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1. Article 3, paragraph 8 (b) of the 1999 Protocol to Abate Acidification, Eutrophication and Ground-level Ozone requires each Party to “apply, where it considers it appropriate, best available techniques for preventing and reducing ammonia emissions, as listed in guidance document V (EB.AIR/1999/2, part V) adopted by the Executive Body at its seventeenth session (decision 1999/1)” and any amendments thereto. In line with the 2007 workplan (ECE/EB.AIR/2006/11, item 1.8), approved by the Executive Body at its twenty-fourth session (ECE/EB.AIR/87, para. 72), the Expert Group on Ammonia Abatement has updated the guidance document to provide an amended text as referred to above.

INTRODUCTION

2. The purpose of this document is to provide guidance to the Parties to the Convention in identifying ammonia (NH3) control options and techniques for reducing emissions from agricultural and other stationary sources in the implementation of their obligations under the Protocol.
3. It is based on information on options and techniques for NH3 emission reduction and their performance and costs contained in official documentation of the Executive Body and its subsidiary bodies.
4. The document addresses the abatement of NH3 emissions produced by agriculture and other non-agricultural stationary sources. Agriculture is the major source of NH3, chiefly from livestock excreta: in livestock housing: during manure storage, processing and application to land: and from excreta from animals at pasture. Emissions also occur from inorganic nitrogen (N) fertilizers following their application to land. Emissions could be reduced through abatement measures in all the above areas as well as by adjustments to livestock diets that result in less N in excreta available for NH3 formation.
5. Abatement of NH3 emissions from agriculture differs fundamentally from the abatement of any industrial emissions because of the intrinsic difficulties entailed in regulating biological as opposed to engineering processes. Ammonia emissions depend largely on livestock type and management, soils and climate and these factors differ widely across the region of the United Nations Economic Commission for Europe (UNECE). While some of the techniques listed in this document are in commercial operation in some countries, their effectiveness has, for the most part, not been fully evaluated on working farms. Consequently, the efficiency of each of the abatement techniques for NH3 carries with it a degree of uncertainty and variability. The values used in this document should be regarded as indicative only.
6. It is possible to categorize many of the potential abatement techniques on the basis of the level of current knowledge and practicality. Techniques in this document are grouped into three categories:
(a) Category 1 techniques: These are well researched, considered to be practical, and there are quantitative data on their abatement efficiency, at least on the experimental scale;

(b) Category 2 techniques: These are promising, but research on them is at present inadequate, or it will always be difficult to quantify their abatement efficiency. This does not mean that they cannot be used as part of an NH3 abatement strategy, depending on local circumstances.

(c) Category 3 techniques: These have been shown to be ineffective or are likely to be excluded on practical grounds.

7. Separate guidance has also been prepared under the Integrated Pollution Prevention and Control (IPPC) Directive to reduce a range of polluting emissions from large pig and poultry units. The “Reference Document on Best Available Techniques (BAT) for Intensive Rearing of Poultry and Pigs”, the BREF (BAT reference) document, may be found at: (http://eippcb.jrc.es/pages/FAbout.htm).
8. BAT take into account emissions to air, water and land and a range of other considerations including use of feed, water and energy, the need to minimize waste and the cost of each technique. However, NH3 is a key emission and a key driver in assessing BAT for many techniques.
9. In this document, abatement methods are evaluated only on their demonstrated potential to reduce NH3 emissions. For this reason, techniques which are regarded as category 1 techniques may not be BAT for purposes of IPPC; and BAT may include techniques categorized as only 2 in this document (category 3 technique cannot be BAT). However, in practice BAT will normally be an effective means of reducing NH3 emissions. Reference is made to BAT, and the BREF, both in order to make this document concise and also to ensure consistency with the implementation of IPPC.
10. Options for NH3 reduction at the various stages of livestock manure production and handling are interdependent, and combinations of measures are not simply additive in terms of their combined emission reduction. Controlling emissions from applications of manures to land is particularly important, because these are generally a large component of total livestock emissions and because land application is the last stage of manure handling. Without abatement at this stage, much of the benefit of abating during housing and storage may be lost.

