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A key information the farmer needs to know for fertiliser planning is, how 

much of the total nitrogen (N) excreted and transformed into organic 

fertilizers can potentially be taken up by the crops. This requires 

bundling the available scientific knowledge on animal nutrition, the 

potential N losses along the manure cascade, i.e. from excretion to and 

including application, and the potential long-term N recovery after field 

application. During the expert workshop Re-evaluating the potential 

nitrogen recovery of different manure categories, held on 4 – 6 May 2022 

at Agroscope in Switzerland, we identified ranges of reactive N losses 

reduction potentials along the manure cascade, which can be achieved 

through the implementation of specific agricultural practices. 

Subsequently, we discussed possible strategies to assess the potential 

N recovery after application of manure in the field (Fig. 1). Thanks to the 

different perspectives, based on country and specialisation, we were 

able to collect a broad spectrum of knowledge. Additional to this 

workshop summary, an in-depth review on the potential of N recovery of 

selected manure categories in livestock systems will be prepared in a 

follow up.  

Workshop structure: via keynotes, short-inputs and group works we followed the 

different nitrogen forms along the manure cascade and after application. 
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Objectives of the workshop 

The main objective of the workshop was to re-evaluate the N recovery concepts and assessment strategies along 

the manure cascade from animal excretion to crop N recovery.  

Four main thematic blocks were discussed: 

1. Defining the manure quality according to livestock and manure management choices along the manure cascade:

Drivers and levers to reduce ammonia (NH3) and nitrous oxide (N2O) emissions and nitrate (NO3-) leaching.

2. Manure treatment strategies: potentials to reduce NH3 and N2O emissions and NO3- leaching and effects on

manure characteristics and scaling potentials.

3. Assessing the potential manure N recovery after application: current knowledge and challenges of the N dynamic

assessment in the soil. 

4. Regulatory fertilisation measures in selected countries: Obstacles and opportunities of fertilisation laws

adaptations on manure management strategies. 

The current knowledge was retrieved from nine keynote (KN) and 12 short-input (SI) talks (List at page 6) and 

complemented with plenary and additional notes. The first three topics were associated with a particular location 

along the manure cascade. 

Workshop topic blocks 
Animal nutrition 

While the specific subject of animal nutrition was excluded from the workshop program, it entails a very important 

information for the assessment of the overall system efficiency. It was mentioned as highly important by several 

participants and was introduced in the short-inputs on animal housing and pasture. A balanced energy-protein feed 

ration markedly decreases the potential N emissions (SI1_A, slides 13-14: Schrade), as less N, with a lower 

ammonium: total N (Ntot) ratio is included in the system from the start. Achieving this is particularly complicated 

within part time grazing systems (example on feeding with grazing in SI1_B, slide 9-14: Ammann). 

Animal housing 

Animal housing, slurry/manure storage and slurry application are key contributors to ammonia (NH3) emissions at 

the farm level (KN1_1: Kupper).  The presentation in the workshop focused on mitigation measures investigated in 

the experimental dairy housing for emission measurements (SI1_A: Schrade). Further measures and other animal 

categories (pigs, poultry or small ruminants) were not mentioned. Preliminary results from the experimental dairy 

housing for emission measurements in Tänikon show that by floors with 3% gradient and urine-collecting gutter 

cleaning reduces the NH3 emissions by 23-37% compared to solid floors without slope (SI1_A, slides 5-6: Schrade). 

Furthermore, first results of feeding stalls (i.e. raised standing surface with partitions) were presented and showed 8-

16% NH3 reduction compared to a housing system without feeding stalls (SI1_A, slides 7-8: Schrade). However, 

animal housing facilities last for several decades, which means that adaptations at the housing level are less rapidly 

implemented. 

Manure storage 

Livestock category, diet, livestock holding system and dilution are important factors influencing manure quality 

(SI2_B, slide 3: Williams) and subsequently the potential for gaseous losses from manure in form of NH3 and/or N2O. 

While the effects of manure quality changes on NH3 storage emissions can be predicted fairly well, potential changes 

in N2O volatilisation and total denitrification to di- N (N2) are more difficult to quantify, because in this case there are 

several processes involved (KN2_1, slide 11, Velthof). Measures to reduce N losses at the storage level can roughly 

be divided in construction measures and manure treatment strategies. Through both, building measures and 

treatment the manure properties are changed, which can potentially change the N dynamics during and after 

application, causing pollution shifts (e.g. decreased NH3 emissions during storage, and then increased NH3 emissions 
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during application when using a broadcast slurry spreader). During the workshop, the presenters focused on the 

following measures at the storage level: slurry tank coverage, crust formation (SI2_A, slides 3 - 7: Kupper),  anaerobic 

digestion (SI2_A, slide 8: Kupper), solid-liquid separation (SI2_A, slide 8: Kupper; SI2_B, slide 7: Williams), and 

slurry acidification prior or during field application (see section application; SI2_A, slide 8: Kupper, SI2_B, slide 9: 

Williams; SI2_C, slide 11: Krol, WS2_Notes_Plenum, slide 11: Krol).  

Impermeable structural covers can reduce the NH3-Emissions by approximatively 80%, impermeable synthetic 

floating covers by approximatively 48% and natural crust by approx. 43% (SI2_A, slides 4 - 5: Kupper). In contrast, 

N2O emissions tend to increase with structural changes. However, particularly for N2O, robust experimental data are 

somewhat sparse, particularly depending on slurry type (pig vs. cattle) and construction measure (SI2_A, slide 4: 

Kupper). Therefore, the results must be treated with caution and need further evaluation. 

Based on the available experimental data, anaerobic digestion, solid-liquid separation and dilution have the opposite 

effect than construction measures, i.e. tendency to increase the potential NH3 emissions and decrease N2O 

emissions (SI2_A, slide 8: Kupper), which is caused by the changes in slurry quality. The solid-liquid separation 

enables a more targeted and precise application of different plant nutrients (SI2_B, slide 7: Williams). The liquid 

fraction has a similar fertiliser N recovery as the original slurry, while the solid fraction can be used as soil conditioner 

(organic fraction) with a similar N effect as solid manures (KN2_2: Möller). Still, reduction of N losses, from the 

remaining N in the solid fraction is a major challenge. The fertiliser N recovery is significantly higher in a crop with a 

long crop cycle (maize) than in spring wheat with a short growth cycle. Transportation volumes and weight can be 

reduced and through the utilisation as substrate for digestion in biogas plants energy can be obtained (KN2_1, slide 

5: Velthof). Even though N2 itself is harmless, considerable N2 losses may be produced from solid manure or farmyard 

manure, but are difficult to quantify, because they cannot be measured directly. 

 

Manure application 

The dilemma of pollution shifts is also evident at the application stage. Numerous factors influence NH3 emissions 

during field application, and include manure and soil properties, meteorological conditions, method and rate of 

application as well as crop structure (SI2_C, slide 2: Krol). Initial direct NH3 emissions can be markedly reduced 

through the utilisation of low-emission application techniques (e.g. trailing hose, injection; SI2_C, slide 5: Krol), even 

though the NH3 emissions differences with the splash-plate seem to be reduced over time (SI2_C, slide 6: Krol). A 

reduction of the NH3 emissions during application simultaneously leads to reduced indirect N2O emissions, as less 

N derived from NH3 is translocated and deposited on land (SI2_D, slide 8: Richards). However, through improved 

manure management and treatment at the storage level, highly concentrated slurry applications through injection 

may cause a hotspot for increased N2O emissions (KN2_1, slide 19, Velthof). The N2O emissions hotspot is by trend 

lower compared to the reduced indirect N2O emissions, but may lead to increased NO3- leaching even though detailed 

evidence was not identified during the workshop. In order to counteract the N2O emissions from slurry application in 

the field, soil liming represents a possible soil management opportunity (SI2_D, slide 6: Richards), which however 

leads to potentially increased NH3 emissions (SI2_C, slide 11: Krol). Another, somewhat disputed measure to 

decrease N2O emissions is through addition of nitrification inhibitors. This addition may simultaneously increase NH3 

emissions and needs accurate handling in practice (SI2_D, slide 5: Richards). Moreover, its long-term effects on soil 

biology are still unclear. 

