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Executive Summary
This paper considers the external benefits of ammonia abatement in terms of greenhouse gas mitigation from agriculture. Recent efforts to determine an economically efficient ‘carbon budget’ for agriculture and land use have highlighted the cost-effectiveness (in terms of cost per tonne of CO2e avoided) of a range of agricultural measures. A focus on further ancillary effects of these measures highlights the way in which ammonia damage costs can be added to estimates of measures’ cost-effectiveness. We demonstrate this using a bottom-up of marginal abatement cost curve (MACC), which ranks measures from low (or negative) to high cost measures.  The paper suggests the relevant data needs to augment the MACC with comprehensive ammonia impact costs. 
1 Introduction  
Previous chapters have demonstrated the direct and indirect benefits from the management of ammonia emissions from agricultural practices. In this chapter we extend the analysis of benefits to include the significant co-effects of greenhouse gas emissions, specifically methane and nitrous-oxide, which can derive ancillary benefits from measures targeting ammonia emissions. The chapter is predominantly focused on the experience in the UK, which is relatively more advanced in terms of deriving GHG emissions budgets. This chapter is structured as follows.   

The first section considers recent experience with GHG budgeting in the UK and introduces the analytical device – marginal abatement cost curve (MACC) analysis – to derive an efficient budget for policy. The MACC highlights the relative cost-effectiveness of a range of mitigation measures that are each could be associated with a range of ancillary costs and benefits. The second section presents the link between ammonia and GHGs. In the third section we present the measures to be analysed in terms of their potential for ammonia and GHG mitigation. These data could be the basis for subsequent integrated MACC analysis. The fifth section deals with the possibility of integrated modelling, while the final section provides some conclusions for policy.
2 Climate change and GHG mitigation in agriculture 

The UK is committed to significant greenhouse gas mitigation targets and most significant sectors of the economy are expected to play a role. The process of analysing and recommending how these commitments should be made, has been handed to the Committee on Climate Change, which has adopted a bottom-up marginal abatement cost curve approach to help set realistic budgets. The MACC details abatement potential from a suite of technically feasible mitigation measures and defines their relative cost-effectiveness. The use of a reference carbon price allows measures to be considered from a notional cost-benefit perspective and provides a threshold for defining an efficient budget (i.e. those measures delivering mitigation at a unit cost less than the chosen reference price).    
Consistent MACC analysis facilitates the consideration of efficient mitigation within and between different economic sectors. However, the biological complexity of agricultural systems sets the sector apart from other sectors that can be characterised by fewer proven mitigation technologies. 
2.1 MACC analysis
Reducing pollution level imposes costs on the economic agents, and the higher the pollution reduction, the higher the associated total cost. A derivative function to describe this relationship is the marginal pollution abatement cost curve, which shows how much does it cost to decrease the pollution by one unit. The economic optimum of pollution is the level where the marginal pollution abatement cost curve (social cost of a unit increase in pollution) intersects the marginal social cost curve (Pearce and Turner 1990). Mitigation efforts below that optimum are economically efficient.
To determine the optimum point both the marginal social cost curve and the marginal pollution abatement cost curve have to be identified. In the case of greenhouse gas emissions the MSC is most commonly represented as either the shadow price of carbon (SPC), which is calculated to be £27/tCO2 in 2010 (Price et al. 2007), or any market price on the carbon markets, while the marginal abatement costs can be estimated by top-down or bottom-up economic modelling approaches. In the bottom-up approaches the cost-effectiveness of various agricultural management practices are evaluated by comparing the business as usual (BAU) scenario (what would happen without any intervention) with the scenarios of implementing the measures. 

Generally the main steps of the MACC exercise are as follows (based on (Moran et al. 2008)):

1) Identify business as usual abatement or baseline emissions projection for each time period in question.

2) Quantify the cost-effectiveness (CE) in terms of £/tCO2e of each measure:

a) Quantify maximum potential GHG emissions saved;

b) Quantify the financial costs and benefits, and the timing of them, and calculate the net present value (NPV) using an appropriate discount rate; and

c) Divide NPV with the GHG abatement to get CE.

3) Adjust CE to take into account interaction of measures (implementing measure A might mean that the GHG abatement effect and/or the NPV of measure B might change)

4) Identify and quantify feasible uptake for each measure and reduce the abatement potential accordingly

5) Draw MACC

In the bottom-up approach, the MAC curve consists of bars: one bar for each mitigation option. The heights of the bars show the cost-effectiveness of the measures, while the widths of them indicate the volume of the pollution reduction achievable by that measure. The options are ranked in decreasing order of cost-effectiveness along the x-axis: measures to the left and below the x-axis indicate negative costs or savings, while measures to the right and above the x-axis illustrate costs.

