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Foreword 

Although public concern about the detrimental impacts of acidification in Europe initially 
centered on sulfur emissions, it is now widely accepted that nitrogen is also an important 
factor. Nitrogen deposition results both from emission of nitrogen oxides (mainly from 
energy combustion) and from emissions of ammonia. The most important sources of 
ammonia emissions are livestock farming and the use of artificial fertilizers. 

An efficient strategy to reduce acidification should not only focus on a single pollutant (e.g. 
SO2), but should balance reductions in emissions for all substances contributing to the 
problem. Cost-effective strategies, therefore, require knowledge on the most important 
emission sources as well as the costs for reducing emissions. Whereas such analysis for SO, 
and NO, emissions has been performed earlier, similar expertise on the potential and costs 
of reducing ammonia emissions has been lacking for a long time. 

This paper, containing the proceedings of a workshop on ammonia emissions in Europe held 
at the International Institute for Applied Systems Analysis (IIASA) in 1991, makes a first 
attempt to create a comprehensive international overview on this subject. Thereby, it will 
provide an important basis for the design of cost-effective strategies for reducing acidification 
in Europe, balancing reductions in emissions of sulfur dioxide, nitrogen oxides and ammonia. 

Markus Amann 

Leader 
Transboundary Air Pollution Project 
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Abstract 

Ammonia (NH3) concentrations are mainly influenced by local sources, whereas ammonium (m) in air and in precipitation has more distant sources. Ammonia is due to its short 
lifetime not transported over long distances while ammonium is. A preliminary estimate of 
the ammonia emission in Europe is 8.4 x lo6 tonne NH3 a-', which is 33% higher than 
estimated by Buijsman et al. (1987). In areas where the total deposition is dominated by dry 
deposition of NH3, a detailed emission inventory (with grid elements of 5 x 5 krn2) is needed 
to obtain good results with atmospheric transport models and to estimate the effects of 
emission reductions and deposition to forests. In other areas a less detailed inventory is 
sufficient. A pronounced diurnal variation in the emission rate for NH3 was found. 
Theoretical estimates of the seasonal variation in the emission rate are not in agreement with 
the measured variation. 

1 Introduction 

Ammonia (NH3) and ammonium ( N H ~ )  are important atmospheric components. 
NH3 is the most abundant alkaline component in the atmosphere. A substantial 
part of the acid in the atmosphere, as generated by the oxidation of sulphur 
dioxide and nitrogen oxides, is neutralized by NH3  As a result, N H ~  -the 
reaction product of NH3- is a major component of a reaction product of NH; 
in aerosols and precipitation. NH3 and N H ~  act as fertilizers, and deposition 
of these substances has unfortunate effects (Roelofs et al., 1985) and can lead 
to a change in the composition of the vegetation (Nilsson and Gremfelt, 1988). 
Oxidation of N H ~  in the soil leads to acidification of the soil. For these 
reasons the interest in the atmospheric behaviour of NH3 and N H ~  is 
increasing. 



NH3 is mainly emitted from animal manure, but it also derives from the 
production and application of fertilizers (Buijsman et al., 1987). N H ~  is not 
emitted in significant quantities and virtually all N H ~  in the atmosphere 
originates from NH3. 

The requirements of an emission inventory for NH3 depend very much 
on the specific atmospheric transport model in which the emission inventory is 
to be used. Further, the setup of a model depends in its turn on what kind of 
results are required and not least on the atmospheric behaviour of the 
components involved. Therefore the atmospheric behaviour of NH, (NH, + 
N H ~  aerosol) is discussed first, mainly by using information from Asman and 
van Jaarsveld (1 990). 

2 Atmospheric behavior of NH3 

NH3 originates mainly from many, widely distributed, low-level sources. 
Within a few hundred metres of such sources, the NH3 concentrations are 
relatively high near the earth's surface. Therefore there is a large dry deposition 
of NH3 near the source (Figure 1). At a distance of a few hundred metres from 
the source, NH3 will have become significantly diluted, and consequently the 
NH3 concentration and dry deposition rate will have dropped. At such distances 
the contribution of a single source vanishes in comparison with the background 
concentration. Large dry deposition of NH3 close to sources is a phenomenon 
which is not important for high sources such as industrial (NH3 or SO2) 
sources. 

mixing height 
_____--________-___-------_-------------  

dirtmce 

Figure 1. Plume as a function of distance from a low-level source. 

The climatologically avera ed dry deposition velocity of NH3 has been f found to be about 1.6 x m s- over heather and purple moor grass (Duyzer 
et al., 1987). In a second-generation atmospheric transport model for NH, 
(Asman and van Jaarsveld, 1990; Asman and van Jaarsveld, 1992) this value 
of the dry deposition velocity was reduced somewhat, to take into account the 



low dry deposition velocities over agricultural surfaces, which themselves 
contain substantial NH concentrations. A climatologically averaged value of ? about 1.2 x loe2 m s- was used. For forests the dry deposition velocity is 
considerably higher than this value. 

In the model of Asman and van Jaarsveld (1990) the dry deposition 
velocity is variable; it is a function of meteorological circumstances, as in 
reality. After NH3 is fully mixed throughout the surface mixing layer of the 
atmosphere the reduction of the NH3 concentrations due to dry deposition is 
about 6% h-l. 

The dry deposition velocity of N H ~  aerosol is much lower than the dry 
deposition velocity of N H 3  It is on the average about 1.8 x m s-' lower, 
but there is a large uncertainty involved. In the model an effective dry 
deposition velocity of NH: aerosol of 1.4 x m s-' was adopted, resulting 
in a reduction of the N H ~  aerosol concentrations due to dry deposition of about 
0.7% h-l. 

Both NH3 and NH: aerosol are removed very efficiently by precipitation 
at a rate of the order of 70% h-'. But as it rains only 5-10% of the time, 
removal by dry deposition can be as effective as removal by wet deposition. 

NH3 reacts with acid in the atmosphere (mainly sulphuric acid aerosol 
and nitric acid) whereby N H ~  aerosol is produced at a rate of about 30% h-l. 
This is a rather high rate compared to the oxidation rates for sulphur dioxide 
or nitrogen oxides, which are only a few percent per hour. The high reaction 
rate for NH3 with acids has some very important consequences, one being that 
NH3 is not transported over long distances, as it is converted to N H ~  aerosol, 
which is not removed very effectively by dry deposition and therefore can be 
transported over long distances (if it does not rain). Another consequence is that 
the contribution from one country to another will be mainly in the form of 
N H ~  aerosol and N H ~  in precipitation and in inthe form of NH3. 

The occurrence of many low-level sources and the relative short lifetime 
of NH3 results in a very high spatial variability in NH3 concentrations (Asman 
et al., 1989). This makes it almost impossible to measure the average NH3 
concentration for a country. It is for such purposes that atmospheric transport 
models can be used as an interpolation tool together with measurements at a few 
locations having widely differing concentrations, which are used to test the 
model results. As the NH: concentrations in air and precipitation vary 
relatively little, one can determine NH: concentration gradients over a country 
from measurements and then compute the average concentration for this 
country. 