Slurry acidification is a known slurry treatment procedure, which can reduce the risk of NH3 losses by over 70% 

(SI2_B, slide 9: Williams; SI2_C, slide 11: Krol). Slurry acidification requires specific knowledge on concentrated acid 

handling, and has to be maintained by specialists (WS2_Notes_plenum, slide 5). Acidification can be applied in the 

midterm storage of the barn or the seasonal storage capacities. However, due to high buffer capacities of the manure 

that requires much larger acid quantities than acidification prior to application. 

On arable land the total potential N emissions reduction is mostly based on a meticulous fertilisation plan, including 

low-emission application techniques, split fertilisation (where possible) and a crop rotation including cover crops. 

Fertilisation planning should integrate local conditions such as yield expectations, climate, growing patterns of crops 

and their N response and particularly the release of N from plant residues, soil and different fertiliser types 

(SI1_D_Knigge-Sievers, KN1_2_Frick). Especially on sandy soils, NO3- leaching, as well as N2O emissions, are 

clearly linked to fertilisation exceeding the actual plant uptake. On clay-rich soils these effects can be masked by 
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immobilisation, but nevertheless, contribute strongly to leaching by subsequent release, if the inputs repeatedly 

exceed the crop requirements. 

 

Pasture and permanent grassland 

The small surface exposure, as well as the fast urine penetration, which reduces it’s contact with air before contact 

with the urease enzyme and urea hydrolysis, lead to a reduction of NH3 emissions during grazing (SI1_B, slide 8: 

Ammann). At the same time, the heterogeneous and preferential spatial distribution leads to low N recovery potentials 

of the excreta (SI1_B, slide 8: Ammann), because the crops cannot take up the high amounts of N. Between regions 

(country) and farms we find diverging pasture management and fertilisation strategies (notes from final plenary 

discussion), which is reflected in the broad ranges of NH3 emission amounts in literature (between 2.7 – 23% of 

excreted total ammoniacal N; SI1_B, slide 8: Ammann). This also means that the risk of N2O emissions and NO3-

leaching under urine patches is not necessarily the same for each region and differences also exist among farms 

(notes from final plenary discussion). A particular knowledge gap in pasture systems remains in the N2 losses. 

Available results can therefore only partially be scaled or applied to other pasture management systems.  

Permanent grasslands can be managed at different intensities, and through fertilisation after each forage cut, crop 

nutrient requirements and availability can be better synchronized. Through the establishment of multispecies swards, 

including grass, clover and herbs, a deep rooting system can be developed and consequently the NO3- leaching 

potential reduced. This can potentially also lead to an overall decrease of N2O emissions (SI2_D, slide 4: Richards). 

 

Long-term manure nitrogen recovery 

In most cases, manure is applied repeatedly, year by year, on the field. A series of factors influence the potential N 

losses during the year of application as well as the soil biological activity, and therefore how much of the N applied 

can potentially be recovered during the year of application, and thereafter. The long-term N recovery is usually 

estimated by long term field experiments or through scientific models. Essential model inputs include manure 

properties (dry matter, total N content, C:N-ratio, type of C molecules), soil characteristics (type and particularly clay 

content, moisture, pH, SOM content, C:N-ratio), climate (temperature fluctuations, rainfall, evapotranspiration), soil 

management practice (tillage, manure application method, incorporation method, mechanical weed control, time of 

application, fertilising history), as well as crop type (annual or permanent as well as legumes or non-legumes) 

(compiled from different slides of KN3_2 Sørensen, KN3_1 Epper, SI3_A: Thuriès, SI3_B: Zavattaro, SI3_C: Bhogal, 

SI3_D: Cavalli). This extensive list of parameters highlights the difficulty of uniquely defining the potential N recovery. 

Indeed, in literature we find tailored definitions, based on the study aim and the available information. In this case, 

the potential N recovery is defined as the sum of readily plant available N and N mineralized from the organic N 

fraction, assuming a steady state after repeated, regular application and spreading according to best agricultural 

practice, over a period of time. In other instances it is defined as a mineral fertiliser equivalent, i.e. the sum of N taken 

up by the plant from the applied organic fertiliser compared to the sum of N taken up by the plant from applied 

inorganic fertiliser. 

The MANNER-NPK tool, for instance, uses a series of influential manure characteristics (nutrients and dry matter 

content), management practices (application and incorporation method, including timing),  soil characteristics 

(volumetric moisture content) and climate data (rainfall) to estimate the crop available nutrient supply for the year of 

application and the following year (SI3_C, slides 9 – 12: Bhogal). This tool represents an excellent example of how 

scientific knowledge can be brought into practice. It focusses on the application year and the following year, which 

seem to correspond to the highest N mineralisation period (SI3_C, slide 7: Bhogal), while it might still neglect part of 

the overall N recovery. The evaluation of long-term experiments and the calculation of specific indicators highlighted 

that particular climatic and soil conditions promote N mineralisation of the applied organic fertiliser, and play an 

important role in yield and N uptake (SI3_B: Zavattaro; KN_3_2: Sørensen). Therefore, by combining short- and long-

term N recovery potentials, the overall N recovery can be estimated. 

Laboratory and incubation data can be used to calculate manure characteristics indicators and typologies, to better 

estimate the N dynamics in the soil (e.g. potential N mineralisation rate based on the Carbon speciation abundance; 

SI3_A, slide 4: Thuriès). The utilisation of manure subgroups to calibrate N dynamic models is, however, not always 

applicable. Manures of the same group can differ in characterisation (SI3_A, slides 10 – 11: Thuriès), which is 

influenced amongst others by different feeding and manure management strategies. Therefore, laboratory analysis 
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and incubation experiments can give useful insights on the initial manure N dynamics after application, but should 

ideally be used individually for model calibration (SI3_A, slide 13: Thuriès). Additionally, because of the reactive 

nature of N, it remains difficult to precisely assess the N contents in manures under farm conditions (e.g. sensitivity 

to gaseous losses; SI3_A, slide 21: Thuriès). 

 

Implementation in practice and at the policy level 

Farmers need robust estimates of how much of the N applied in the manure is potentially available for crops to ensure 

productivity. Legal enforcement needs robust evidence in combination with controllable information to maintain or 

regain environmental quality or services. Decision support tools are often based on scientific models or real farm 

data and play an important role in mediating the complex knowledge between farmers and legislation. Making local 

and timely information available for fertiliser planning, decision making and prognosis are key elements to increase 

acceptance and implementation in practice and to support environmental monitoring as well as legal enforcement 

reports (SI3_D_Cavalli, and discussion). However, whatever tools are used, they should be accompanied by 

measures of knowledge transfer and by extension services helping the farmers to access the latest information and 

adopt new farm management measures and methods. Additionally, methods of precision farming using sensors or 

remote sensing may be implemented in such tools and further increase their reliability with respect to local adaptation 

of crop production and fertilisation efficiency (SI3_D_Cavalli and discussion/notes). 