2.2 GHG MACCs for the UK agriculture

The MACC analysis has been used a couple of times in the past decade to find out the economically efficient GHG mitigation options in the UK (see (Harris et al. 2009; IGER 2001; Moran et al. 2008; Radov et al. 2007)).

SAC has recently revised its 2008 MACC exercise ((MacLeod et al. 2010b; Moran et al. 2008; Moran et al. 2010)) incorporating new evidence, quantifying uncertainties, and improving the method of calculating interactions between measures (MacLeod et al. 2010a). The maximum technical potential (not including forestry) for 2022 according to the optimistic scenario is 14.5 Mt CO2e Figure 1, while the pessimistic scenario allows for 5.8 Mt CO2e savings under the SPC threshold. For comparison, the maximum technical potential in the MACC developed in 2008 under the same threshold for 2022 was 17.4 Mt CO2e without forestry. The most important abatement measures (combining the optimistic and pessimistic results) are the following: 
· Feed additives for cattle (proprionate precursors or ionophores), 

· Increasing maize silage in the dairy cattle diet, 
· Livestock breeding for better productivity and fertility,
· Anaerobic digestion of poultry and pig manure,

· Improved mineral and organic nitrogen-fertiliser timing, 
· Improving land drainage,

· Reduced tillage,
· Using more N-efficient plants. 
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Figure 1 Revised MACC (MACC2), 2022, MTP, optimistic, new interactions method (MacLeod et al. 2010a)
3 Ammonia and GHG
A number of legitimate issues could not be satisfactorily addressed during the exercises mentioned above. They do cover greenhouse gases and the financial costs of mitigation, but do not include any ancillary costs or benefits. Integrating the effects of agricultural management change on ammonia emissions, nitrate leaching, greenhouse gas emissions, (and further on soil erosion, biodiversity and water quality) is needed to avoid suboptimal decisions. The value of the benefits/damages arising form these impacts may alter the cost-effectiveness calculation and the list of the management options proposed to implement on farm.
Since NH3, N2O, CH4, and, to a lesser extent, CO2 emissions have common sources in agriculture, many proposed ammonia mitigation options have (mostly positive) significant effects on the greenhouse gases produced by agriculture (Table 1). Both GHG and NH3 measures targeting the farm N-cycle have usually an impact on nitrate leaching, which is a concern partly because water quality reasons (eutrophication) and partly because nitrate is a source of indirect N2O emissions.
Table 1 Ammonia abatement measures’ synergies and antagonisms with GHG mitigation measures for the UK (list of measures based on (Moran et al. 2008; Webb et al. 2006))
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These effects are being explored currently, as more and more experimental results are available regarding the effects on NH3 and GHG of different farm management practices. Weiske (2005) gives a qualitative analysis of gaseous mitigation measures on NH3 and GHGs, with a detailed list, but only with sporadic qualitative data on the actual emission reductions. There are some other review works considering both NH3 and GHG mitigation with smaller scopes: Novak and Fiorelli (2010) focus on abatement practices applicable on organic mixed crop-dairy system, suggesting energy efficiency and fuel saving measures, techniques improving N efficiency and anaerobic digestion of manure as the most promising methods with multiple benefits. VanderZaag et al. (2008) provides an extensive review of nearly forty experimental studies on the effects on gaseous emissions of floating covers on liquid manure storage, with quantitative emission reduction data.
Studies combining the cost-effectiveness of either NH3 or GHG emissions and the effects of the applied mitigation options on GHG or NH3 emissions, respectively, are less common. Brink and his colleagues did a European level modelling exercise to find out a) the effects of ammonia abatement on CH4 and N2O emissions, and b) the effects of GHG abatement on NH3 emissions (Brink et al. 2001a; Brink et al. 2001b; Brink et al. 2001c; Brink et al. 2005; Klimont and Brink 2004). They found that targeting ammonia emissions solely could increase GHG emissions (mainly N2O), but this increase can be avoided at low cost. On the other hand, having GHG emission reduction as the main target would decrease ammonia emissions (though there is a trade-off between methane and nitrous-oxide abatement). The measures to achieve win-win situation with NH3 and GHGs are: 

· Application of catalytic reduction of N2O in industrial fertilizer  production,