Figure 2 shows the setup of an atmospheric transport model for NH,. 
Model results show that 44% of the emitted NH3 is dry deposited as NH3, 6% 
is wet deposited as the contribution of NH3 to the wet deposition of NH, 
(measured as N H ~ ) ,  14% is dry deposited as N H ~  aerosol and 36% is wet 



deposited as the contribution of N H ~  aerosol to the wet deposition of NH,. 
Figures 3 shows that there are two important removal mechanisms for NH,: dry 
deposition of NH3 close to the source and wet deposition of N H ~  aerosol at 
distances beyond 100 km from the source. 

dry wet 
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emission 

dry wet 
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Figure 2. Schematic overview of the TREND model for NH, (apart from the 
diffusion part). The width of the arrow indicates the relative 
importance of the various processes as computed with the TREND 
model for Western Europe. 
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Figure 3. Cumulative depositions of different forms of NH, as a function of 
downwind distance, integrated over all wind directions. 

3 Emission inventory for Europe 

Good emission inventories are difficult to construct and much boring work has 
to be done before they are ready for use. The following stages of the process 
can be distinguished: 



1. To determination of the emission factors. This is done e.g. for NH3 by 
using the results of agricultural research. But these results are usually valid 
for only the experiment under consideration. Different experiments often 
yield very different results. It is necessary to generalize to be able to make 
an inventory for a larger area than a specific experimental field. Normally 
some important information is lacking, which has to be estimated by 
making some assumptions. 

2. Acquisition of statistical information, e.g. on livestock and consumption 
and production of fertilizers. If the inventory has to be used in atmospheric 
transport models, information on the geographical distribution of the 
sources is needed, which cannot be found in international statistics. 
Therefore, information should be obtained from national or sub-national 
authorities. For different countries there may exist different subdivisions 
of livestock or fertilizers, which may cause some trouble in further 
calculations. 

3. Acquisition of information on the exact geographical location of adminis- 
trative units (municipalities, provinces, agricultural areas). This is needed 
in order to translate the emission for administrative units to emission on a 
regular grid which is often needed for model calculations. This can be a 
very time-consuming part and can easily take one man-year for a detailed 
(5 x 5 km2) emission inventory for a country or for a less detailed 
emission inventory for Europe. 

4. Testing the inventory by using it in an atmospheric transport model. This 
is an often forgotten stage. Of course there exists an uncertainty in the 
model results because of the uncertainty in the values of the model 
parameters. But if the model results are too different from measurements 
there must be something wrong with the emission inventory: maybe wrong 
emission factors were used or important sources are lacking. 

Buijsman et al. (1987) made the first gridded emission inventory for 
Europe. At that moment not many people were interested in atmospheric NH3 
emissions and there was much less work done in that area than nowadays. 
Buijsman et al. (1987) computed emissions from livestock using information on 
the number of animals for subcategories (e.g. "cattle 1-2 years") and emission 
factors for subcategories. In this way emissions were computed for different 
countries, which did not show exactly the same emission factor per animal 
category ("cattle" in this case). This method of calculation had some reality 
because the age or weight distributions for animal categories can be different 
in different countries. But part of the differences found, resulted simply from 
the fact that the subdivision of animal categories in different countries was 
different. 

Asman and Janssen (1987) used the emissions of Buijsman et al. (1987) in 



their long-range transport model, increased by 20% to take some other 
emissions which were not part of the inventory into account. These increased 
emissions are used in the current EMEP emission inventory. Buijsman (1987) 
already stated that the Buijsman et al. (1987) emissions were conservative one 
and that the emissions could well be higher by 25-35%. 

At the moment much more information is available on NH3 emission. 
Asman (1990) made therefore a new emission inventory for Europe, which until 
now only exists in a draft version, which hopefully will be revised soon, 
leading to minor changes. The reason why this takes so much time is that 
almost all this work has to be done by the author in his sparetime. This report 
will be published by the National Institute of Public Health and Environmental 
Protection (RIVM) , Bilthoven, the Netherlands. The emission factors for 
livestock were derived from recent Dutch emission factors for animal 
subcategories (De Winkel, 1988), apart from the emission factors for horses and 
camels (Table 1). 

Table 1. Annually averaged overall emission factors for animal categories 
(kg NH3 animal-' a-l). 
(For computational reasons the data is given more accurately 
than actually known). 

Category 

Cattle 
Pigs 
Poultry 
Horses (incl. ponies) 
Sheep(inc1. goats) 
Camels 

This survey 
- 

Miiller and 
Schieferdecker 

(1989) 

These emission factors were then used for all European countries together 
with statistical information on the number of animals and the consumption of 
fertilizers for the year 1987. This is, of course, by no means correct, as 
emission factors will depend on local agricultural practise (including the 
duration of the period when the cattle are on the stable), local meteorology and 
local soil conditions. For most countries, however, only part of this information 
is available, which makes it dificult to take these local factors into account. 

For fertilizers the emission factors of Buijsman et al. (1987) were used in 
the draft version (Table 2). In the defmitive version other emission factors will 
be used, which will lead to lower emissions from fertilizers. Table 3 shows the 
NH3 emission for different countries. The ratio of the here computed emissions 



and the emissions of Buijsman et al. (1987) is presented in Table 4. The 
estimated uncertainty in these emissions is at least 30-40%. For some countries 
the emission is much higher in the new inventory than in the old one. This is 
partly caused by the fact that not any longer emission factors for animal 
subcategories are used, as Buijsman et al. (1987) did. At the moment many 
countries (Asman, 1990) are adopting rules to reduce emissions of NH3 to the 
atmosphere. This will greatly influence emissions in the future. 

Table 2. Emission factors for N-fertilizers (% loss of N content). 

Table 3. NH, emission in European countries (tonne NH, a-l). 

Fertilizer 

Ammoniumnitrate 
Ammoniumphosphate 
Arnmoniumsul.nitrate 
Ammoniumsulphate 
Urea 
Complex N 
Other N 
Not specified N 

Albania 
Austria 
Belgium 
Bulgaria 
CSFR 
Denmark 
Finland 
France 
G e m n y  D.R. 
Gennany F.R. 
Greece 
Hungary 
Ireland 
Italy 
Luxemburg 
Netherlands 
Norway 
Poland 
Portugal 
Romania 
Spain 
Sweden 
Switzerland 
UK 
Yugoslavia 

Turkey 
.USSR(' 

Whole a m  

Emission factor 

10 
5 

12.5 
15 
10 
5 
5 
5 

Pigs Sheep Camels Fertilizer NH3 
ind 

58 
191 
591 
602 
538 
105 
188 

1272 
773 
888 
247 
552 
164 
956 

0 
1172 
340 

1018 
145 

1457 
712 
137 
26 

1016 
336 

0 
0 

13484 

Total 

( Only the following republics: ULrPine, WhiteRussia, GeorgiP, krbqjdqjan, Moldavia, Lithunia, Latvia, Armenia and 
Estonia. 