In the workshop, three examples of policy frameworks were presented including their basis, main problems and 

advantages, as well as possible future development of the legal enforcement. Keynote 4_1 “The current fertilizer 

regulatory system in Switzerland: strengths, weaknesses and future adaptations” highlighted that current numbers 

used for nutrient balancing and the paper-based accounting system are insufficient to fulfil the current demand for 

legal nutrient enforcement (KN4_1: Hunkeler). The vision of a national digital farm-based accounting system for 

nutrients was presented in “The Regulatory framework in Denmark, - Successes & challenges of the Danish 

fertilization reports” (KN4_2: Christel). The Danish nutrient accounting system is based on the relative utilization of 

manure N compared to using mineral N fertilisers (low ammonia emission N fertiliser as reference) and having norms 

for mineral N fertiliser application for each crop type. Decades of feedback driven adaptation of the regulatory system 

lead to the main drivers being efficient for nutrient surplus and loss reduction on national scale. Finally, the German 

contribution “Dealing with NO3- vulnerable zones: regulatory tools to complement the general fertilizer decree” 

showed the actual regulation in the Nitrate vulnerable zones, their development and integration in the European 

nitrate directive (KN4_3: Hofmeier). From the talks and the plenum discussion important parameters that should be 

part of a successful regulatory framework reducing N and phosphorus surplus and losses were derived as follows: 

 obligatory and digital field scale fertilizer plan and accounting (eventually accompanied by a farm nutrient 

balance),  

 up to date and strict fertilisation standards (reflecting best practice to foster innovation),  

 restrictions and bans during certain periods of time or conditions of land (winter, frozen or saturated soil etc.),  

 obligatory use of catch crops and buffer strips,  

 regulations for infrastructure (sufficient storage volume) and  

 regulations for machinery (e.g. no broad spread tech for slurry).  

 

These measures should be accompanied by a clear and consistent communication integrating all stakeholders from 

farmers, farm advisory and extension services, water suppliers and managers to federal decision makers. 

 

Conclusions 

The workshop highlighted possible ranges of action based on different measures to reduce the N losses along the 

manure cascade. It also emphasised trade-offs between different N forms and their loss potentials, which have to be 

kept at the back of one’s mind when implementing a new reduction measure. Therefore, when assessing the potential 

N recovery of manure, there is no ‘one value fits all’. The aim should rather be to give a set of tools, which farmers 

can implement and the legislation should promote, in order to reduce the N losses to the environment. Additionally, 

the country specific regulatory frameworks underlined different approaches in accounting for N in fertilisers, and 
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serve as inspiration for further development of the Swiss regulatory framework and to foster future exchange between 

farmers, extension, regulatory authorities and research. 

The workshop as a starting point for a scientific review 

paper 

National regulations and reduction measures are ultimately implemented at farm level. The final workshop synthesis 

session highlighted differences among countries regarding the regulations along the feed, manure to crop cascade. 

Participants integrated their knowledge on the potential to improve N recovery along the manure cascade for different 

animal and manure categories. At each level of the manure cascade, we can define a ‘solution space’, which 

describes the potential to improve the N recovery at the respective level.  

For the review, we thus aim to first summarise and visualise the different ‘solution spaces’ along the manure cascade 

from animal nutrition to long-term recovery based on results available from literature, as well as for already 

implemented values in different countries at the legislation level. This way we want to make a dual comparison, 

among regions / countries and their actual potential to improve N recovery. Another important output of the review is 

aimed to be the comparison and critical discussion of well-established and new techniques to reduce N losses, and 

particularly on the influence on the long-term N recovery of the new methods, which will be related to the amount of 

reduction of N losses in the long term. 

In order to assess the overall N recovery of organic fertilisers, and therefore to be able to advice farmers, we follow 

a system approach, where animal nutrition, housing and manure management are optimised and integrated with the 

scientific findings on long-term N recovery after manure application. When combining the different ‘solution spaces’, 

we obtain a farm-level apparent N recovery, which varies among farms implementation of ‘bad’ to ‘best’ agricultural 

practice. This final result will help us discussing the overall action potential at the farm level to reduce N losses and 

simultaneously increase the overall farm N use efficiency. 

In the review, we will also comment on the added soil fertility value that can be achieved by the regular application 

of organic fertilisers, as well as highlight the limitations of manure N cycling assessment (e.g. total denitrification, 

inclusion of additional parameters). Finally, we will contextualise the results at the legislation (What is achievable?) 

and farm implementation level (e.g. consideration of site specific characteristics, fertilisation history, increase 

acceptance and implementation in practice). 
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fertility, Aarhus University (AU), 

Denmark 
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Introduction
Ceilings on the annual NH3 emissions included in the 
Gothenburg Protocol United Nations Convention on 
Long-Range Transboundary Air Pollution

Member states are obliged to regularly report 
emissions and achieve emission goals

Introduction
It is impractical to measure emissions from all the 
sources that, together, comprise an emission 
inventory.

Thus, model calculations are applied by combining 
information on human activity (called activity data, 
AD) with coefficients that quantify the emissions per 
unit activity (denoted emission factors, EF). 

Emissions = AD x EF

Mass flow model



Emission calculations
State of the art for emission reporting:
Mass flow models using a tier 1, 2 or 3 level approach 

Tier 1 methods apply a simple linear relationship 
between activity data and emission factors

Tier 2 methods use the same or similar activity data 
to Tier 1 methods, but apply country-specific 
emission factors 

Tier 3 methods go beyond tier 2; these may include 
using facility level data and/or sophisticated models  

EEA. 2019. EMEP/EEA air pollutant emission inventory guidebook 2019. Technical guidance to prepare
national emission inventories. Luxembourg: European Environment Agency.
https://www.eea.europa.eu/publications/emep-eea-guidebook-2019 (accessed on 2022/04/25)

Tier 3 model to calculate ammonia emissions
Agrammon (Switzerland)

TAN flow

Emission 
factor

Correcting
factor

TAN = Total Ammoniacal Nitrogen (NH3,L + NH4
+)



Principles of the Agrammon model
Excretion of livestock animals, emission factors, 
correcting factors (in total approx. 200 parameters):

Based on data obtained from experiments under farm-
scale conditions, farm-scale measurements in 
Switzerland wherever possible. 

If not available, such data from other countries are 
used.

Where appropriate they are matched with UNECE 
(United Nations Economic Commission for Europe)* 
recommended values.

Data from other countries are, where necessary, 
adapted to suit conditions in Switzerland.

Where specific information was not available from the 
literature, expert judgement is used.

*UNECE. 2014. Guidance document for preventing and abating ammonia emissions from agricultural sources. 
Paper ECE/EB.AIR/120, February 7, 2014. Geneva, Switzerland: United Nations Economic Commission for Europe 
(UNECE).

Bases of the Agrammon model

https://agrammon.ch/en/dokumentation-zum-modell/technical-description/
https://agrammon.ch/en/downloads/



https://agrammon.ch/en/agrammon-model/

Access to the Agrammon model

Agrammon model output for an individual farm

h
tt

p
s:

//
m

o
d
el

.a
g
ra

m
m

o
n
.c

h
/s

in
g
le

/?
la

n
g

=
en



Flow of 
TAN

Em: N2O, 
NO, N2

Excretion, emission stage, endpoint soil
Em:
NH3

Flows and 
emissions given in 
1000 t N for 2020

Agrammon model output:
emissions of NH3 (N2O, NO, N2), flows of N, TAN

Why focus on ammonia emissions?
Emissions of reactive nitrogen species and flow of N2

from agriculture in Switzerland (2005)

Heldstab, J., Leippert, F., Reutimann, J., Schwank, O. 2010. Stickstoff-Flüsse der schweizerischen Landwirtschaft. 
Evaluation von Wissenslücken in der Forschung. Schlussbericht. Zurich: Infras.