· Restrictions  on timing of synthetic fertilizer application, 
· Adjusting groundwater levels for grasslands, 

· Low-nitrogen feed, 
· Cleaning air from animal houses, 

· Fertilizer  efficiency  improvements,  
· End-of-pipe NH3 abatement technologies in fertilizer production,

· Propionate precursors as a feed additive,

· Covering outdoor manure storage of manure (instead of applying animal house adaptations).
The effectiveness of mitigation measures must consider interactions between the effects of the options. These effects might be financial and biophysical. As an example for emission-interactions, consider livestock manure.Both ammonia and nitrous-oxide emissions arise mainly from the microbial conversion of N in manure and in inorganic fertilisers. From excretion to absorption by plants manure deposited in animal houses might go through different stages: excretion in the animal house, storage (this stage is skipped in those farms with no storage capacities but applying daily spreading), and finally application as a fertiliser. During these stages the different physical circumstances (e.g. temperature, moisture, pH, aeration) lead to different microbial processes dominating, and different amount of gases being created. The N-content of the excreta and the amount of N-emissions at one stage determine the available N in the next stage which can be subject to conversion to gases. This is why emission mitigation during manure storage might result in increased emissions from applied manure, if no preventive measures are applied. 
The connections between the different stages of livestock manure management chain can be studied by the mass flow approach, where the fate of nitrogen and organic carbon excreted are followed. The approach was first used by Webb and Misselbrook (2004) for ammonia emissions, and later used by Gac et al. (2007) to give an inventory of NH3, CH4 and N2O from livestock production in France (Figure 1). Rigolot and his colleagues did a similar modelling exercise for pigs: their model can predict the effects of the composition of feedstuff, housing type, manure storage and manure treatment practices on NH3, CH4 and N2O emissions (Rigolot et al. 2010a; Rigolot et al. 2010b).
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Figure 2 Flow diagram of the general approach used to establish the inventory of gaseous emissions (Gac et al. 2007)
4 Review of the effects of NH3 mitigation measures on GHG emissions
4.1 Animal feeding: 

4.1.1 Decreased feed N-content

Livestock feeds usually contain excess protein. Different feed composition adjusted to the requirement of the different age and production groups of the animals (e.g. pregnant or lactating sows) reduces the protein surplus, and so reduces NH3 and N2O emissions (Webb et al. 2005; Weiske 2005). The excess protein is excreted mainly in the form of urea (mammals) and uric acid (poultry). The urea and uric acid easily degrades to ammonia, they are the main source of NH3 emissions. N2O emission depends both on the mineral and on the organic N-content of manure, and since the later less affected by reducing the feed N-intake, the reduction in N2O emission from manure may be smaller than the reduction in NH3 emissions. At the same time, the reduced ammonia and direct nitrous-oxide emissions lead to reduced indirect emissions of N2O from N deposited in soils and aquatic systems and from N leached into watercourses. (Brink et al. 2001b) It is likely that farmers compensate for the reduced N-content of the manure when fertilising by applying more inorganic fertilisers, giving place to NH3 and N2O emissions. This could eliminate the positive effects of this measure on the NH3 and N2O emissions from manure application and on indirect N2O emissions from N-leaching. (MY COMMENT)
There are different ways to reduce N-content of feed (Brink et al. 2001b): reducing the N-fertilisation applied on grassland (cattle), using silage instead of grass (cattle), better tuning of compound feed (pigs and poultry), changes in the composition of the raw materials (pigs and poultry), supplementing diets with synthetic amino acids (pigs and poultry).

Table 2
	Applicability
	cattle, pigs, poultry

	Effects on emissions

	NH3
	-10-20% housing, storage and appl., and grazing (if grazed grass’s N-content is reduced) - (Brink et al. 2001b)
effect on appl. and grazing cancelled out if inorganic fertilisation rate increased

	N2O
	-10-20% housing, storage and appl., indirect from deposition and from leaching - assumption by (Brink et al. 2001b) – overestimation?

effect on soil and indirect from leaching cancelled out if inorganic fertilisation rate increased

	CH4
	?

	NO3- leaching
	Reduced (?%) (Brink et al. 2001b) 

– if not compensated for by increasing inorganic fertilisation rate


4.2 Animal housing

4.2.1 New low-emission animal houses

Most of the methods to reduce emissions from animal housing can be built-in in newly developed buildings, regardless of the manure handling form (liquid or solid). Improved design of the floor, ventilation, manure removal and storage should be considered. Reducing the area, the temperature or the pH of the surfaces covered with manure would minimise ammonia emissions. (Weiske 2005) If these new systems incorporate new, low-emission manure storage systems, CH4 and N2O emissions could also be reduced. 