Table 4. Ratio this emission vs. emission computed by Buijsman et al. (1987). 

Albania 
Audria 
Belgium 
Bulgui. 
CSPR 
Denmark 
F i  
Frurce 
Gennrny D.R. 
G e m y  F.R. 
Greece 
Huneary 
Ireland 
I ~ Y  
Luxemburg 
Netherlands 
Noway 
Poland 
Porngal 
Romania 
Spain 
Sweden 
Swikerland 
UK 
Yugoslavia 

Turkey 
USSR(? 

Whole a m  

. only tbe 
Eetonin. 

NH, ind Totlll 

1.00 1.56 
1.00 1 .so 
1.00 1.57 
1.00 1.01 
1.00 1.31 
1.00 1.31 
1.00 1.44 
1.00 1.39 
1.00 1.36 
1.00 1.97 
1.00 1.19 
1 .00 1.42 
1.00 1.63 
1.00 1.23 
1.00 1.49 
1.00 1.94 
1.00 1.10 
1.00 1.41 
1.00 1.66 
1.00 1.33 
1.00 1.61 
1.00 1.43 
1.00 1.31 
1.00 1.37 
1.00 1.25 

1.00 0.84 
1.00 1.23 

1.00 1.33 

I, La*, Armenia and 

4 How detailed should an emission inventory be? 

Figures 4 and 5 show the geographical distribution of the NH3 emission for 
Europe and for Belgium, the Netherlands and the Western part of the F.R.G. 
(The emissions for the Netherlands in Figure 5 were given by Erisman, 1989). 
It is obvious from these figures that there exist large gradients in the emission 
density. For components which have mainly more distant sources like N H ~  
aerosol and N H ~  in precipitation (at least the most important contribution of 
N H ~  aerosol to it), an emission inventory with a resolution of 75 x 75 km2 (IE 
grid) or 150 x 150 km2 will lead to reasonable model results (Asman and van 
Jaarsveld, 1990). 



above 6.00 
4.00 - 6.00 
2.00 - 4.00 
1.00 - 2.00 

@ 0.50 - 1.00 
0.25 - 0.50 
0.00 - 0.25 

Figure 4. Emission density of NH3 in Europe (tome NH3 km- 2 a -1 ). 

For NH3 this is not the case (Figure 6). To be able to reproduce measured 
NH3 concentrations an emission inventory is needed with a resolution of at least 
5 x 5 km2. One could though compute a correct average dry deposition of NH3 
for a larger grid element with a model. The problem in this case is, however, 
that it is nearly impossible to check this computed value with measurements 
only. In that case a station would be needed for every 5 x 5 km2. Moreover, 
the NH3 concentration would be underestimated for the land area for those grid 
elements, which also partly cover sea areas. 



Figure 5.  Emission density of NH3 in the Netherlands (tome NH3 
2 -1 km- a ). 

5x5 km2 grid IE grid 

Figure 6. Modelled vs. measured concentrations of NH3 in the 
Netherlands, computed with emissions on 5x5 km2 grid and with 
emissions on IE grid ( 7 5 ~ 7 5 k d )  

12 



In areas where wet deposition is more important than dry deposition, e.g. 
Sweden, the total deposition to a small area could be modelled satisfactory with 
a less detailed emission inventory. In and near areas with a high emission 
density like the Netherlands or Denmark dry deposition of NH3 is dominant, 
and the total deposition to a small area can only be computed with a detailed 
inventory. If one would like to calculate the effects of emission reductions on 
the deposition to a forest this could be done with a less detailed emission 
inventory for Sweden, but for areas like the Netherlands, Germany, Belgium 
and Denmark, an emission inventory on a 5 x 5 km2 grid is needed to do this. 

5 Diurnal and seasonal variations in the emission 
rate 

Asman (1990) found a substantial diurnal variation in the emission rate, which 
could be explained from diurnal variations in the aerodynamic resistance and 
temperature (Figure 7). Adoption of such a diurnal variation results in a 20% 
reduction of the annually averaged concentrations of NH3 and N H ~  aerosol. 

hour 

Figure 7. Average diurnal relative variation in the NH3 emission rate 
(average value = 1 .). 

It is important to know the seasonal variation in the emission rate, 
especially for the calculation of effects on ecosystems. This was done for the 
Netherlands from information on the period the cattle are in the stable, manure 
is spread, using appropriate emission factors for each activity. The seasonal 
variation found in this way was very pronounced showing up to maximal a 
factor 5 difference in emission rate for different months. This variation was, 
however, much larger than the variation derived from measurements (maximal 
a factor 2). This means that still some more research has to be done before the 
seasonal variation can really be understood. 
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EXPERIENCE FROM MODELLING OF LONG-RANGE 
TRANSPORT OF REDUCED NITROGEN AT MSC-W 
OF EMEP 

Trond Iversen 

The Norwegian Meteorological Institute 
P.O. Box 43 - Blindern 
N-0313 Oslo 3, Norway 

Abstract 

Results from model-calculated concentrations of reduced nitrogen (ammonia and ammonium) 
are shown. The calculations form parts of the acid deposition model at the Meteorological 
Synthesizing Centre - West operating in routine. By comparing measurements, calculations 
and the emissions used in the calculations, it is demonstrated that there are large potentials 
for improvements in the calculated budgets by increasing the quality of the emission data for 
ammonia in Europe. A major weakness of the measured data pointed out is the closeness of 
the measurement sites to rural emissions of ammonia. 

1 The model 

The MSC-W acid deposition model calculates transboundary budgets of oxidised 
sulphur and nitrogen as well as reduced nitrogen routinely for the European 
Monitoring and Evaluation Programme (EMEP). It includes 10 different 
components in air, three of which are anthropogenically emitted: SO2, NO, and 
N H 3  The most important role of reduced nitrogen (ammonia and ammonium) 
in the model chemistry is to determine ,the fraction between gaseous nitric acid 
and particulate ammonium nitrate. This indirectly influences the transport 
distance of oxidised nitrogen, since nitric acid gas is very efficiently dry 
deposited while particulate nitrate has a very small dry deposition speed. 

There are two ways to form ammonium from ammonia in the 
model. If there is any free gaseous ammonia (NH3) and liquid sulphuric acid 
in the air, ammonium sulphate is immediately formed until there either is no 
ammonia or sulphuric acid left. If the latter is used up first, some ammonia is 



left and this then enters into equilibrium with gaseous nitric acid (FINO3) to 
possibly form ammonium nitrate. However, depending on the air's relative 
humidity and temperature, some ammonium nitrate may evaporate to form 
gaseous ammonia and nitric acid instead. 