11. Because of this interdependency, Parties will need to rely on additional modelling work before they can use the techniques listed here to develop an NH3 abatement strategy to meet their national emission targets.
12. The costs of the techniques will vary from country to country. A thorough knowledge of current husbandry practices is required to calculate the costs associated with any particular abatement technique. This calculation will involve an assessment of all the costs and financial benefits of each measure. Capital costs will need to be amortized at the standard UNECE rate of 4 per cent and calculated separately from annual operating costs.
13. It should be noted that, due to economies of scale, some of the abatement techniques may be more cost-effective on large farms than on small farms. This is especially so when an abatement technique requires the purchase of capital equipment, e.g. reduced-emission slurry applicators. In such cases, the unit costs increase as the volumes of manure decrease. A greater cost burden for smaller farms may also be the case for immediate incorporation of manures. On small farms, where labour or machinery are limited, immediate incorporation may only be achieved by hiring a contractor. For this reason the option of incorporating within 12 h is included, as this may be achievable on small farms without requiring excessive cost. (A split view is recorded in the BREF on whether 12 or 24 hours is BAT; thus 24 hours may be a more likely scenario on small farms).
14. Many measures may incur both capital and annual costs (see Table 1).

Table 1

(a) Capital costs (capital expenditure (CAPEX))
	Consideration
	Notes

	Capital for fixed equipment or machinery
	Fixed equipment includes buildings, conversions of buildings, feed storage bins, or manure storage. Machinery includes feed distribution augers, field equipment for manure application or equipment for manure treatment.

	Labour cost of installation
	Use contract charges if these are normal. If farm staff are normally used to install the conversion, employed staff should be costed at typical hourly rates. Farmers’ input should be charged at the opportunity cost.

	Grants
	Subtract the value of capital grants available to farmers.


CAPEX (new) means the investment costs in new build situations, in contrast with CAPEX (retrofit) meaning rebuilding or renovation of buildings.

(b) Annual costs (operational expenditure (OPEX)): the annual cost associated with the

introduction of a technique needs to be assessed

	Consideration
	Notes

	Annualized cost of capital should be calculated over the life of the investment.
	Use standard formula. 
) The term will depend on the economic life. Conversions need to take account of remaining life of original facility.

	Repairs associated with the investment should be calculated.
	A certain percentage of the capital costs.

	Changes in labour costs.
	Additional hours x cost per hour.

	Fuel and energy costs.
	Additional power requirements may need to be taken into account.

	Changes in livestock performance.
	Changes in diets or housing can affect performance, with cost implications.

	Cost savings and production benefits.
	In certain cases, the introduction of techniques will result in the saving of costs for the farmer. These should be taken into account only when they are the direct result of the measure. The avoidance of fines for pollution should be excluded from any costed benefits for these purposes.


15. Wherever possible, techniques listed in this document are clearly defined and assessed against a “reference” or unabated situation. The “reference” situation, against which percentage emission reduction is calculated, is defined at the beginning of each chapter. In most cases the “reference” is the practice or design that is the most commonly practised technique presently found on commercial farms and is used to construct baseline inventories.
16. The document reflects the state of knowledge and experience of NH3 control measures which had been achieved by 2006. It will need to be updated and amended regularly, as this knowledge and this experience continuously expand, for example with new reduced-emission housing systems for pigs and cattle, as well as with feeding strategies for all livestock types.
I. GOOD FARMING PRACTICE

17. The concept of “good farming practice” aims to identify those measures to control NH3 emissions that protect the environment in the most cost-effective way. These may comprise simple and highly cost-effective measures such as simple means of matching the protein in livestock diets as closely as possible to the animals’ requirements; regular cleaning of livestock collecting areas and the timing of applications of manures to land so as to maximize crop uptake of nutrients. It could also include more demanding measures such as techniques for reduced-emission manure application and storage, livestock housing and other techniques, as listed below.

18. While some of the measures may provide a highly cost-effective means of abating NH3, they may be difficult to quantify and cost because there is often a wide range of implementation already within the farming community and they cannot therefore easily be judged against a “worst case” or “most commonly practised” reference.