Amount in kt N Proportion of N Proportion of Nr

Ammonia 47 41% 54%

Nitrate 34 30% 40%

Nitrous oxide 4 3% 5%

Nitrogen oxides 1 1% 2%

Diatomic nitrogen N2 28 25%

Total nitrogen (N) 114

Total reactive nitrogen (Nr) 86

Emissions of ammonia:
approx. 25% of the total N in manure, recycling- and mineral fertilizer
used in agriculture.



Agrammon model: output for Switzerland

Percentage contributions of the main livestock categories, crop production and 
non-agricultural emissions to the total ammonia emissions in Switzerland for 
2020

Kupper, T., Häni, C., Bretscher, D., Zaucker, F. 2022. Ammoniakemissionen der schweizerischen 
Landwirtschaft 1990 bis 2020. Berner Fachhochschule. Hochschule für Agrar-, Forst- und 
Lebensmittelwissenschaften, Zollikofen.

Agrammon model: output for Switzerland

Percentage contributions of the main livestock categories to the livestock 
emissions, and (b) percentage contributions of the different emission stages to 
the livestock emissions in Switzerland for 2020

Kupper, T., Häni, C., Bretscher, D., Zaucker, F. 2022. Ammoniakemissionen der schweizerischen 
Landwirtschaft 1990 bis 2020. Berner Fachhochschule. Hochschule für Agrar-, Forst- und 
Lebensmittelwissenschaften, Zollikofen.
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Agrammon model: accuracy of the output

Peaks of ambient ammonia concentrations are due to high annual temperatures 
which are not seen in emission data (addition of a correction in Agrammon 
would be possible but not intended for emission inventories)

Kupper, T., Häni, C., Bretscher, D., Zaucker, F. 2022. Ammoniakemissionen der schweizerischen Landwirtschaft
1990 bis 2020. Berner Fachhochschule. Hochschule für Agrar-, Forst- und Lebensmittelwissenschaften, Zollikofen.
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Normalized concentrations 13 sites

Normalized concentrations  21 sites

Normalized total emissions

Principles of the Agrammon model
The application of Agrammon has been expanded in 
recent years beyond emission inventory reporting:

Building permits

Agri-environmental monitoring

Manure nitrogen recovery assessment for 
application at the legislation level

Different requirements according to the scope:

Emission inventory reporting: consistency (e.g. 
preferably no changes of model parameters over 
time)

Other applications: continuous adaptation of model 
parameters according to the state of the art



Bases of the Agrammon model (examples)
Emission factors at the housing level for dairy cows

*Mostly based on Poteko, J., Zähner, M., Schrade, S. 2019. Effects of housing system, floor type and temperature on ammonia and 
methane emissions from dairy farming: A meta-analysis. Biosyst. Eng. 182: 16-28.

Winter Spring/fall Summer Average over year

kg NH3-N cow-1 year-1 % TAN
Tied housing (literature)*

n 2 5 8 15
Average 2 3 5 4 7%
Median 2 2 5 3 5%
Min 2 2 2 2 2%
Max 3 4 10 10 17%

Loose housing (literature)*
n 15 61 34 110
Average 10 14 18 15 24%
Median 7 12 12 12 19%
Min 2 1 0.5 0.5 1%
Max 34 56 75 75 121%

Data from EVS Tänikon (data from Agroscope and HAFL)
1 14 15 16 15 24%
2 10 12 18 13 21%
3 8 13 17 13 21%
4 7 12 - - -

Tied housing Agrammon model
Modeled value 3.9 6.7%

Loose housing Agrammon model

Modeled value 13.5 23%

Emission factors for slurry storage tanks 
(untreated slurry stored uncovered)

Kupper, T., Häni, C., Neftel, A., Kincaid, C., Bühler, M., Amon, B., VanderZaag, A.C. 2020. Ammonia and greenhouse gas 
emissions from slurry storage - a review. Agr. Ecosyst. Environ. 300(106963): 1-18.

*VanderZaag A., Amon B., Bittman S., Kuczynski T., 2015. Ammonia abatement with manure storage and processing 
techniques, in: Reis, S., Howard, C., Sutton, M.A. (Eds.), Costs of ammonia abatement and the climate co-benefits. 
Springer Netherlands, pp. 75-112.

**Sommer S.G., Zhang G.Q., Bannink A., Chadwick D., Misselbrook T., Harrison R., Hutchings N.J., Menzi H., Monteny G.J., 
Ni J.Q., Oenema O., Webb J., 2006. Algorithms determining ammonia emission from buildings housing cattle and pigs 
and from manure stores. Advances in Agronomy 89, 261-335.

***for a crusted slurry surface

Bases of the Agrammon model (examples)

Slurry
type

Study type n Avg l95 u95 Reference 
values*

Reference
values**

Agrammon

Kupper et al. (2020)

g NH3 m-2 h-1

Cattle

Farm-scale 11 0.09 0.05 0.13 0.11***

Pilot-scale 34 0.08 0.07 0.09

Baseline 45 0.08 0.07 0.09 0.11-0.19 0.20 0.30

Pig

Farm-scale 8 0.23 0.13 0.37 0.40 0.30

Pilot-scale 15 0.24 0.15 0.38

Baseline 23 0.24 0.17 0.34 0.12-0.40 0.11-0.30 0.40



Bases of the Agrammon model (examples)

Emission factor (EF) implemented in Agrammon for slurry 
application based on the model of Menzi et al. (1998): 

Average temperature from March to November: 12°C (Data SMA 
Station Bern Liebefeld 1993-2002)

TAN content slurry: 1.15 kg/m3

(cattle slurry, dilution 1:1)

Relative humidity: 70%

Application rate: 30 m3/ha

Calculated EF: 50.6% TAN

Menzi, H., Katz, P.E., Fahrni, M., Neftel, A., Frick, R. 
1998. A simple empirical model based on regression
analysis to estimate ammonia emissions after manure
application. Atmos. Environ. 32(3): 301-307.

Bases of the Agrammon model (examples)
Emission factor (EF) for slurry application:

-applied slurry substantially over-
Sintermann et al., 2012)

ALFAM2 project: 

Collecting emission data from field-applied slurry from many 
studies conducted over the last decades and organizing them in 
the ALFAM2 database (most complete database worldwide on this 
topic)

Building a semi-empirical dynamic model for predicting ammonia 
volatilization from field-applied slurry

ALFAM2 model: large data set of emission measurements using 
micrometeorological (i.e. non-intrusive) methods from cattle and 
pig slurry application (490 field plots in 6 countries from the 
ALFAM2 database)

Hafner, S.D., Pacholski, A., Bittman, S., Burchill, W., Bussink, W., Chantigny, M., Carozzi, M., Genermont, S., Häni, C., Hansen, M.N., Huijsmans, J., 
Hunt, D., Kupper, T., Lanigan, G., Loubet, B., Misselbrook, T., Meisinger, J.J., Neftel, A., Nyord, T., Pedersen, S.V., Rochette, P., Sintermann, J., 
Vermeulen, B., Vestergaard, A., Voylokov, P., Williams, J.R., Sommer, S.G. 2018. The ALFAM2 database on ammonia emission from field-applied
manure: Description and illustrative analysis. Agric. For. Meteorol. 258: 66-78.