The transport part of the model is solved by using 4 days long back 
trajectories, all ending up in grid-points in a regular grid or in measurement 
points. The model consists of one layer describing the well mixed, boundary 
layer. Details about the model can be found in Iversen et al. (1991). 

2 Input data 

The model needs input of meteorological data as well as emissions. The 
meteorological data are taken from short-term prognoses of the numerical 
weather prediction model with resolution 150 km, except for precipitation over 
land and mixing heights which are analysed directly from observations. Inputs 
are needed with six-hourly frequency. 

Emission data are as far as possible those calculated by the 
different countries in Europe and submitted to the ECE secretariate annually. 
The quality of these data for SO2 and NO, is believed to be reasonably good 
with a few exceptions. For NH3, however, the emissions are probably much 
worse. Only five countries have supplied official data for a recent year, and 
only one of these data sets is in gridded form. Other data are national totals, 
and these data are distributed in space in the same way as given in Buijsman et 
al. (1985) (see also Buijsman et al., 1987). In countries that have not given any 
data (23 countries), the data from Buijsman et al. (1985) are used directly after 
being multiplied with 1.2 (informal communication with the authors). Even 
these do not cover the whole domain, and in the Russian part of USSR a 
subjective judgement has been used to produce data that should be consistent 
with those estimated by Buijsman et al. (1985) in Belorussia and Ukraine. 

3 Calculation results 

Figure 1 shows a map for calculated deposition of reduced nitrogen (NH3 + 
NH~'). It clearly shows very large gradients as one moves away from the 
major emission sources. The reason for this is that ammonia, being the primary 
component, is efficiently deposited dry as well as wet. This causes shorter 
typical transport distances than for sulphur and in particular for oxidised 
nitrogen. 

Figure 2 shows a scatter plot of model calculated towards observed 
concentrations of ammonium in precipitation for a selection of stations which 



Figure 1. Model estimated annual deposition of reduced nitrogen for 
1988. 
Isolines for 0.01, 0.02, 0.04, 0.07, 0.1, 0.15, 0.25, 0.4, 
0.7, 1.0, 1.5, 2.5, 4.0, 7.0, 10.0 g(~)/m2.  

have an observation coverage of more than 25%. The plot reveals a clear 
tendency of the model to underestimate the measured concentrations. In 
particular, there are four measurement sites with very large measured 
concentrations which govern the regression line to a large degree. These 
stations are SU 6 and SU 7 in ,the Soviet Union, SE 8 in Sweden, and AT 2 in 
Austria. Since ammonia is efficiently dissolved in precipitation to form 
ammonium with large efficiency, ammonium in precipitation is expected to 
show a certain dependency with the size of close emission sources of ammonia, 
even if the long-range transported part of the reduced nitrogen of course 
precludes a linear relationship. Unfortunately, very few EMEP stations report 
measurements of ammonia, and hence ammonium in precipitation has to be used 
as a control of the model's quality and of the emission data. Figure 3 shows 
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Figure 2. 

O B S E R V E D  

Modelled versus observed concentrations of ammonium in 
precipitation for stations with data coverage more than 25 %, 
unit mg(N)/l. The dashed lines show perfect agreement and 
disagreement with a factor of 2. The full line represents 
optimal linear regression. 
See Iversen et al. (1991) for station codes. 
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Figure 3. Annually averaged concentrations of ammonium in precipitation (unit: 
mg(N)/l) at EMEP sites with more than 25 % data coverage, as a function of 
the emitted amount of ammonia (unit: kt(NH3)a) in the grid-square in which 
the sites are situated. 
See Iversen et al. (1991) for station codes. 
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Figure 4. Modelled versus observed concentrations of ammonium in 
precipitation for stations with data coverage more than 25 %, unit 
mg(N)l. Data for the sites SU 6, SU 7, SE 8, and AT 2 are 
excluded. 
The dashed lines show perfect agreement and disagreement with a 
factor of 2. The full line represents optimal linear regression. 
See Iversen et a1. (1991) for station codes. 



two diagrams: the modelled and the observed concentrations of ammonium in 
precipitation as a function of the emission of ammonia within the grid-square 
in which the measurement site is situated. The modelled concentrations show 
a clear linear trend with increasing local emissions and so do the observed, 
except that the same 4 measurement sites as mentioned above report concen- 
trations that are much larger than expected from the distributions of points in 
the diagram made up by all the remaining sites. Thus, either the measurements 
reported are of very bad quality, or (more probable) the emissions close to the 
sites are much too small. There are certain problems with the representativity 
of the ammonium measurements, since the sites often are situated close to 
emissions of ammonia. Nevertheless, we believe in this case that since the 
deviations are so enormous, the emissions used must also be wrong. 

If the four stations in question are taken out from the statistics, the 
scatter plot looks like in figure 4. According to this, the quality of the 
ammomium calculations is similar to sulphate and nitrate (Iversen et al., 1991). 

Conclusion 

This paper is intended to illustrate that there are large potentials for improve- 
ments of calculated budgets of reduced nitrogen if the quality of ammonia 
emissions can be made better. 
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Abstract 

The ammonia emissions of the RAINS model are presented. Sources of ammonia considered 
are: livestock farming, fertilizers, industry, human population and other anthropogenic 
sources. Data on emission factors are based on recent insights in the Netherlands but are 
adapted to account for country specific elements such as: stable period, N-excretion, and the 
age and weight distribution. Ammonia emissions in 1980 in 26 European countries and 
Turkey are estimated at 7960 kilotons; 10 per cent higher than Buijsman et al. (1987) 
estimated. Ammonia emissions in 1987 are 8400 kilotons; 10 per cent lower than Asman 
(1990) suggested and in line with EMEP. Country and source specific estimates, however, 
are more uncertain: differences of 5 to 40 per cent are possible between the various 
international estimates. Based on national agricultural forecasts and trend analysis, future 
emissions of NH3 are expected to rise to 8620 kilotons in 2000. 

1 Introduction 

Nitrogen deposition from ammonia emissions is an important factor in regional 
acidification and eutrophication in Europe. Strategies to reduce nitrogen 
emission in Europe must include efforts to reduce ammonia emissions. During 
the past several years IIASA (The International Institute for Applied Systems 
Analysis) has been expanding the Regional Acidification INformation and 
Simulation (RAINS) model to include nitrogen compounds. During the past year 
attention was turned to ammonia including a detailed assessment of its sources, 
and the cost of controlling its emissions. This paper represents the effort of 
IIASA in quantifying past and future European emissions of ammonia. 

This paper describes the design for the NH3 emission module as 
incorporated in RAINS. In addition, the data on emission coefficients are 
presented and elucidated and some preliminary results are shown. 