RAINS model option for cattle housing: modified floor design, frequent removal of the manure to a closed liquid storage by regular washing or scraping (Brink et al. 2001b):
Table 4
	Applicability
	cattle (liquid)

	Effects on emissions

	NH3
	-40-50% housing and storage - (Brink et al. 2001b)
Emissions from application might increase due to the higher N-content of the manure if the application technique is not a low-emission one.
At the same time, emissions from inorganic fertilisers could be reduced if increased N-content of manure is accounted for in fertilisation.

	N2O
	+6-12% appl and +2-4% indirect leaching (due to the higher N-content of the manure if the application technique is not a low-emission one); -13-16% indirect deposition - (Brink et al. 2001b)
At the same time, emissions from inorganic fertilisers (and subsequent emissions from leached N) could be reduced if increased N-content of manure is accounted for in fertilisation.

	CH4
	

	CO2
	

	NO3- leaching
	


4.2.2 Increased scraping frequency in buildings 
Table 6
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.2.3 Reducing slatted area of pig buildings

Table 7
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.2.4 Converting buildings housing layers with deep pit manure storage to stilt housing

Table 8
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.2.5 Drying poultry manure

Table 9
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.2.6 Cleaning the air from animal houses

Filtering the air ventilated out form animal houses with techniques which absorb NH3 would reduce ammonia emissions. These techniques can only be applied in animal houses with mechanical ventilation (most of pig’s and poultry’s houses). (Brink et al. 2001b)
With biofiltration, NH3 is converted into nitrites and nitrates as the polluted air is led through a biologically active material (microorganisms in organic bedding). Using bioscrubbing the waste air is led through a scrubbing column filled with water, the absorbed pollutants are then transformed by microorganisms into non-harmful components. In chemical scrubbers the air is led through a solution containing a chemical agent which reacts with pollutants (Weiske 2005). During the transformation process and from the disposed waste from the filters/scrubbers N2O emissions might arise (Brink et al. 2001b).
Table 10
	Applicability
	pigs, poultry (animal houses with mechanical ventilation)

	Effects on emissions

	NH3
	-80% (housing) - RAINS (Brink et al. 2001b)

	N2O
	+1% of the total NH3-N removed - assumption by (Brink et al. 2001b), and -20-34% of indirect from N deposition – calculated based on the NH3 savings and the IPCC method (Brink et al. 2001b)

	CH4
	-

	CO2
	Mechanical ventilation might cause electricity-born CO2 emissions

	NO3- leaching
	-


4.3 Manure storage

4.3.1 Store all FYM
Store all FYM – possible negative GHG effect (N2O) emissions, see (Webb et al. 2006)
Table 11
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.3.2 Covering cattle/pig FYM stores
Table 12
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.3.3 Covering liquid storage facilities

In the UK, most of the pig manure and half of the cattle manure is stored in liquid form, with the bigger farms dominantly using liquid systems. Slurry is stored either in slurry tanks (circular concrete or steel tanks with diameter of 20-40m) or in lagoons (earth-based pools with large surface area), usually uncovered.

Liquid manure storage facilities are sources of gaseous pollutants as CH4, N2O, CO2, NH3, and H2S. The first three are greenhouse gases, while ammonia leads to eutrophication and acidification, and at the same time is a source of indirect N2O emissions via atmospheric deposition and consequent transformation (Berg et al. 2006). NH3 and H2S are the dominant gases in farm odours.
In liquid systems urine and faecal matter are mixed, and the urea can be quickly mineralised leading to high ammonium concentrations. This ammonia is subject to volatilization or, to a lesser extent because of the mainly anaerobic conditions, nitrification. These processes result in NH3 and N2O emissions, respectively. Similarly, organic C content of the slurry can be converted to methane by methanogens, or near to the surface, to CO2 by decomposition. In general, the potential for methane emissions from liquid systems is much higher than from solid based systems, while nitrous-oxide emissions are generally higher for FYM.
As these processes are microbially controlled, they are temperature-dependent, and positively correlated with the duration of the storage. Changing organic fertiliser practices to match timing of fertilisation better with plant N requirements is leading to extended manure storage, and, consequently, increased potential for gaseous emissions from storage (Petersen and Miller 2006), while emissions from application of manure are reduced by these practices.