19. Good farming practice aims to achieve a compromise between economic farming and environmental protection. This compromise will differ from country to country depending on differing economic, environmental and farm structural conditions. Any statutory requirements to adhere to such advice will therefore necessarily vary from country to country.
II. MANURE APPLICATION TECHNIQUES

20. Reference technique. The reference for manure application techniques is defined as emissions from untreated slurry or solid manure spread over the whole soil surface (“broadcast”) and not followed by quick incorporation. For slurry, for example, this would be with a tanker equipped with a discharge nozzle and splash-plate. Ammonia emissions from slurry irrigation systems have been less studied but could be as large as the reference case. For solid manures, the reference case would be to leave the manure on the soil surface for a week or more before incorporation. Emissions will vary with the composition of the slurry and solid manure and with prevailing weather and soil conditions. Abatement efficiencies will also vary relative to reference emissions depending on these factors, so figures quoted should be regarded as indicative only.
21. Lowering NH3 emissions may increase the amount of N available for plant uptake, so mineral N fertilizer application rates may need to be adjusted. Some techniques may temporarily decrease crop yield (especially of grass) through mechanical damage. There is also potential for increasing N losses by other pathways, e.g. nitrate leaching, nitrification or denitrification, the latter two processes resulting in greater emissions of nitrous oxide (N2O).

Category 1 techniques

22. Category 1 techniques include machinery for decreasing the surface area of slurries applied to land and burying slurry or solid manures through incorporation into the soil. The techniques included in category 1 are:

(d) Band-spreading slurry by trailing hose;

(e) Band-spreading slurry by trailing shoe or “sleigh-foot” machines;

(f) Injecting slurry – open slot;

(g) Injecting slurry – closed slot;

(h) Incorporation of surface-applied (broadcast) solid manure and slurry into soil within 6 hours.

(i) Timing of application and weather conditions

23. The average NH3 abatement efficiencies of category 1 techniques relative to the reference are given in Table 1. Each efficiency is valid for soil types and conditions that allow infiltration of liquid for techniques (i)–(iv) and satisfactory travelling conditions for the machinery. The table also summarizes the limitations that must be taken into account when considering the applicability of a specific technique and an indication of the cost.

24. A number of factors must be taken into account in determining the applicability of each technique. These factors include: soil type and condition (soil depth, stone content, wetness, travelling conditions), topography (slope, size of field, evenness of ground), manure type and composition (slurry or solid manure). Some techniques are more widely applicable than others. Because slurry is distributed through relatively narrow pipes in techniques (i) - (iv), even though most machines incorporate a device for chopping and homogenising slurry, they are not suitable for very viscous slurries or those containing large amounts of fibrous material e.g. straw. Closed-slot injection techniques are potentially very efficient but they do not work well on shallow, stony soils and, may also damage grass swards and increase the risk of soil erosion. Incorporation is not applicable on permanent grassland. It is also less applicable to arable crops grown using minimum cultivation techniques compared to crops grown using deeper cultivation methods. Comments on applicability are included in the descriptions of the technique below and summarized in Table 2.

25. Band-spreading (trailing hose and trailing shoe), and injection machines are normally fitted to the rear of a slurry tanker, which is either towed by a tractor or is part of a self-propelled machine. An alternative is for the applicator to be attached to the rear of a tractor and slurry transported to it by a long ‘umbilical’ hose from a tanker or store located off the field. Such umbilical systems avoid the need to take heavy slurry tankers onto the land. Band spreading is more effective when slurry is applied to well-developed row crops, where the plant canopy increases the resistance to turbulent transfer, compared with bare soil. Emission reduction will be lower if the crop is poorly developed or there is significant canopy contamination. Trailing shoe and trailing hose systems are distinguishable from each other through the presence (trailing shoe) or absence (trailing hose) of a ‘shoe’ or ‘foot’ device at the base of each pipe. In theory, the presence of these devices should result in more efficient parting of the herbage canopy to ensure optimal slurry placement below the crop canopy at the soil surface. In practice however, particularly in herbage canopies of low heights, the distinction can be less obvious, and therefore the ammonia emissions reduction efficiency of both machines may be similar in low herbage canopies.
26. Trailing hose. These machines discharge slurry at or just above ground level through a series of hanging or trailing pipes. The width is typically 12 m, although smaller units are commonly used on grassland, with approximately 30 cm between bands. The technique is applicable to grass and arable land, e.g. for applying slurry between rows of growing crops. In the case of the wider machines, the technique may not be suitable for small, irregularly shaped fields or steeply sloping land. The hoses may also become clogged if the straw content of the slurry is too high.