The remainder of the paper is organized as follows. Section 2 describes 



the overall set up and algorithm. Section 3 presents the emission coefficients for 
livestock farming and Section 4 the coefficients of nitrogen fertilizer. Industrial 
emission coefficients and the emissions of human population and other sources 
are explained in Section 5. Section 6 compares RAINS estimates for 1980 and 
1987 with other national and international estimates. Section 7 projects the 
development of ammonia emissions to the year 2000. 

2 The emission module 

The emission module distinguishes the following sources of ammonia 
emissions: 

1. Livestock farming: 
dairy cows, 
other cattle (including buffaloes) 
pigs, 
laying hens, 
broilers (all other poultry, including turkeys and ducks), 
sheep (including goats) 
horses. 

2. Nitrogen fertilizer consumption, 
3. Industry (fertilizer and ammonia production plants), 
4. Other anthropogenic sources (i.e. human respiration). 

Other anthropogenic sources, of minor importance, include: human respiration, 
cats and dogs, sewage sludge, wild animals, traffic and coal combustion. 
Natural soils are an additional source. 

Generally, NH3 emissions are calculated as a product of the emission 
coefficients and the level of activity (livestock population, fertilizer consumption 
and production, human population). The following description uses the indices 
i and 1, to describe the nature of the parameters: 

1 the type of animal 
1 the country 

Ammonia from livestock farming is released during three basic processes: 
in the stable and during storage of manure, 
during the application of manure, 
in the meadow or grazing period. 



These processes are explicitly distinguished in the model since this enables the 
possibility to calculate the potential of emissions that can be reduced through 
abatement measures such as: direct application of manure into the soil, cleaning 
of stable air and covering of manure storage facilities. The (unabated) ammonia 
emissions from livestock farming (NH3Li are therefore calculated using the 
following equation: 

In which: 

nh3si,l emission coefficient of stable 
&%.I emission coefficient of application 
fi3mi,1 emission coefficient meadow 
QLi, 1 animal population 

This equation is used for each of the seven animal types. 
Ammonia emissions resulting from the consumption of nitrogen fertilizer 

(NH3Fl) depend on the amount of fertilizer used and the N-loss per fertilizer: 

In which: 
nfl the n-loss per fertilizer 
QFl the fertilizer consumption 

Since the n-loss is expressed as per cent of the total nitrogen in the fertilizer the 
factor 17/14 is used to convert the losses expressed in nitrogen into ammonia. 
Note that fertilizer use and losses are country specific. 

Industrial ammonia emissions are mainly related to the production of 
fertilizer and ammonia. The total industrial ammonia emissions (NH3Pl) are 
therefore the product of the production of nitrogen fertilizer in each country and 
the emission coefficient: 

With: 
f i 3 ~  the emission coefficient for industry 
Qpl N-fertilizer production 



Other sources of ammonia are: human respiration, cats and dogs, sewage 
sludge, wild animals, traffic, natural soils and coal combustion. Of these 
sources human respiration is explicitly incorporated. Remaining anthropogenic 
sources are included insofar as national data are available. However, emissions 
of natural soils are ignored in view of the large uncertainties in their order of 
magnitude (Buijsman et al, 1987). Buijsman et al. (1987) estimate total Europe 
wide ammonia emissions from natural soils at 750 kilotons of ammonia per 
year. This would be 10 per cent of the total ammonia emission in Europe. 
Other sources (NH301) are incorporated in the following manner: 

With: 
nh3h emission coefficient human population 
QH1 size human population 
Cnh3 constant for other anthropogenic emissions 

3 Emission coefficients for livestock animals 

3.1 Introduction 

In the past, several overviews have been made that describe ammonia emissions 
in Europe (Bonis, 1980; Buijsman et al., 1987; Asman, 1990; Iversen et al., 
1990). A problem of the estimate made by Buijsman et al. (1987) is that they 
probably underestimate the emissions since for most countries their results go 
back to research in the Netherlands on the nitrogen content of the excretion as 
carried out in 1978 (Sluijsmans et al., 1979). Only for Denmark and the United 
Kingdom country specific data were used. In view of more recent information 
(De Winkel, 1988; Moller and Schieferdecker, 1989) on the nitrogen content 
of the excretion, the estimate made by Buijsman et a1 (1987) needs revision. 
Estimates by EMEP (Iversen et al, 1990) are the ones by Buijsman et a1 times 
a factor 1.2. A weak spot of the emission calculation by Asman (1990) is that 
emission factors typically for one country, the Netherlands, although based on 
recent insights, are used to calculate emissions for every country. In view of 
large differences in agricultural practices, this appears to be inappropriate. 

In contrast to the detailed information available about emission factors for 
NH3 in the Netherlands, data on ammonia emission factors based on country 
specific data on nitrogen excretion and volatilization of ammonia, is available 
only for a few other European countries: 
- Finland (Niskanen et al., 1990), 
- German Democratic Republic (Moller and Schieferdecker, 1989), 



- the Netherlands (Erisman, 1989), 
- the United Kingdom (ApSimon et al., 1989). 
For other countries, estimates are based on general rather than country specific 
emission factors: 
- Czech and Slovak Federal Republic (Zavodsky and Mitosinkova, 1984), 
- Denmark (Schroder , 1985; Laursen, 1989), 
- Federal Republic of Germany (Isermann, 1990), 
- Hungary (Bonis, 1981), 
- Norway (Bockmann et al., 1990). 
Or they are (partly) based on the same, rather outdated, estimates of the 
nitrogen content that were used by Buijsman et al. (1987). Examples are: the 
Federal Republic of Germany (Fabry et al., 1990) and Switzerland (Stadelmam, 
1988). Table 1 presents an overview of national estimates. 

Table 1. National NH3 estimates 

1) Only agricultural sources. 
2) Livestock manure only. 
3) Includes emissions from natural sources 

Estimate 

Country 

CSFR 

Denmark 

Finland 

FRG 

GDR 

Hungary 

Netherlands 

Norway 

Switzerland 

UK 

NH3 emission 

(Kton NH3) 

128-222 3) 

106-138 2) 

196 1) 

155 1) 

52 

348-360 

641 1) 

345-355 3) 

90- 157 

150 

258 

154 

57 1) 

64 3) 

451 1) 

Year 

1981 

78/82 

85/86 

1980 

84/86 

1988 

1986 

80185 

1976 

80187 

1987 

1092 

80189 

1987 

83/84 

Reference 

Zavodsky et al. (1984) 

Sommer et al. (1984) 

SchrBder (1985) 

Laursen (1989) 

Niskanen et al. (1990) 

Fabry et al. (1990) 

Isermann (1990) 

Moller et al.(1989) 

Bonk (1981) 

Fekete (1990) 

Erisman (1989) 

Buijsman et al. (1984) 

Bockmann et al. 
(1990) 

Stadelman (1988) 

ApSimon et al. (1989) 



Therefore this study's starting point is more recent information on 
emission coefficients in the Netherlands, summarized in Table 2. These 
emission coefficients are based on the work of a working group of scientists, 
established in the Netherlands to evaluate the present knowledge and to obtain 
more consistent and improved estimates on emission factors for NH3 from 
livestock farming (De Winkel, 1988; Van der Hoek, 1989, Hannessen, 1991). 
For the most relevant animal categories the working group has derived average 
annual emission factors per animal. Emission factors for stall and storage, 
manure application and the meadow period were based on the application of 
nitrogen mass balances. 

