Review of the efficiency of methods to reduce emissions of ammonia following the application of manures to land, their costs, potential agronomic benefits and impacts on emissions of nitrous oxide
1.
Review of measured reductions in ammonia emissions from reduced-emission spreading techniques

Based on simple averages of the reported abatement efficiencies of NH3 emissions, abatement is greater from the use of TS (65%) and OSI (70-80%) machines than from TH (35%). There is considerable variation in the efficiencies reported, especially for TH (0-75%) but also OSI (23-99%).  Variation in emissions following the use of the TS appeared to be somewhat less (38-70%), although this may be due to there being fewer studies reported of the TS.

Table 1.  Summary of results of experiments to measure the abatement efficiency of reduced-emission slurry spreading machinery, % reduction in NH3 emissions compared with broadcasting to surface.  The range is the range of the means reported in each paper considered.

	Machine
	Cropping
	Papers
	Experiments
	Mean % reduction
	Range (%)

	
	
	
	
	Overall
	Weighted
	

	Slot Injec.
	Grass
	5
	56
	80
	86
	60-99

	
	Tillage
	5
	9
	70
	49
	23-94

	Deep Injec
	Tillage
	2
	5
	95
	97
	95-99

	
	
	
	
	
	
	

	Trail shoe
	Grass
	2
	37
	64
	65
	57-70

	Trail shoe
	Tillage
	2
	2
	64
	64
	38-90*

	
	
	
	
	
	
	

	Trail hose
	Grass
	5
	45
	35
	41
	0-74

	Trail hose
	Tillage
	7
	16
	37
	48
	0-75


*this result was obtained from a machine that placed the slurry within the soil


On grassland OSI and TS are much more effective than TH, and OSI and TH appear to produce reasonably reliable abatement, and this is also the case when the comparison is made using weighted means. On tillage land OSI is on average less effective than on grass and, if the weighted mean is used (49%), not necessarily more effective than TH (weighted mean 48%).



Based on these assessments it seems reasonable to conlcude that OSI and TS offer similar potentials for NH3 abatement on grassland.  While the average abatement reported for OSI tends than for TS there does not appear to be any compelling reason to recommend the use of one in preference to the other.  However, the mean effectiveness of the TH in reducing NH3 emissions appears to be consistently, even significantly, much less effective than OSI or TS.


When manures are applied to arable land emissions of NH3 can be reduced by at least 90% if incorporation by plough takes place immediately after application.  A delay of as little as 4 h can reduce the abatement efficiency to only between 45 and 65%. Immediate incorporation using non-inversion cultivators can reduce NH3 emissions following the application of slurry by c. 70% and following solid manures by c. 60%. 

1.1
Identification of factors influencing effectiveness of technique

1.1.1
Machinery design

Ammonia abatement potential from OSI has been reported to increase with increasing volume of slots, accounting for 88% of the variance in NH3 emissions.  Injection depth was reported to be the main factor in increasing slot volume.  To be effective in both reducing emissions of NH3 and increasing the availability of slurry-N, injection needs to be to a depth of at least 5 cm and the space between injector tines should be no more than 30 cm when applying up to 30 m3 of slurry.


Injection by machines with two angled disc coulters has been shown to be more effective than by machines with only one.


1.1.1
External factors

The efficiency of abatement of applying slurry by TH to cereal crops has been shown in some studies to increase with increasing crop height and density, although some papers report no correlation with crop height, only a greater reduction when slurry was applied to a crop by TH than when TH application was to bare ground.    


Regression on grass height has been used to account for c. 50% of the variance in NH3 abatement when slurry is applied by TS.

In one study at least the efficiency of OSI on tillage land was reduced by the build-up, under some conditions, of stubble trash in front of the injection tines.

2.
Review of impact of techniques to reduce ammonia emissions on emissions of nitrous oxide

The apparent difference between the apparent impact of injection increasing emissions of N2O, while incorporation of FYM appears to reduce N2O emissions, may be due to impacts on the availability of C in slurry.  Since slurry injection does not significantly disturb soil, then it will add a source of metabolizable-C to the soil, potentially increasing denitrification activity, but will not significantly aerate the soil.  Incorporation by cultivation will increase aeration and thus mitigate the effects of adding a source of C.  The situation is not quite so clear cut, the impact on soil moisture content and WFPS will also effect subsequent emissions of N2O.