27. Trailing shoe. This technique is mainly applicable to grassland, as the action of the shoe or foot devices can result in excessive plant disturbance in arable crops. Grass leaves and stems are parted by trailing a narrow shoe or foot over the soil surface and slurry is placed in narrow bands on the soil surface at 20–30 cm spacings. Ammonia emission reductions are optimised when the slurry bands are partially covered by the grass canopy. In the absence of a grass canopy, the performance of both the trailing shoe and the trailing hose methods may be similar. The machines are available in a range of widths up to 7 or 8 m. Applicability is limited by size, shape and slope of the field and by the presence of stones on the soil surface. 
28. Injection – open slot. This technique is mainly for use on grassland. Different shaped knives or disc coulters are used to cut vertical slots in the soil up to 5–6 cm deep into which slurry is placed. Spacing between slots is typically 20–40 cm and working width of 4 to 6 m. The application rate must be adjusted so that excessive amounts of slurry do not spill out of the open slots onto the surface. The technique is not applicable on very stony soil, nor on very shallow or compacted soils, where it is impossible to achieve uniform penetration to the required working depth. The slope of the field may also be a limitation to applicability of injection. There is also a greater risk of N losses as N2O and nitrate in some circumstances. Slurry injection equipment will have a higher tractor power requirement than broadcast or bandspreading equipment.
29. Injection – closed slot. This technique can be shallow (5–10 cm depth) or deep (15–20 cm). Slurry is fully covered after injection by closing the slots with press wheels or rollers fitted behind the injection tines. Shallow closed-slot injection is more efficient than open-slot in decreasing NH3 emission. To obtain this added benefit, soil type and conditions must allow effective closure of the slot. The technique is, therefore, less widely applicable than open-slot injection. Deep injectors usually comprise a series of tines fitted with lateral wings or “goose feet” to aid lateral dispersion of slurry in the soil so that relatively large application rates can be achieved. Tine spacing is typically 25–50 cm and working width 2– 3 m. Although NH3 abatement efficiency is great, the applicability of the technique is severely limited. The use of deep injection is restricted mainly to arable land because mechanical damage may decrease herbage yields on grassland. Other limitations include soil depth and clay and stone content, slope and a high draught force requiring a large tractor. There is also a greater risk of N losses as N2O and nitrate in some circumstances. 

30. Incorporation. Incorporating manure spread on the surface by ploughing is an efficient means of decreasing NH3 emissions. The manure must be completely buried under the soil to achieve the efficiencies given in Table 2. Lesser efficiencies are obtained with other types of cultivation machinery. Ploughing is mainly applicable to solid manures on arable soils. The technique may also be used for slurries where injection techniques are not possible or unavailable. Similarly, it is applicable to grassland when changing to arable land (e.g. in a rotation) or when reseeding. Ammonia loss takes place quickly after manures are spread on the surface, so greater reductions in emissions are achieved when incorporation takes place immediately after spreading. This requires a second tractor to be used for the incorporation machinery, which must follow closely behind the manure spreader. A more practical option, especially for small farms, might be incorporation within 12 hours of spreading the manure, but this is less efficient in reducing emissions. Incorporation is only possible before crops are sown. Afterwards, if no crops are present to take up the readily available N, the risk of N leaching increases. Hence incorporation of manures involves a risk of exchanging air pollution for water pollution, but reduces the risk of surface run-off from subsequent rainfall events.
31. Timing of application and weather conditions. Ammonia emissions are highest under warm, dry, windy conditions. Emissions can be reduced by optimising time of application, i.e. cool humid conditions, in the evenings (although evening application may cause increased odour problems with neighbours), before or during light rain and by avoiding spreading during warm weather conditions, particularly in June and July. This is a very cost-effective technique as it can be done using broadcast application equipment. Conditions that favour decreased NH3 emissions (e.g. humid, no wind) may give rise to problems with offensive odours by preventing their rapid dispersion.
Table 2