Their principle approach can be summarized in four equations: 

N excretion = N feed - N retention 
N stable = N excretion * volatilization s 
N application = (N excretion-N stable)*vokilization - a 
N meadow = N excretion * volatilization - m 

Table 2. Emission coefficients for livestock animals in the Netherlands 
(per animal in kg NH3/annum) 

Data based on de Winkel (1988), Van der Hoek (1989) and Hannessen (1991). Horses based 
on Asman (1990). Detailed data have been aggregated using national livestock data for the 
Netherlands in 1988 (see Klaassen, 1991). Other cattle are total cattle minus dairy cows. 
Sheep include goats. Broilers include other poultry such as turkeys and ducks. 

Subcategory 

Dairy and calf cows 
Other cattle 
Pigs 
Laying hens 
Broilers 
Sheep 
Horses 

The results of nutritional research were used to compute the nitrogen 
content of the feed per animal (N feed) as well as the retention of nitrogen (N 
retention) in various animal products such as meat and milk. As a result the 
nitrogen remaining in the excretion (N excretion) could be calculated. The 
volatilization of ammonia in the stall and during storage of manure 
(volatilization s), or in other words the loss of nitrogen, was determined by 
looking at thedifference between the NIP ratio in excrements and in stored 

Emission coefficient 

Stable1 
Storage 

8.79 
3.61 
2.27 
0.14 
0.07 
0.39 
5.00 

Meadow 
period 

12.34 
2.74 
0.00 
0.00 
0.00 
0.96 
3.50 

Application 

14.40 
6.14 
2.85 
0.18 
0.11 
0.7 1 
4.00 

Total 

35.53 
12.49 
5.12 
0.32 
0.18 
2.06 

12.50 



manure. P is regarded as a conservative component, whereas N may evaporate 
as NH3. The volatilization of ammonia can then be computed from changes in 
the NIP ratio during storage. Where possible the average emissions factors per 
animal were differentiated for different housing systems using recent emission 
measurements (Hamessen, 199 1 ; Van der Hoek, 1989). The volatilization 
coefficient of ammonia (volatilization a) during application (N application) and 
during the grazing or meadow period (volatilization m) was based on 
experiments described in the literature and additional experiments carried out 
by various research groups. The more detailed results for the Netherlands are 
included in Klaassen (1991). These results have been summarized per animal 
category (dairy cows, other cattle, pigs, laying hens, broilers, sheep and horses) 
using data for 1988 on the composition of the animal population in the 
Netherlands (Central Bureau of Statistics, 1989) and are presented in Table 2. 

The remaining sections will explain how the emission coefficients of 
Table 2 were modified for several livestock categories to arrive at country 
specific emission coefficients. 

3.2 Emission coefficients for dairy cows 

Regarding dairy cows, the major elements influencing emission factors are: 
feed composition, amount and its nitrogen content, 
retention of nitrogen in milk and meat, 
volatilization of ammonia in the stable, 
volatilization of ammonia during application, 
volatilization of ammonia in the meadow period. 

Van Dijk and Hoogervorst (1984) indicate that the share of grass in the 
total feed consumption differs among countries. The nitrogen content of the 
grass will differ since the amounts of nitrogen fertilizer applied on a pasture 
varies between countries (CEC, 1989). In addition, international statistics show 
that large differences in the annual milk production per cow exist. This 
suggests that the retention of nitrogen in milk might differ considerably amongst 
countries. As a result, the nitrogen content of .the excretion is likely to vary 
between countries. The volume of ammonia emitted in the stall and during 
storage depends on the volatilization coefficient and the stall period. The 
number of days spent in the stall varies (Asman, 1990). Method of storing 
manure, stable type and type of manure (liquidlsolid) are other factors affecting 
ammonia volatilization in the stall. Emission during application depends on 
factors such as the type of manure (liquidlsolid), soil type, temperature, wind 
speed and method of applying manure. Although differences amongst countries 
do exist, data and lack of theoretical insight do not allow to quantify the impact 
of these other factors on .the volatilization. In summary, on the one hand it does 
not seem appropriate to use the emission coefficients from the Netherlands for 



other countries. On the other hand, for only a few of the potentially large 
number of factors affecting emissions, data and sound theory is available. 

To compute country specific emission coefficients for dairy cows in 
RAINS we decided to take into account differences in the level of nitrogen 
fertilizer application as well as differences in meadow and stall period. For 
both these elements data was available. Moreover, the differences in meadow 
periods were thought to be relevant because they influenced the volume of NH3 
emission released during stall, application and meadow period. Consequently, 
this affects the potential of emissions to be abated and the associated abatement 
costs. 

The method used is the following. A recent study (Baltussen et al, 1990) 
indicates that there is a relationship between the nitrogen excretion of dairy 
cows and the nitrogen level of grassland. The nitrogen level of grassland is, 
to a large extent, determined by the amount of fertilizer applied. Based on data 
for the Netherlands the following relation has been estimated: 

In which N-excretion is the nitrogen excretion per animal and N-fertilizer is the 
fertilizer use per hectare. This relation has been used to estimate the N- 
excretion for other countries in Europe. The relation between the N-excretion 
per dairy cow in the Netherlands and the other countries is then used to correct 
the Netherlands emission factors. Details on the method and the data used are 
provided in Klaassen (1991). In addition, the amount of N-excretion produced 
in the meadow period and the stall period has been corrected using information 
on the meadow periods in several countries in Europe (Asman, 1990). This is 
based on the following equations: 

N-excretion stall = N - excretion* st periodkt period NL (10) 
N-excretion meadow = N - excretion *meadowperiod/meadow NL (1 1) 

where st period is the stall period in the specific country (in days) and st period 
NL is the stall period in the Netherlands (in days/year). Using equations (9) 
to (11) and data on the volatilization factors based on De Winkel (1988), 
country specific emission coefficients for stall, application and meadow have 
been calculated for dairy cows. Details are provided in Klaassen (1991) and 
summarized in Table 3. 

Total emission coefficients vary between 24.0 kg NH3/animal per year 
and 35.5 kg NH3/animal per year, mainly due to the differences in fertilizer 
level. The coefficients for stall, application and meadow differ roughly by a 
factor two (Klaassen, 1991). These differences considerably influence the 



Table 3. Emission coefficients RAINS (kg NH3 per animal per year) 

potential for abatement in the various countries. It is recalled, however, that 
we were not able to take into account all the relevant factors. For example, 
ammonia emission in Southern European countries might be underestimated 
since manure is usually stored outside as solid manure. Although the nitrogen 
content of the excretion might be less, this method of storing manure is likely 
to increase the ammonia emission again. 