Hafner, S.D., Pacholski, A., Bittman, S., Carozzi, M., Chantigny, M., Genermont, S., Häni, C., Hansen, M.N., Huijsmans, J., Kupper, T., Misselbrook, 
T., Neftel, A., Nyord, T., Sommer, S.G. 2019. A flexible semi-empirical model for estimating ammonia volatilization from field-applied slurry. 
Atmos. Environ. 199: 474-484.

Sintermann, J., Neftel, A., Ammann, C., Häni, C., Hensen, A., Loubet, B., Flechard, C.R. 2012. Are ammonia emissions from field-applied slurry
substantially over-estimated in European emission inventories? Biogeosciences 9(11): 1611-1632.





How to cope with differing model parameters? 

Swiss ammonia emission inventory: the emissions trend remains 
almost unchanged

If negative impacts for natural ecosystems due to high N 
deposition an emission reduction is required whatever method for 
emission reporting is used

Relationship between basal area 
growth and N deposition for beech 
and Norway spruce

Braun, S., Schindler, C., Rihm, B. 2017. Growth trends 
of beech and Norway spruce in Switzerland: The role of 
nitrogen deposition, ozone, mineral nutrition and 
climate. Sci. Total Environ. 599: 637-646.

Relationship between ectomycorrhizal 
(EMF) species richness on root tips and 
N deposition

de Witte, L.C., Rosenstock, N.P., van der Linde, 
S., Braun, S. 2017. Nitrogen deposition changes
ectomycorrhizal communities in Swiss beech
forests. Sci. Total Environ. 605: 1083-1096.

How to cope with differing model parameters? 

If absolute numbers are relevant, e.g. for manure nitrogen 
recovery assessment, differing model parameters such as 
emission factors matter



At emission stages with high emissions: housing/exercise yard; 
manure application

At emission stages with high emissions high emission 
reductions can be achieved: e.g. slurry  storage

Tradeoffs with other issues, e.g. increase of greenhouse gas 
emissions, must be avoided

Where to implement emission mitigation
techniques?

Achievable emission reductions for NH3

based on readily applicable techniques

20-30% (50%)

70-80% (90%)

30-50% (75%)

50% (80%)

?

10-15%
effective

over entire
cascade

For higher emission reductions: more sophisticated techniques are required



Achieved modeled emission reduction for NH3

Initial situation
Emission in kg N

Emission
reduction 1

Emission
reduction 2

Grazing 33 0% -8%
Housing and Yard 689 -17% -28%
Storage 494 0% 0%
Application 724 -23% -34%
Total farm 1619 -18% -27%

Excretion 3116 0% -13%
Into pasture 402 0% -8%
Into housing/exercise yard 2714 0% -14%
Into storage 2025 6% -9%
Into application 1960 6% -9%
Input soil from application 1174 24% 6%
Input soil from grazing 350 0% -8%
Input soil total 1524 19% 3%

Farm with 40 dairy cows plus 
heifers, loose housing,
covered slurry storage,
slurry application with trailing 
hose

As Initial situation 
but further emission 
mitigation 
techniques for 
housing and
slurry application 

As Emission 
reduction 1 but 
less N-excretion 
due to optimized 
feeding 

How to link achieved (modeled) emission reductions to nitrogen recovery in manure? 

Conclusions
A mass flow model representing the manure cascade is a 
valuable tool to estimate emissions as a basis for

Reporting/monitoring of emissions

Implementation of measures to reduce emissions

Demonstrating the potential to mitigate emissions along the 
manure cascade

Optimize the use of N included in manure

Challenges due to differing requirements of the various 
applications of the model

Link between modeled emissions and nitrogen recovery in 
manure

Model bases need to be improved and more detailed model 
parameters based on experimental data/in the model integrated 
sub-models

Improvement of model bases require knowhow in emission 
measurement methods/modeling and funding of the appropriate 
activities
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Trade-off between soil fertility and nitrate leaching?

15

Repeated manure application can lead to increasing soil-N stocks
and an increased leaching potential (Edmeades 2003)

However, SOM stocks under cultivated land show declining trend
(Charles et al. 2018)

Annual nitrate leaching
during 1990 1998 at 
Broadbalk long-term 
trial; 
FYM = 35 t farmyard
manure with 265 kg N

(Goulding et al. 2000)

How does soil texture influence nitrate leaching?

16
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How does land-use influence nitrate leaching from
manure?

19

vs

(permanent) grassland Arable land

20

Arable land

Permanent grassland

Effect of land-use on nitrate leaching from manure

(Eder et al. 2001)

Nitrate leaching much lower
under permanent grassland

Efficient N uptake and
internal (re-)cycling
«Protection» of N during
winter
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Thank you!

27Inputs from: W.-A. Bischoff, A. Oberson, E. Spiess 
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Potentials of manure treatment technologies 
on nitrogen availability and plant uptake

Kurt Möller
University of Hohenheim, Stuttgart, Germany
LTZ Augustenberg, Karlsruhe, Germany

Expert Workshop on Nitrogen recovery in manure, Reckenholz, 5th May 2022

Outline

Introduction

Overview treatment technologies

Anaerobic digestion vs. composting

Post treatment of liquid fertilizers/digestates on composition and 
fertilizer value

Conclusions
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Relationship between applied N amounts and potato yields
depending on the organic fertilizer type (Möller and Kolbe 2003)

Animal manure compost:
y = 7.2 + 0.39x 0.001x²
R² = 0.34 

Animal slurry:
y = 2.5 + 0.75x 0.002x²
R² = 0.72 

Solid animal manure:
y = 0.70 + 0.46x 0.001x²
R² = 0.33 

Animal liquid manure Solid animal manure Animal manure compost
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Effect of different feedstocks on grain yield of winter wheat in field 
experiment (Häfner et al., in prep.)
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Clover/grass-ley

Potatoes

Winter wheat

Peas

Winter 
wheat

Spring 
wheat

Cover crop

Underseed ley

Biogas digester

Cover crop
Cover crop

Reallocation of nutrients of crop residues via AD: example 
from a stockless System with digestion 

Digestion of crop residues: Effects on the organic matter and nutrient 
flows (Stinner et al. 2008, Möller 2009)

Crop Stockless 
without AD

Stockless
with AD

Total amount of N (kg ha-1) 128 126
Amounts -1) 0 104
N supplied to non-legume crops (kg N ha-1) 150 180
N supplied to legumes (kg N ha-1) 83 10
C/N ratio of organic residues/manures 25.2 11.0
Total ammoniacal N (kg N ha-1) 0 43.2



Effect of anaerobic digestion of residues in a stockless organic crop 
rotation on relative crop yields (Stinner et al. 2008)

Crop Stockless without AD Stockless with AD
Clover grass 100 100
Potatoes 100 100
Winter wheat 100 117
Peas 100 100
Winter wheat 100 130
Spring wheat 100 117

Sum non legumes 100 116
Sum cereals 100 122

Treatment options for liquid feedstocks

Anaerobic digestion
Anaerobic digestion
Solid-liquid separation

More sophisticated approaches
Separation combined with post 
treatment approaches, e.g.:

Drying and pellet production
Dewatering, ammonia stripping
Membrane technologies
Many others (struvite
crystallization, etc.)