On the evidence presented here it does appear to be the case that while injection of slurry tends to increase emissions of N2O, incorporation of manures by cultivation does not, and may decrease them. 

3.
Review of agronomic benefits from use of reduced emission spreading techniques

3.1
Impacts on uptake of manure-N by crop

Apparent N recovery (ANR) of surface-applied slurry manure has been found to be less than that of OS-injected manure.  The more effective abatement techniques, such as OSI or immediate incorporation into soil, are more effective in increasing N uptake than less effective abatement techniques such as TH.  

Studies of N uptake following application of manures by reduced-emission techniques have not always measured statistically significant increases in N uptake.  However, we conclude that this is due to the difficulties of reliably measuring relatively small changes in N against a background of large N fluxes.  We therefore propose that estimates of the additional N recovered by crops following the use of reduced-emission spreading techniques may be based on mass-balance calculations of the amount of NH3-N conserved and hence available for uptake by crops.

Results suggest that to enable adequate uptake of slurry-N the band width of all reduced-emission machines should be nor more than 30 cm.

It has been suggested that injection and incorporation of manures could increase crop N uptake not only by reducing NH3 volatilization, but also by introducing manure-N to the soil closer to the roots.  This could be particularly important when slurry is injected into soils that have developed a soil moisture deficit (SMD) and hence downward movement of surface applied slurry is constrained.  However, any effect of placement could be due to improved uptake of manure-P rather than manure-N.

3.2
Impacts on crop yield

Yield can be reduced by OSI and by TS.  OSI damage can arise from the injector cutting contact between roots and soil, while TS may lead to damage if their is inadequate depth control. However, effective injection appears to be able to compensate for these losses, by increasing N supply.

3.3
Impacts on timeliness of application

Reduced-emission techniques such as TH, TS and OSI may allow more working days in spring than the conventional SP.  By increasing opportunities to apply slurry in spring, when crop demand for N is greatest, rather than in summer if this is the usual practice, N recovery from slurry and crop response to that N can be increased.  However, not all locations are limited by available machinery working days in spring.

3.4
Impacts of silage quality

Application by shallow injection and, particularly by TS, can increase flexibility of slurry management by allowing more spreading at shorter intervals before cutting than with conventional surface broadcasting, without detriment to silage quality.  However, if the grass is allowed to grow too tall before injection coulters may fail to penetrate the soil leading to sward damage and silage contamination. Overall, TS appears less likely to lead to sward damage or herbage contamination, while producing increases on Noff generally equal to those obtained when slurry was applied by injection

3.5
impacts on grazing

Similar effects have been reported with respect to the palatability of herbage, when slurry was applied to taller grass there was a reduction in efficiency of application by injector and a decrease in palatability.  But when slurry was applied to shorter grass, following silage cutting, the cattle responded as well to pastures on which injection was used as to TS, and both were better than surface application.

4.
Report on farmer and contractor experience of using reduced-emission spreading techniques within the UK

There has been a large increase in the uptake of the machines over the past year or two.  The main reasons given are the savings in N fertilizer, especially with recent increases in N prices, and odour reduction (especially on pig farms) in specific locations. It is not always clear whether savings in fertilizer are entirely due to the machine or could have been achieved by more considered use of SP spreading.

Some farmers are reluctant to spread in the evening because of a greater likelihood of complaints about odour when neighbours are home.

In general, the capital cost of ownership is too great for individual farmers and most use contractors.

