, asses, and laying hen.


Table 6. Ammonia emission from stored manure given as a % of TAN content in the manure stored outside the animal house (references to articles providing data for each category can be found in the Excel spreadsheets in the Supplementary Material).

[image: Table 6]

The NH3 EFs for pig and cattle slurry applied in the field were calculated for the seasonal temperatures shown in Table 3 and are shown in Table 7. The EF for each region were calculated as weighted averages, using the seasonal distribution shown in Table 2. Finally, the Tier 2 NH3 EFs were calculated using an assumed distribution of slurry between cool, temperate and warm regions of 25, 50, and 25%, respectively. This led to NH3 EFs of 19 and 25% of TAN for pig and cattle slurry, respectively.


Table 7. Ammonia emission from animal slurry applied in the field given as a % of TAN content in the manure applied in the field.

[image: Table 7]

There is a large number of data from studies measuring emission from solid manure applied in the field (Table 8). For dairy cows and non-dairy solid manure categories the SD is about 30% of the average EF, but for the other categories the SD is <53% of TAN irrespective that the number of studies are between 20 and 32. For the cattle categories the EF is near similar to the EF given in the Guidebook, but for the other categories it differs much more.


Table 8. Ammonia emission from solid manure applied in the field given as a % of TAN content in the manure applied in the field (references to articles providing data for each category can be found in the Excel spreadsheets in the Supplementary Material).

[image: Table 8]

For grazing cattle the median NH3 emission was 6% of total N excreted, average emission was 9% and SD of the average emission 7% (n = 12). For sows with piglets on grassland the NH3 emission was 19% of N-total (n = 1). In the Guidebook the EF were 10% of TAN for dairy cows, 6% of TAN for non-dairy cattle and 25% of TAN for sows and piglets (European Environment Agency, 2016).



DISCUSSION

This study shows that there is a large variation in the results from studies measuring NH3 emission from buildings, manure stores and following manure application to land. Consequently the EF given have SD that are around 50% of the estimated average for a category of livestock.

The SD of EF for housing may be due to the housing categories being only broadly defined and emission being affected by several factors which vary within each broad category. Those factors are: (1) the ratio of slatted floor to concrete floor area for pigs (Sommer et al., 2006), (2) floor opening area (Philippe et al., 2016), (3) distribution of excreta within the building, which is affected by positioning of feeders and drinkers, and behavior of pigs as related to age and temperature (Aarnink et al., 2006), (4) capacity of in-house storage, (5) age of animals, (6) climate, and (7) feeding practice.

In their review, Philippe et al. (2011) stated “The large range in published NH3 emissions may be attributed to differences in house design (e.g., type of slatted floor, ventilation system, manure management) and management practices (e.g., age and weight at weaning, diet formulation).” This variation in emission caused by livestock housing systems and management was also pointed out by Groot Koerkamp et al. (1998) and the effect of climate by Saha et al. (2014). The large SD is therefore due to a range of factors, which are unaccounted for when calculating an average for the broadly defined categories used to give EF that can be used throughout Europe considering that in many regions little is known about either the proportions of livestock housed with different types of building and manure management practices.

Emission factors from pig buildings in % of TAN have a smaller SD than most other livestock buildings due to the more precise measurements of emissions from the pig buildings with forced ventilation and to some extend less variation in housing systems, feeding practice, and manure management.

The SD for the estimated EF (NH3 in % of TAN) for stored manure was large for both stored slurry and stored solid manure. For stored slurry this may be due to different design of the store, i.e., the depth of stored slurry and climatic conditions and for solid manure it may be an effect of density and water content of the heap (Bernal et al., 2017). In most publications the annual emissions of NH3 from liquid manure stores are given as g NH3 m−2 y−1. This is a meaningful unit, because emission from stored slurry is related to the surface area, in addition to the effect of surface TAN concentration, emission is affected by surface pH, weather etc. The effect of surface to depth is illustrated by emission from a storage diameter 30 m and depth 1 m being similar to the emission from a storage diameter 30 m and depth 3 m, if the composition and climate are similar, but EF for the deep store should be 1/3 of the emission from the shallow one. For solid manure stores we present the EF in percent of TAN at initiation of the storage period, which is not an ideal solution, because transformations between organic N and TAN depend on a range of factors, including carbon to nitrogen (C:N), resilience of organic matter, oxygen content—porosity, size of heap, cover, turning etc. (Bernal et al., 2017). In future EFs should be related to the most important parameters which should include the transformation of organic N to TAN.