Digestate composition after treatment of the solid 
fraction (Petrova et al. 2017)

Treatment Product N t N t NH4-N C/N ratio
% FM % TM % Nt

no Digestate untr. 0,59 6,41 47 5,4

Separation Liquid fraction 0,55 8,65 50 4,1
Solid fraction 0,67 2,52 25 17,1

Belt dryer Solid fraction 1,69 2,56 7 16,2

11

Nutrient stoichiometry of harvested products and of the obtained fertilizer products 
(without corrections for differences in long term fertilizer efficiency)
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Maximal N-share from organic amendments (%) 
as function of the N/P-ratio

y = 11,2e0,31x

R² = 0,95
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Untreated slurries 
and digestates

Liquid 
fraction

Solid manures/composts/ 
solid fraction

Mineral fertilizer equivalents of treated digestate fertilizers (Petrova et al. 
2017)

Treatment Product MFE (%)
Silage maize Spring wheat

no digestate 61 62
Separation liquid fraction 68 50
Separation solid 38 4
Belt dryer solid -6 13
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Long term NPK-fertilizer efficiency of organic amendments (Benke et al. 
2017, Möller 2020)

Amend-
ment

Long term N 
fertilizer efficiency

References

composts 20 40 % Amlinger et al., 2003; Diez and Krauss, 1997; Gutser and 
Claasen, 1994

Solid animal 
manure

50 70 % Russels, 1937; Körschens, 1987; Asmus, 1995; Chang and 
Janzen, 1996; Albert and Grunert, 2013; Gutser and Claasen, 

1994

Slurry, 
digestates

70 80 % Gutser and Claasen, 1994; Schröder et al., 2005; Möller and 
Müller, 2012

Liquid 
separates

80 90 % Gutser et al., 2005

N-Mineral-
fertilizer

80 90 % Körschens, 1987; Asmus, 1995; Gutser et al., 2005

Phosphorus and potassium: 100 %: Schröder et al. 2011, 
Frossard et al. 2015, Schnug und Haneklaus, 2016

Conclusions
The stoichiometry of nutrients with liquid fertilizers matches much better 
crop offtakes than with solid (solid manures, separated solids)
Composting of N rich feedstocks are related to large N losses and a 
reduction of the availability of the remaining N
Anaerobic digestion does increase the N availability mainly when solid 
feedstocks are digested (e.g. crop residues, solid animal manures, etc.), 
digestion of liquid animal manures have only minor agronomic effects
The digested feedstock have only minor effects on the N availability
Treatment of liquids by solid-liquid separation

Liquid fraction: similar N fertilizer value as the unseparated liquid
Solid fraction high in Norg: low N fertilizer value, minor carry-over effects

The overall long term N fertilizer value of organic fertilizers is often driven 
by their short-term (direct) effects
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Askov long-term experiment in DK started
1896. Manure vs mineral fertilizers

5

Four fields B2-B5
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Askov long-term experiment - started 1896
mineral fertilizer (NPK) vs animal manure (AM)

6

Period Crop Kg ha-1 in 1 AM and 1 NPK
Total-N P K

1973-2005 Winter wheat
Root crops
Spring barley
Grass-clover

100
225
75
0

19
44
14
0

88
196
65
0

Annual mean 100 19 87

2006- Winter wheat
Maize
Spring barley
Grass-clover

150
150
100
0

30
30
20
0

120
120
80
0

Annual mean 100 20 80

Same amount of N, 
P and K with either
mineral fertilizer or 
manure (AM, cattle
slurry)

Christensen et al. 2022 J Plant  Nutr Soil Sci 2022, 1



MANURE EXPERT WORKSHOP

4-6 MAY 2022DEPARTMENT OF AGROECOLOGY

AARHUS
UNIVERSITY

Long-term cereal yields
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1NPK/AM = 100 kg N/ha 1NPK/AM = 150 kg N/ha

Low ammonia High ammonia
Surface applicat.

Christensen et al. 2022 J Plant  Nutr Soil Sci 2022, 1

AM = cattle slurry
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Long-term yields in maize and grass-clover

8

Yi
el

d,
 t 

ha
-1

 (D
M

)

1NPK/AM = 150 kg N/ha

Maize likes manure!

No nutrients applied in harvest year (N-fixing crop)

Christensen et al. 2022 J Plant  Nutr Soil Sci 2022, 1
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Soil C development in Askov soils (top soil)

9
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Treatments started in 1896.
After the first 25 years, the 
difference in soil C related to 
the un-fertilized plots is 
nearly constant

Christensen et al. 2022 J Plant  Nutr Soil Sci 2022, 1
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Cumulated crop uptake of 15N-labelled manure
components and mineral fertilizer over 3 yrs

10

15N uptake (% of 15N input)
shown in 2nd and 3rd year

Similar % uptake from all sources in 2nd and 3rd year

15N-labelled solid sheep manure applied
to spring barley in 1994. Cut ryegrass in 
1995-96, low mineral N application.

Loamy sand and sandy loam soils

Jensen et al 1999 SSSAJ 63,416

2.7-4%
1.2-1.3%

3.3-3.8%

3.8-4.4%

3.0-3.4%

1.3%

1.1-1.3%

1.1-2.0%
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Cumulated crop uptake of 15N-labelled 
manure components and fertilizer over 3 yrs

11

15N uptake (% of residual 15N in soil)
shown in 2nd and 3rd year

Larger uptake of residual N from mineral fertilizer

15N-labelled solid sheep manure applied
to spring barley in 1994. Cut ryegrass in 
1995-96.
Loamy sand and sandy loam soils

Jensen et al 1999 SSSAJ 63,416

6-8% 3%

5%

4-5%

4%

2%

1-2%

1-2%
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Recovery of 15N labelled fertilizer in grass
over 17 years after one application

12Jenkinson et al 2004 SSSAJ 68, 865

Gradual decrease in availability
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Organic N mineralisation from different
manure types over 5 yrs (%)

15

Pig slurry

Layer manure

Cattle slurry 2

Cattle slurry 1

mineralisation
estimated from extra N 
uptake in grass + extra
N leaching compared
to a control (at 
Gleadthorpe).

Ammonium-N stripped
before application!

Bhogal et al 2016 SUM 32 (Sup1), 32

Cattle FYM1

Pig FYM2
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Organic N mineralisation (%) vs thermal time
- first year

16

mineralisation estimated
from extra N uptake in 
grass + extra leaching
(Gleadthorpe).

Bhogal et al 2016 Soil Use Man 32 (Sup1), 32

Type mineralisation
0-2300 CDD 

%/GDD

Pig slurry
Layer manure

0.022

Cattle slurry
FYMs

0.0076
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mineralisation from solid and liquid slurry
fractions based on N uptake in grass - 3yrs

17

Cumulated net mineralisation of residual organic manure N left in soil after harvest of 
the first barley crop (estimated from extra N uptake and ANR of mineral N)

Cumulated Growing degree 
days (GDD=CDD) since 
application with a base 
temperature of 5 °C. 
Pedersen et al. 2021 J Agr Sci 158, 707

Mixtures of solid (S) 
and liquid fractions (L) Type mineralisation

2000-5000 GDD 
%/GDD

Pig 0.0116

Cattle 0.0058
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mineralisation of manure organic N in UK 
and DK studies

18

Type mineralisation 0-2300* CDD 
(%/CDD)

mineralisation 2300*-5000 CDD 
(%/CDD)

Pig slurry, layer
manure (UK)

0.022 <0.001

Pig slurry (DK) 0.020 0.012

Cattle slurry, 
FYMs (UK)

0.008 <0.001

Cattle slurry
(DK)

0 0.006

Cumulated Growing degree 
days (GDD=CDD) since 
application with a base 
temperature of 5 °C. 