COUNTRY 

Albania 
Austria 
Belgium 
Bulgaria 
CSFR 
Denmark 
Finland 
France 
FRG 
GDR 
Greece 
Hungary 
Ireland 
Italy 
Luxembourg 
Netherlands 
Norway 
Poland 
Portugal 
Romania 
Spain 
Sweden 
Switzerland 
Turkey 
UK 
USSR 
Yugoslavia 

3.3 Other cattle 

For other cattle there also may be differences among countries regarding the 
nitrogen content of the feed, nitrogen retention in meat, and the volatilization 
during stall and storage and the application of manure. Due to a lack of data, 
we were only able to take into the weight and age distribution within the 
category other cattle to calculate country specific coefficients on the basis of the 

DAIRY 
COWS 

27.3 
27.9 
26.4 
27.3 
32.0 
31.3 
33.2 
24.6 
32.6 
30.3 
25.6 
24.6 
24.9 
26.0 
29.9 
35.5 
33.7 
27.8 
26.3 
27.4 
25.4 
30.2 
32.9 
24.0 
26.5 
24.3 
25.2 

OTHER 
CATTLE 

12.5 
12.5 
14.1 
12.5 
12.5 
12.6 
11.4 
14.2 
12.4 
12.5 
11.9 
12.5 
13.9 
13.8 
14.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.3 
12.5 
13.3 
12.5 
14.8 
12.5 
12.5 

PIGS 

5.1 
5.2 
5.3 
5.1 
5.1 
4.6 
5.1 
5.0 
5.0 
5.1 
4.8 
5.1 
5.1 
4.9 
5.0 
5.1 
5.1 
5.1 
5.1 
5.1 
5.0 
5.1 
4.2 
5.1 
5.1 
5.1 
5.1 

SHEEP AND 
GOATS 

2.5 
1.9 
1.7 
2 .O 
2.0 
1.9 
3.0 
2.0 
2.4 
1.9 
2.2 
1.9 
1.9 
2.0 
2.5 
2.0 
2.9 
1.9 
2.1 
2.0 
2.1 
2.9 
2.1 
2.2 
2.7 
2.0 
1.9 



detailed emission coefficients for the Netherlands (see Klaassen, 1991). The 
results are presented in Table 3. 

3.4 Pigs, laying hens, broilers and horses 

For these animals nitrogen content of the excretion may differ among countries 
due to differences in nitrogen content of the feed and nitrogen retention. In 
addition, the ammonia emitted from stall and manure might vary due to 
differences in stall type (mechanical/natural ventilation for example; Asman, 
1990) and manure storage system. Differences in stable and manure handling 
systems are likely to cause differences in ammonia emissions from the stall, 
especially for laying hens. However, the stall period will not differ too much 
since pigs and poultry are usually inside the whole year (Asman, 1990). The 
losses of ammonia during application may also differ in view of differences in 
the usual factors affecting ammonia volatilization during application. Due to 
lack of data we used the data from the Netherlands (Table 2) for each country 
for laying hens, broilers and horses. For pigs we took into account the weight- 
and age distribution to arrive at country specific emission coefficients (see Table 
3), starting from the detailed emission coefficients reported by the Netherlands. 

3.5 Sheep 

For sheep differences in meadow period and the composition of the sheep flock 
over sheep and goats have been taken into account to arrive at country specific 
factors. The Netherlands emission factors (Table 2) were modified as follows. 
Ammonia losses (as kg NH3 per animal per year) in the stall (N stall), during 
application (N - application), and in the meadow (N - meadow) arecalculated as 
follows. 

N stall = N excretion * stall period * 0.12 '17114 (12) 
~ - a ~ ~ l i c a t i o n  - = N - excretion * (1-0.12) * stall period*0.25*17/14 (13) 
 meadow - = N - excretion * meadow period * 0.12 * 17/14 (14) 

where N excretion is the nitrogen content in the excretion per animal per year 
in the  etherl lands. The stall period is expressed as part of the year. 0.12 is 
the part of the nitrogen in the excretion that is released as ammonia in the stall 
(Equation 13) as well as in the meadow (Equation 14). During application, a 
share of 0.25 is released of the nitrogen in excretion, taking into account the 
loss that already occurred in the stable (1 - 0.12). The N excretion used is 
9.8535 kg Nlanimal per year for sheep (including lambs) i d  15.567 kg for 
goats. All data is based on Van der Hoek (1989). Using the above equations, 
data on the meadow period (derived from Asman, 1990: see Klaassen, 1991) 



and the number of sheep and goats in each country, the average emission 
coefficients for the category sheep in each country have been calculated 
(Table 3). 

Table 3 shows that emission coefficients vary between 1.3 kg NH3 per 
animal per year (United Kingdom) and 3.0 kg NH3 per animal per year 
(Finland) as a result of differences in meadow period and the ratio between 
sheep and goats. One should realize, however, that the data on nitrogen 
excretion and volatilization factors were still based on Dutch data. 

3.6 A comparison with other emission coefficients 

Table 4 compares the results of the emission coefficients used in RAINS with 
other estimates. The RAINS emission coefficients for dairy cows are generally 
below the ones of Moller and Schieferdecker (1989) and more recent Dutch 
ones (Table 2). Neither Buijsman et al. (1987) nor Asman (1990) explicitly 
distinguish between dairy cows and other cattle. The emission coefficients for 
other cattle are somewhat lower than Moller and Schieferdecker (1989) but in 
line with the Netherlands. The average, country specific emission coefficients 
in RAINS for cattle (dairy cows and other cattle) are difficult to compare with 
the other estimates since they depend on the share of dairy cows in the total 
cattle stock. For pigs RAINS estimates are comparable with the ones reported 
in the literature. The emission coefficients for poultry (laying hens and broilers) 
are difficult to comparable since RAINS distinguishes laying hens and other 
poultry. Estimates in RAINS for sheep are below the ones provided by 
Buijsman et al. (1987) and Moller and Schieferdecker (1989) but comparable 
with Asman (1990) and the Netherlands. Emissions coefficients for horses are 
in between both other estimates. Major differences and uncertainties appear to 

Table 4. Comparison of emission coefficients (in kg NH3 per animal per 
year) 

Livestock 
Category 

Dairy cows 
Other cattle 
Pigs 
Laying hens 
Broilers 
Sheep 
Horses 

Buijsman 
et al. 