However, these emissions, along with CO2 emissions can be substantially modified by covering the storage facilities. Natural crust (forming of the dry matter content is high enough), flexible (floating) covers or rigid covers can be applied for tanks, but only natural crust or floating covers as practical solutions for lagoons, which have much larger surface area (Petersen and Miller 2006). Rigid covers are made of wood, concrete, aluminium or plastic, while various natural or man-made materials can be used as flexible covers: e.g. straw, peat, oil, granulates (like Leca™ perlite, macrolite balls), synthetic membranes, porous geotextile (Weiske 2005).

Tough originally rather NH3 and H2S emissions were targeted by covering (NH3 emissions can be reduced by up to 80-90%), but there is an increasing interest in the effects of covers on GHG emissions. Though in the past couple of years a growing number of studies are aimed to assess these effects, definite conclusions are still further away.

Covers seem to slightly reduce N2O and CO2 emissions ((Amon et al. 2001; Berg et al. 2006; VanderZaag et al. 2009; VanderZaag et al. 2010)), though N2O emissions might also increase, especially if the covering material is colonised by nitrifying bacteria – what is often the case with permeable covers (Petersen and Miller 2006). In such cases, ammonia deep from the slurry moves towards to the surface by diffusion, where aerobic nitrifying bacteria live. The nitrite and nitrate produced can reach high concentrations near to the surface, and diffuse back to the anaerobic region, fuelling denitrification. N2O emerges from both processes. There are some other, less explored, microbial pathways of N-conversion occurring in slurry storage, like nitrifier denitrification and anammox, which produces N2O and N from ammonia. In moist circumstances the activity of nitrifying bacteria and nitrous oxide emissions are lower (Sommer et al. 2000).

Similarly, the effect on methane is variable, for example Berg et al. (2006) found an increase of 49% of CH4 emissions (straw cover on pig slurry), while VanderZaag et al. (2009) reported  a decrease of 28% (30 cm straw cover on dairy slurry) during the storage period. These differences can be attributed partly to the microbiology of the covers: the presence of methane-oxidising bacteria (e.g. in natural crust and straw) reduce methane emissions and increase CO2 emissions (Ambus and Petersen 2005; Petersen and Ambus 2006).
Table 13
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.4 Manure application

4.4.1 Apply low emission machinery for slurry spreading
· cattle/pig slurry to grassland by open-slot injection/trailing hose/trailing shoe
· cattle/pig slurry to arable land by open-slot injection/trailing hose
Table 14
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.4.2 Immediate incorporation of manure to arable land
· cattle/pig slurry to arable by disc/plough/tine
· cattle/pig FYM to arable by disc/plough/tine
· poultry manure by disc/plough/tine
Table 16
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


4.5 Inorganic fertilisers

4.5.1 Replace Urea with ammonium nitrate

Table 19
	Applicability
	

	Effects on emissions

	NH3
	

	N2O
	

	CH4
	

	CO2
	

	NO3- leaching
	


5 The scope for integrated MACC modelling
6 Conclusions for policy development and implementation

7  References
For citations and references, please follow the ACS Style Guidelines found here: http://chemistry.library.wisc.edu/writing/acs-style-guidelines.html  
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						GHG measures

						Placing N precisely in soil		Controlled release fertilisers		(Multi)Phase feeding		Drying of poultry manure		Partly or fully slatted floors		Frequent manure removal - cattle/pig		Covering manure heaps		Crust on cattle slurry		Covered (rigid/flexible) slurry tanks/lagoons - cattle/pig

		NH3 measures		Phase feeding pigs						+++

				Increase scraping frequency in buildings housing dairy cows in cubicles												++

				Reduce slatted area of pig buildings										--

				Dry poultry manure								+++

				Convert buildings housing layers with deep pit manure storage to stilt housing

				Allow cattle slurry lagoons and tanks to crust																+++

				Rigid cover for cattle/pig slurry tanks																		+++

				Flexible floating cover for dairy/beef/pig slurry lagoons/tanks																		+++

				Covering cattle/pig FYM stores														+++

				Apply cattle/pig slurry to grassland by open-slot injection/trailing hose/trailing shoe		++

				Apply cattle/pig slurry to arable land by open-slot injection/trailing hose		++

				Immediate incorporation of cattle/pig slurry to arable by disc/plough/tine		++

				Immediate incorporation of cattle/pig FYM to arable by disc/plough/tine		++

				Immediate incorp of poultry manure by disc/plough/tine		++

				Replace Urea with ammonium nitrate				(-)