* 2000 CDD in DK study
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Interactions between added N and 
historical N inputs?

21

In a field study we observed higher residual N uptake from 
previous manure application on unfertilized grass compared to 
N-fertilized grass (unpublished).
Added nitrogen interactions Jenkinson et al. 1985).
Mores studies are needed. 
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Conclusions
Net mineralisation of organic manure N is close to zero during the 
first 3 months after application of most manure types.
In the following year mineralisation varies from c.10 to 50%.

Highest from pig slurry and layer manure
Lower from cattle slurry and farmyard manures containing straw

After the 3rd year, N mineralisation is low for all manure types.
Vegetation in autumn/winter is a key to reducing nitrate leaching
from mineralized soil N and manure N. 

22
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Thank you
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Techniques to reduce emissions from slurry
storage: covering

Covering
Reduces turbulence and 

gas exchange at the 
emitting surface

The lower the
turbulence the tighter
the cover
the higher the emission
reduction

80% reduction
(measured at pilot scale*)

48% reduction
(measured at farm scale**)

*De Bode, M.J.C., 1991. Odour and ammonia emissions from 
manure storage, in: Nielsen, V. C., Voorburg, J. H., L'Hermite, 
P. (Eds.), Odour and ammonia emissions from livestock 
farming. Elsevier Applied Science, London, England, pp. 69-76.

**Kupper, T., Eugster, R., Sintermann, J., Neftel, A., Häni, C. 
2021. A novel approach to estimate the abatement of ammonia 
emissions from mitigation techniques at farm-scale slurry 
stores exemplified by a semifloating cover. J. Environ. Qual. 
50(5): 1074-1083.

Techniques to reduce emissions from slurry storage: covering

# NH3 N2O CH4

n Avg Std n Avg Std n Avg Std

Impermeable 
structural covers

Lid (wood, 
concrete)

C 6 73%* 29% 2 -4% 23% 2 15% 2%

P 7 64%* 35% 4 31% 56% 4 45%* 17%

Tent 
covering

C 2 77% 9% - - - - - -

P 2 89% 7% - - - - - -

Impermeable synthetic 
floating covers

Plastic film
C 4 66%* 22% - - - - - -

P 6 88%* 18% 2 100% 0% 2 62% 54%

Permeable synthetic 
floating covers

Plastic 
fabrics

C 1 89% - 1 68% - 1 -2% -

P 5 39%* 15% - - - 3 -17% 18%

Expanded 
clay

C 4 59% 39% - - - 2 11% 7%

P 12 74%* 20% 1 -8% - 6 8% 17%

Expanded 
polystyrene

C 2 79% 2% - - - - - -

P 4 64%* 32% - - - 2 -26% 41%

Plastic tiles
C - - - - - - - - -

P 2 88% 11% 1 -7% - 1 25% -

#C cattle, P pig.

*statistically significant difference (p<0.05) between storage with a cover and uncovered storage

Kupper, T., Häni, C., Neftel, A., Kincaid, C., Bühler, M., Amon, B., VanderZaag, A.C. 2020. Ammonia and greenhouse gas 
emissions from slurry storage - a review. Agr. Ecosyst. Environ. 300(106963): 1-18.



Techniques to reduce emissions from slurry
storage: covering

Covering: efficient technique*** 

to reduce NH3 emissions
from slurry storage

which tends to
concomittantly reduce GHG 
emissions (mainly CH4 which
dominates GHG emissions)

This statement can be
considered as valid although
robust experimental data are
somewhat sparse.

80% reduction
(measured at pilot-scale*)

48% reduction
(measured at farm-scale**)

***Kupper, T., Häni, C., Neftel, A., Kincaid, C., Bühler, M., Amon, B., 
VanderZaag, A.C. 2020. Ammonia and greenhouse gas emissions
from slurry storage - a review. Agr. Ecosyst. Environ. 
300(106963): 1-18.

Techniques to reduce emissions from slurry
storage: natural crust

Natural crust:

Formed from particles in the slurry

Ability to crusting depends from

Type of slurry 8e.g. cattle, pig) type of particles (fibres, 
other)

Amount of particles thickness of slurry layer

Meteorological conditions (wind, rainfall)

management of stores (mainly: agitation)

Kupper, T., Eugster, R., Sintermann, J., Häni, C. 2021. Ammonia emissions from an uncovered dairy slurry storage tank over two 
years: Interactions with tank operations and meteorological conditions. Biosyst. Eng. 204: 36-49.

.

agitation



Techniques to reduce emissions from slurry
storage: natural crust

Natural crust (although not equivalent to covering):
barrier to the gas molecules between the liquid and 

the air and microbial degradation of NH3, CH4

Avoid disturbance of the stores surface

Kupper, T., Eugster, R., Sintermann, J., Häni, C. 2021. Ammonia emissions from an uncovered dairy slurry storage tank 
over two years: Interactions with tank operations and meteorological conditions. Biosyst. Eng. 204: 36-49.

Time after agitation

Monitoring over > 2 years at a slurry storage tank
With crust: 0.044 g NH3 m-2 h-1

Without crust: 0.103 g NH3 m-2 h-1

Em
is
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Techniques to reduce emissions from slurry
storage: slurry treatment

Kupper, T., Häni, C., Neftel, A., Kincaid, C., Bühler, M., Amon, B., VanderZaag, A.C. 2020. Ammonia and greenhouse gas 
emissions from slurry storage - a review. Agr. Ecosyst. Environ. 300(106963): 1-18.

Emission reduction/increase (for total GHG em.: CH4=dominating gas)
Acidification: NH3, CH4, N2O?

Anaerobic digestion: NH3 (probably different for cattle and pig), CH4, N2O?

Solid-liquid separation: NH3, CH4, N2O

Solid-liquid separation: NH3, CH4, N2O

Dilution: NH3, CH4, N2O:
data obtained from pilot-scale studies: volume identical for diluted and untreated slurry; at 
farm-scale: increase of slurry volume and increase of emitting surface overcompensation 
of emission reduction



Techniques to reduce emissions from solid 
manure storage: covering

Covering (sheeting)
Reduces turbulence and gas exchange at the emitting surface
Keeps manure moist and avoids/reduces self-heating

Sagoo, E., Williams, J.R., Chambers, B.J., Chadwick, D.R. 2006. Defra Project WA0716, Management Techniques to Minimise
Ammonia Emissions from Solid Manures. Final Report to Defra, London. Mansfield, Notts. NG20 9PF ADAS Gleadthorpe
Research Centre.

Sagoo, E., Williams, J.R., Chambers, B.J., Boyles, L.O., Matthews, R., Chadwick, D.R. 2007. Integrated management practices
to minimise losses and maximise the crop nitrogen value of broiler litter. Biosyst. Eng. 97(4): 512-519. 

Techniques to reduce emissions from solid 
manure storage: covering

Covering (sheeting)
reduces turbulence and gas exchange at the emitting surface
keeps manure moist and avoids/reduces self-heating

Compaction reduces self-heating (microbial decomposition of 
OM) and thus, gas transfer and increase of pH*

Emission reduction achieved for NH3 due to covering and/or 
compacting: >50%, but increase of CH4 emission

Other measures (storage under a roof, addition of straw, narrow 
A-shaped heaps that shed water more readily, turning**, 
composting are ineffective or increase emissions***

Additives may reduce emissions from manure composting#

*Chadwick, D.R. 2005. Emissions of ammonia, nitrous oxide and methane from cattle manure heaps: effect of compaction 
and covering. Atmos. Environ. 39(4): 787-799.