(a) Category 1 abatement techniques for slurry application to land*

	Abatement measure
	Type of manure
	Land use
	Emission reduction (%)
	Factors affecting emission reduction
	Applicability
	Estimated costs relative to reference

	Trailing hose
	Slurry
	Grassland, arable land
	20-30

Emission reduction may be less if applied on grass <10 cm.
	Height of crop canopy
	Slope (<15% for tankers; 25% for umbilical systems); not for slurry that is viscous or has a large straw content; size and shape of field should be considered.
	1.4

	Trailing shoe
	Slurry
	Mainly grassland
	20-60**
	Height of crop canopy
	Slope (<15% for tankers; 25% for umbilical systems); not viscous slurry; size and shape of the field; grass height should be >8 cm.
	1.6

	Shallow injection (open slot)
	Slurry
	Grassland
	70**
	Slurry spillage out of injection slits
	Slope <10%; greater limitations for soil type and conditions; not viscous slurry
	1.8

	Shallow injection (closed slot)
	Slurry
	Mainly grassland, arable land
	80
	Effective slit closure
	Slope <10%; greater limitations for soil type and conditions; not viscous slurry
	2.0

	Broadcast application? and incorporation by plough in one process
	Slurry
	Arable land
	80
	
	Only for land that can be easily cultivated
	

	Broadcast application and incorporation by plough 

(costs for < 4 h)
	Slurry
	Arable land
	80-90
	
	
	





	Incorporation by disc
	
	
	60-80
	
	
	

	Broadcast application and incorporation by plough within 12 h
	Slurry
	Arable land
	30
	
	(according to § 10)
	

	Timing of application and weather conditions
	Slurry
	Grassland and arable
	20-30
	Lower wind speed air temperature, and solar radiation; higher rainfall and relative humidity. Often associated with season (e.g. spring)
	Dependent on availability of spreadland with suitable soil trafficability and herbage canopy conditions 
	1.0


(b) Category 1 abatement techniques for farmyard manure and poultry manure application to land*

	Abatement measure
	Type of manure
	Land use
	Emission reduction (%)
	Applicability
	Costs (OPEX)b/ (Euro per m3)

	Immediate incorporation by plough
	Solid manure (cattle, pigs)
	
	90
	
	

	Immediate Incorporation by plough
	Poultry manure
	
	95
	
	

	Incorporation by plough within 12 h
	Solid manure
	Arable land
	50 for cattle and pig

70 for poultry
	
	

	Incorporation by plough within 24 h
	Solid manure
	Arable land
	35 for cattle and pig

55 for poultry
	
	


*/
Emissions reductions are agreed as likely to be achievable across the UNECE region.

a/
Costs are for the United Kingdom. Costs are annual operating costs based on the use of contractors and depend on the application rate per hectare. See chapter VII for more information on costs.

b/
Costs are based on the data from the draft report from the concerted action ALFAM; Ammonia losses from field-applied animal manure, page 13. The costs of slurry manure application (€ per m3) differ a lot depending the field sizes, tanker size, transport distance, road speed, etc. The ALFAM group made standardized cost calculations. The costs of the reference system are on average €4.84.

**
Revised to incorporate conclusions of recent review.

Category 2 techniques

32. Increasing rate of infiltration into the soil. When soil type and conditions allow rapid infiltration of liquid, NH3 emission decreases with decreasing slurry dry matter content. Dilution of slurry with water not only decreases the ammonium-N concentration, but also increases the rate of infiltration into the soil following spreading on land. For undiluted slurry (i.e. 8–10% dry matter), dilution must be at least 1:1 (one part slurry to one part water) to achieve reduced emissions. A major disadvantage of the technique is that extra storage capacity may be needed and a larger volume of slurry must be applied to land. In some slurry management systems, slurry may be already diluted (e.g. where milking parlour or floor washings, rainfall, etc. are mixed with the slurry) and there may be only a small advantage in diluting further. When applying diluted slurries to land there may be a greater risk of surface run-off and leaching and this must be guarded against by paying attention to application rate, soil conditions, slope of the land, etc.