(1987) 

18.4 
18.4 
2.8 
0.26 
0.26 
3.1 
9.4 

RAINS (199 1) 

24.0-35.5 
11.4-14.8 

4.2-5.3 
0.32 
0.18 

1.7-3.0 
12.5 

M6ller 
et al. 
(1989) 

42.5 
18.7 
6.3 
0.27 
0.27 
3.6 

18.2 

Netherlands 
(19881199 1) 

35.5 
12.5 
5.1 
0.32 
0.18 
2.1 

12.5 

Asman 
(1990) 

25.1 
25.1 
4.8 
0.32 
0.32 
1.9 

12.5 



exist especially for cattle. For the other animals RAINS estimates are 
comparable with the (wide) ranges observed in the literature. 

4 Fertilizer use 

Ammonia emissions released when nitrogen fertilizer is applied depend on 
elements such as: the type of fertilizer, soil PH and cation exchange capacity, 
drying conditions and irrigation. In this study we use average emission 
coefficients for each type of fertilizer used by Buijsman et al. (1987) and 
Asman (1990). Using information on the type of fertilizer for each country 
(Klaassen, 1991) average N-losses as ammonia from fertilizer have been 
determined (Table 5). 

Table 5. Average N - losses of fertilizers 

Country 

Albania 
Austria 
Belgium 
Bulgaria 
CSFR 
Denmark 
Finland 
France 
FRG 
GDR 
Greece 
Hungary 
Ireland 
Italy 
Luxembourg 
Netherlands 
Norway 
Poland 
Portugal 
Romania 
Spain 
Sweden 
Switzerland 
Turkey 
UK 
USSR 
Yugoslavia 

(% Loss of N-Content) 

6.0 
1.7 
2.0 
5.0 
5.0 
1.7 
1.3 
2.7 
3.4 
3.3 
5.8 
7.0 
3.8 
5.8 
2 .O 
1.9 
1.1 
9.8 
4.2 
5.0 
4.6 
2.2 
4.1 
6.5 
5.4 
5.0 
5.0 



5 Industry and other anthropogenic sources 

Ammonia production and fertilizer plants are the main sources of industrial 
ammonia emissions. Following Buijsman et al. (1987) we assumed the total 
production of ammonia plants in each country to be proportional to the fertilizer 
production. Emission coefficients for ammonia plants are taken as 0.8 kg NH3 
/ton fertilizer produced (Ministry of Housing, Physical Planning and 
Environment, 1983). According to the same source emission factors for 
fertilizer plants may vary between 0.01 kg NH3 per ton and 12.5 kg NH3 per 
ton produced. As Buijsman et al. (1987) we assumed an average coefficient of 
5 kg NH3/ ton fertilizer produced. As a result, the total emission coefficient 
used for industrial ammonia sources is 5.8 kg NH3/ton fertilizer produced. 

For human population we use an emission coefficient of 0.3 kg NH31head 
(Buijsman, 1984; Erisman, 1989). For the other anthropogenic sources, 
different national sources have been used to estimate these (Stadelman, 1988; 
Moller and Schieferdecker, 1989; Erisman, 1989; Niskanen et al. 1990). These 
other sources are generally negligible (Klaassen, 1991). In all cases natural 
sources were excluded. 

6 A comparison of past estimates 

The ammonia emissions for 1980 and 1987 were calculated using the emission 
coefficients of Table 2 and 3 and data on livestock population, fertilizer 
consumption and production, as well as human population. Data on livestock 
population and fertilizer use is from FA0 (1990a, 1990b) and national livestock 
statistics for Belgium, Luxembourg and the USSR (Institut Economique 
Agricole, 1989; Statistical Board of the USSR, 1989). Human population data 
are based on United Nations (1989a, 1989b) and estimates of IIASA's 
Population Program for the EMEP (European Monitoring and Evaluation 
Program) part of the USSR. The data on the USSR refer only to that part of the 
USSR that is within the grid used by EMEP. That includes the USSR republics 
Ukraine, White Russia, Georgia, Azerbajdzjan, Lithunia, Moldavia, Latvia, 
Armenia, Estonia and that part of the RSFSR (Russia) which is within the 
EMEP grid. For fertilizer use data of the British Sulphur Corporation (1987) 
were used. 

Table 6 compares the emissions of various authors on a country-by- 
country basis. Since the various authors make different assumptions on that 
part of the USSR which is included in their calculations estimates for the USSR 
show wide differences. We will therefore compare the total estimates for 
Europe excluding the USSR. Table 6 shows that our estimate for 1980 is 10 per 
cent higher than the ones from Buijsman et a1'.(1987). The estimate for 1987 is 



Table 6. NH3 emission estimates per country (kton NH3) 

comparable with the EMEP estimate (Iversen et al., 1990) but 20 per cent 
lower than the one by Asman (1990). The Table indicates that IIASA estimates 
for 1980 are considerably higher for some countries (the Netherlands, FRG, 
Poland) than the Buijsman et al. (1987) computation. For several countries 
(Turkey e.g.) the IIASA estimate is lower. Generally IIASA estimates for 1987 
are (slightly) lower than the ones by Asman (1990), (for example, Spain, 

Estimate 

Country 

Albania 
Austria 
Belgium 
Bulgaria 
CSFR 
Denmark 
Finland 
France 
FRG 
GDR 
Greece 
HuQar~ 
Ireland 
Italy 
Luxembourg 
Netherlands 
Norway 
Poland 
Portugal 
Romania 
Spain 
Sweden 
Switzerland 
Turkey 
UK 
USSR 
Yugoslavia 

EUROPE 

Europe minus . 
USSR 

Note: Due to 

Buijsman 
et al. 

(1987) 
1980183 

2 1 
72 
82 

126 
170 
11 1 
44 

709 
37 1 
207 
95 

130 
117 
36 1 

5 
150 
36 

405 
47 

30 1 
232 
52 
53 

683 
405 

1256 
198 

6434 

5178 

rounding total might 

IIASA 

1980 

25 
79 

102 
122 
200 
116 
56 

679 
529 
228 
88 

156 
128 
359 

5 
224 
37 

570 
66 

297 
25 1 
66 
64 

532 
482 

2288 
214 

796 1 

5676 

differ from 

Asman 

(1 990) 
1987 

32 
107 
123 
123 
219 
1 44 
61 

974 
718 
274 
11 1 
179 
188 
435 

7 
276 
38 

561 
76 

3 87 
365 
74 
68 

573 
548 

1543 
235 

8439 

6903 

IIASA 

1987 

27 
79 

105 
120 
197 
103 
49 

650 
533 
239 
100 
155 
128 
366 

5 
239 
47 

528 
65 

340 
3 17 
59 
60 

476 
492 

2446 
217 

8143 

5696 

the sum. 

EMEP 

(1 990) 
1988 

24 
85 
94 

147 
200 
129 
43 

841 
3 80 
242 
112 
151 
139 
426 

6 
218 
4 1 

478 
55 

350 
273 
62 
61 

699 
478 

3182 
235 

9 129 

5969 


























































































































































































































































































































































































































































































