Emission from applied slurry is calculated using standard European conditions and is related to slurry DM and application rate, rain intensity and temperature (Hafner et al., 2018; Huijsmans et al., 2018). Soil characteristics will in practice have an effect on emissions (Chantigny et al., 2004; Seçer et al., 2018), but the statistical model does not include soil characteristics, because there was no clear effect of soil type in the analyses of emission data from the 12 countries that provided data for the model, which were from south to north of Europe (Hafner et al., 2018). Losses of NH3 from solid livestock manure applied to soil are not as well-understood as the emissions from slurry application due to the greater variation in the composition of solid manure and there is widely differing practices with respect to litter use and storage, which contribute to the high SD of the average EF.

Ammonia emission from cattle on grassland is highly variable and most of the emission originates from urine patches (Laubach et al., 2012, 2013; Nichols et al., 2018). Increasing addition of N in fertilizer to the grassland will cause an increase in NH3 emission due to increased grass N production, greater intake of N and increasing N excretion of which most ends up in the urine (Jarvis et al., 1989; Bussink, 1992; Voglmeier et al., 2018). Ammonia emissions increase with increasing soil moisture content (Bussink, 1992), and air temperature, wind speed, global radiation, and rainfall all influence emissions (Bell et al., 2017; Voglmeier et al., 2018). The same pattern is seen when studying NH3 emission from sows on grassland, which was related to the amount of feed given to the sows, incident solar radiation, air temperature and rain (Sommer and Hutchings, 2001). These variations are not accounted for with the average EF given in the Guidebook. The few studies carried out do not support a distribution in EF as affected by soil and climate.

The EFs presented here differ in many instances from those in the current Guidebook (European Environment Agency, 2016). This only partly reflects the availability of new results from studies published in the 10 years since the previous systematic update. The resources available for the earlier update were limited, reflecting the lack of appreciation in Europe of the negative effects of NH3 emissions in the past. As a result, the EFs were developed from the values used in the Tier 3 emission inventory methods of a small number of predominantly northern European countries. In the succeeding period, there has been an increase in awareness of the cost of atmospheric NH3 pollution, especially with regards to human health (Giannadaki et al., 2018), and the cost-effectiveness of abatement measures (Backes et al., 2016). This has led to the establishment of more restrictive limits on national NH3 emissions, within the scope of both CLRTP and NECD. This has prompted an awareness among regulators and policymakers of the need for more accurate and more detailed NH3 emission inventories, and to an increase in resources for methodological development.

Changes in Tier 2 EFs varied widely among the different stages of manure management and livestock types (see Tables 5–8), hence the impact of the changes on national Inventories will vary according to the different proportions of livestock classes and manure management systems in each country. The impact of the changes in Tier 2 EFs on total annual emissions from each livestock type can be estimated from the default Tier 1 EFs, expressed as kg(NH3) a−1 AAP−1 (Table 9). These Tier 1 defaults are produced by using the revised Tier 2 EFs from each stage of manure management to calculate NH3 emissions based on standard annual N excretion values for each class of livestock. These revised Tier 1 default EFs can be compared with the previous default Tier 1 EFs to give an estimate of the change in annual NH3 emissions from each class of livestock (Table 9).


Table 9. Existing guidebook emission factors (European Environment Agency, 2016) and revised emission factors.

[image: Table 9]

Most of the changes to the Tier 2 EFs lead to only small (c. 5–10%) changes in emissions expressed as kg(NH3) a−1 AAP−1 by the Tier 1 default EFs. Moreover, the changes include both increases, generally for livestock systems producing slurry, and decreases, generally for livestock systems producing FYM. There are some substantial reductions in Tier 1 EFs for poultry, but poultry are generally only a small item in national inventories.

Hence increases in total national emissions from countries with a large proportion of livestock systems producing slurry can be expected while total national emissions from countries in which livestock production is dominated by livestock systems producing FYM are expected to be small. For most countries NH3 emissions from livestock production are dominated by emissions from cattle production. Hence total national emissions are expected to increase for countries where cattle are housed in slurry producing systems. It should be noted that the Guidebook EFs are guidelines only and many countries estimate national emissions using a Tier 3 approach in which EFs for each stage of manure management are based on measurements of NH3 emissions from within that country. Hence changes to the Guidebook EFs will not impact on countries using such Tier 3 methodologies. Overall therefore the changes Tier 2 EFs reported here are not expected to make major changes to national emissions estimated using the Guidebook default methodology and none to national emissions estimated using national EFs.



CONCLUSION

The new NH3 EFs from manure management are derived as weighted means of studies from across Europe, of which most are published in peer-reviewed papers and the application of a model of emission from field-applied slurry. The SD of the average of mean was high, due to the very broad definition of livestock and management systems, and to variations in climate and management practices. As a consequence, national NH3 emission inventories developed using the Tier 2 methodology in the Guidebook will be associated with substantial uncertainty.
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