33. Another means of decreasing slurry dry matter content, and hence increasing the rate of infiltration into the soil, is to remove a proportion of the solids by mechanical separation or anaerobic digestion. Using a mechanical separator with a mesh size of 1–3 mm reduces NH3 loss from the separated liquid by a maximum of 50 per cent. Another advantage lies in reduced soiling of grass swards. Disadvantages of the technique include the capital and operating costs of the separator and ancillary equipment, the need to handle both a liquid and a solid fraction, and emissions from the solids.
34. A third option for increasing infiltration rate is to wash slurry off grass and into the soil by applying water after spreading. A plentiful supply of water is needed, the application of which is an additional operation, but Canadian results have shown that 6 mm of water can under some circumstances reduce NH3 losses by 50 per cent compared to surface application alone.
35. 
36. Pressurized injection of slurry. In this technique, slurry is forced into the soil under pressure of 5–8 bars. Because the soil surface is not broken by tines or discs the technique is applicable on sloping land and stony soils where other types of injector cannot be used. Emission reductions of up to 60 per cent, similar to that for open slot injection, have been achieved in field trials, but further evaluation of the technique is needed.
37. Application of slurry in addition to irrigation water. Doses of slurry, calculated to match the nutrient requirement of crops, can be added to irrigation water to be applied onto grassland or growing crops on arable land. Slurry is pumped from the stores, injected into the irrigation water pipeline and brought to a sprinkler or travelling irrigator, which sprays the mix onto land. Data on air emissions during spreading are not reported, but positive benefits are expected because the infiltration of the slurry into soil increases and the dilution, up to 1:50, lowers the NH3 concentration in the liquid and, consequently, the emission potential. However, due to the risk of contamination, this technique would not be appropriate for crops grown to be eaten raw.
Category 3 techniques

38. Acidified slurry. The equilibrium between ammonium-N and NH3 in solutions depends on the pH (acidity). High pH favours loss of NH3; low pH favours retention of ammonium-N. Lowering the pH of slurries to a stable level of 6 is commonly sufficient to reduce NH3 emission by 50 per cent or more. When adding acids to slurry, the buffering capacity needs to be taken into account, usually requiring regular pH monitoring and acid addition to compensate for CO2 produced and emitted during the preparation of the acidified slurry. Options to achieve acidified slurry are by adding organic acids (e.g. lactic acid) or inorganic (e.g. nitric acid, sulphuric acid, phosphoric acid) or by the addition in feed (e.g. benzoic acid) or slurry of components (e.g. lactic acid forming bacteria) that enhance pH reduction. A pH value of 4 - 5 is required when using nitric acid to avoid nitrification and denitrification, causing loss of nitrate and production of unacceptable quantities of N2O. Organic acids have the disadvantage of being rapidly degraded (forming and releasing CO2); moreover, large quantities are required to achieve the desired pH level, since they are usually weak acids.
39. Nitric acid has the advantage of increasing the slurry N content so giving a more balanced NPK (nitrogen-phosphorus-potassium) fertilizer. Using sulphuric acid and phosphoric acid adds nutrients to the slurry that may cause over fertilization with S and P. Moreover, adding too much acid could produce hydrogen sulphide and worsen odour problems. Acidification preferably has to be carried out during storage of slurry and also during spreading using specially designed tankers. Although efficient, the technique has the major disadvantage that handling strong acids on farms is very hazardous.

40. When acidification is conducted in the animal house (see para. 96), frequent monitoring of the pH during storage until the moment of land spreading is needed to assure the lowered pH level of the slurry. Few successful results of farm integrated research have been shown as to date; additional research efforts are needed to upgrade this technique to category 2.
41. Other additives. Salts of calcium (Ca) and magnesium (Mg), acidic compounds (e.g. FeCl3, Ca(NO3)2) and super-phosphate have been shown to lower NH3 emission, but the quantities required are too large to be practically feasible. Absorbent materials such as peat or zeolites have also been used. There is also a range of commercially available additives, but in general these have not been independently tested.

�) Formula of annual cost of  capital:


		� EMBED Equation.3  ���


	C	=	Costs are based on the purchase price


	r	=	Interest costs as percentage/100 (0.04; see para. 12)


	n	=	Amortized years
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