**Sagoo, E., Williams, J.R., Chambers, B.J., Chadwick, D.R. 2006. Defra Project WA0716, Management Techniques to
Minimise Ammonia Emissions from Solid Manures. Final Report to Defra, London. Mansfield, Notts. NG20 9PF ADAS 
Gleadthorpe Research Centre.

***Ba, S.D., Qu, Q.B., Zhang, K.Q., Groot, J.C.J. 2020. Meta-analysis of greenhouse gas and ammonia emissions from dairy manure 
composting. Biosyst. Eng. 193: 126-137.
#Cao, Y.B., Wang, X., Bai, Z.H., Chadwick, D., Misselbrook, T., Sommer, S.G., Qin, W., Ma, L. 2019. Mitigation of ammonia, nitrous oxide and 
methane emissions during solid waste composting with different additives: A meta-analysis. J. Clean Prod. 235: 626-635.
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Manure management systems in the EU
Examples of AWMS for dairy cows in 2019 / 2020

Teagasc Presentation Footer3

Liquid / slurry Solid storage Pasture, range 
& paddock

Digesters Notes

Austria 54.0 29.0 3.7 2.4 1.9 composting, 
9.0 other

Belgium -
Flanders

60 9 14 - 17 dry lot

Belgium -
Wallonia and 
Brussels

20.7 35.3 44 -

Germany 57.9 11.5 7.3 22.5
Ireland 31.1 2.1 66.8 -
Switzerland 68.2 9.0 16.7 6.0

Irish Ammonia Marginal Abatement Cost Curve

Teagasc Presentation Footer4



Effect of application technology
Grassland application:

Dribble bar
Trailing hose
Trailing shoe
Shallow injection
Deep injection

Arable application:
Broadcast + incorporation:

-by plough in one process
-by plough immediately
-by disc immediately
-by plough within 3, 6, 12hrs

Trailing hose +/- incorporation
kg

 H
a-1

 h
r-1

kg
 H

a-1
 h

r-1

Dowling et al. (2010) 

Dowling et al. (2010) 

Effect of application technology

-58%

67.2%

48.1%%

-28.4%





Effect of timing / slurry type and DM

Teagasc Presentation Footer9

Bourdin et al. (2014) 
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N)

Ammonia (%TAN)

AC

B

A

BC

A

BC BC

B

AC

B

DD

April DM TAN (%)
N applied 

kg/ha
Maize 7.70% 1.13 39.55
Grass 7.58% 1.09 38.15
Maize 3.90% 1.04 36.4
Grass 3.45% 1.1 38.5
July

Maize 7.70% 1.16 40.6
Grass 7.70% 1.21 42.35
Maize 3.90% 1.1 38.5
Grass 3.90% 1.07 37.45

Slurry derived from maize silage or 
grass silage-fed cows

Teagasc Presentation Footer10

Effect of slurry crude protein

Meade et al., unpublished 
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Considerations
Type of manure management system
Land use of application 
Pre-treatment of manure 
Abatement efficiency
Ease of adoption
Monitoring and verification

Teagasc Presentation Footer13
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Recent meta-analyses or reviews
Du, Y., Cui, B., Zhang, Q., Wang, Z., Sun, J., Niu, W., 2020. Effects of manure fertilizer on crop yield and soil properties in China: A 
meta-analysis. CATENA 193, 104617. doi:10.1016/j.catena.2020.104617
Li, B., Song, H., Cao, W., Wang, Y., Chen, J., Guo, J., 2021. Responses of soil organic carbon stock to animal manure application: A new 
global synthesis integrating the impacts of agricultural managements and environmental conditions. Global Change Biology 27, 
5356 5367. doi:10.1111/gcb.15731
Maillard, É., Angers, D.A., 2014. Animal manure application and soil organic carbon stocks: a meta-analysis. Global Change Biology 
20, 666 679. doi:10.1111/gcb.12438

-Analysis of Crop Production and Environmental
Quality. Agrosystems, Geosciences & Environment 2. doi:10.2134/age2019.04.0027
Wei, L., Chen, S., Cui, J., Ping, H., Yuan, C., Chen, Q., 2022. A meta-analysis of arable soil phosphorus pools response to manure 
application as influenced by manure types, soil properties, and climate. Journal of Environmental Management 313, 115006. 
doi:10.1016/j.jenvman.2022.115006
Zavattaro L., Bechini L*. Grignani C., van Evert F.K., Mallast J., Spiegel H., Sandén T., Pecio A., Giráldez Cervera J.V., Guzmán G., 
Vanderlinden K., T., Ruysschaert G., ten Berge H.F.M., 2017. Agronomic effects of bovine manure: A review of long-term 
European field experiments. European Journal of Agronomy 90: 127-138. doi:10.1016/j.eja.2017.07.010

Climate and texture yield

Du et al., 2020

Ln(RR yield)

(376)
(396)

(154)
(333)

(201)

(218)

(18)

n Change (%) 95% CI
Climate types Warm 376 7.0 1.6

Cool 396 8.0 2.0
Arid index Humid 154 9.5 5.9

Arid 333 5.3 2.0

n Change (%) 95% CI
Soil texture Clay 201 9.9 2.1

Loam 218 11.2 2.6
Sandy 18 9.5 9.7

(n comparisons)



Yield

Crop protein

Arid Steppe Hot
Temp Nodry HotS

Temp Nodry WarmS
Temp DryS HotS
Cold Nodry HotS

Cold Nodry WarmS

Clay
Clay loam

Loam
Sandy loam

Sand

Clay
Clay loam

Loam
Sandy loam

Sand

Arid Steppe Hot
Temp Nodry HotS

Temp Nodry WarmS
Temp DryS HotS
Cold Nodry HotS

Cold Nodry WarmS

% change % change

Climate and texture yield and N in yield

n comparisons 
(n studies)

Climate and texture SOC, TN

Du et al., 2020

n Change (%) 95% CI
Climate types Warm 186 14.2 2.2

Cool 206 20.8 2.6
Arid index Humid 97 19.3 3.8

Arid 173 15.1 1.8

n Change (%) 95% CI
Soil texture Clay 105 14.1 2.9

Loam 97 22.5 4.2
Sandy 10 15.5 17.9

n Change (%) 95% CI
Climate types Warm 165 11.6 2.4

Cool 152 19.7 4.4
Arid index Humid 78 22.1 6.1

Arid 141 13.5 2.7

n Change (%) 95% CI
Soil texture Clay 98 10.8 3.5

Loam 60 16.3 5.4
Sandy 10 17.9 13.6

SOC

TN



SOC

TN

Arid Steppe Hot
Temp Nodry HotS

Temp Nodry WarmS
Temp DryS HotS
Cold Nodry HotS

Cold Nodry WarmS

Clay
Clay loam

Loam
Sandy loam

Sand

Clay
Clay loam

Loam
Sandy loam

Sand

Arid Steppe Hot
Temp Nodry HotS

Temp Nodry WarmS
Temp DryS HotS
Cold Nodry HotS

Cold Nodry WarmS

% change % change

Climate and texture SOC, TN

n comparisons 
(n studies)

Climate SOC

Maillard & Angers, 2013 Li et al., 2021
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