Shallow injectors are popular for use on grassland unless conditions are such that there is poor soil penetration (esp. very heavy or stony soils) or soils are too wet.  Trailing shoes overcome some of these problems, and may be increasing in popularity

Many farmers were not able to use the machine to apply all the slurry produced on their farm and often used splashplate for a proportion. This was due to difficult soil conditions (too wet or too dry at times of the year, stony or steeply sloping land, some slurry too thick or containing stones etc, inaccessibility of some fields.
5.
Costs

5.1
Review of costs of using reduced-emission spreading techniques within the UK

The current additional costs of applying slurry by OSI, TS and TH in the UK were estimated to the same for all three machines at £0.52 m-3.  UK contractors appear to charge 20-30% more for application with reduced-emission machines than for SP.  Thus the additional contractor’s charge for these machines over SP is estimated to be between £0.28 and £0.42p m-3.  The cost of rapid incorporation of manures was estimated to be £0.54 m-3 for slurry and solid manures.
5.2
Comparison of specific UK study on costs with cost estimates produced by a concurrent EU study

Table 1 below provides a comparison of additional costs of using reduced-emission slurry-spreading machine estimated for the UK as part of this review with some recent cost estimates from other European countries collated by KTBL.

Table 1.  Estimates of the additional costs of applying manures by reduced-NH3 spreading techniques, 2009.  All costs are in £ m-3.  The costs provided by KTBL were converted at 1.1€ /£.

	
	T hose
	T Shoe
	Slot Injec
	*Imm. Incorp.

	UK, March 2009, calculation for this review
	0.52
	0.52
	0.52
	0.54

	UK, March 2009, actual contractor charges
	0.35
	0.35
	0.35
	NA

	KTBL from Germany
	
	2.59
	3.50
	0.73-0.82

	KTBL from Italy
	
	
	1.79
	0.00

	KTBL from Spain
	
	1.05
	1.09
	0.48-1.47

	KTBL from Denmark
	
	
	0.68
	65.5


*This is the estimated maximum additional cost, based on the assumption that immediate incorpration would be an additional operation, that might take place weeks or even months before cultivating the land for drilling, and that subsequent weed growth, soil settling, capping due to rainfall, would mean that incorporating manures to reduce emissions would not reducte the cultivation required to produce a seedbed.  The cost is based on the application of 50 m3 ha-1 slurry or 50 t ha-1 solid manure

Table 1 suggests spreading costs are much less in the UK than elsewhere.  However, this impression may be exaggerated due to recent changes in exchange rates.  The greater costs from Germany may reflect generally smaller farm sizes and hence smaller volumes of slurry to be spread.  Some earlier estimates by KTBL showed that for yearly volumes spread of 3000 m3 additional costs of TS at £1.45, were only c. 40% of the costs for yearly volumes of 1000 m3.
5.3
Assessment of value of potential benefits, e.g from increased N uptake

Estimates of the financial savings were made on the basis of the expected increase in available-N arising from reduced emissions of NH3-N.  Increases in available-N the size we expect from the amount of manure-TAN applied and the efficiency of the technique employed.  
Table 2.  Estimation of the value of slurry-N conserved by reduced-emission slurry applicators using UK estimate only.

	
	Surface
	T hose
	T Shoe
	Slot Injec
	*Other

	Slurry volume, m3
	30
	30
	30
	30
	50

	N applied, kg
	150
	150
	150
	150
	250

	TAN applied, kg
	75
	75
	75
	75
	125

	NH3 emission %
	50
	50
	50
	50
	50

	% abatement
	0
	40
	65
	80
	95

	N conserved, kg
	0
	15
	24
	30
	59

	Value of extra N available, £ per 30 m3 slurry (50 m3 for immediate incorporation)
	0
	14.1
	22.6
	28.2
	55.8

	Value of extra N uptake, £ per m3 slurry
	0
	0.47
	0.75
	0.94
	1.12

	Additional cost of abatement
	
	0.52
	0.52
	0.52
	0.54

	Net cost of abatement
	
	0.05
	-0.23
	-0.42
	-0.58


Based on a price of £325 per t ammonium nitrate on 6 February 2009.  This equates to £0.94 per kg N
*immediate incorporation by plough
These uptakes and cost benefits will only accrue when slurry is applied at times when the N conserved will not be at risk of loss by leaching.  The precise time when this risk will no longer apply will depend on soil type and excess winter rainfall (EWR), and can vary considerably even within a single country.  However, as a guideline, these additional uptakes should be accrued when slurry is applied in February onward.  Except for semi-arid areas, where EWR is negligible, there will be no increase in crop N uptake from reduced-emission spreading when slurry and manure are applied in late summer/early autumn. before autumn-sown crops. 
5.3.1  Sensitivity to price changes

In the month or so that has elapsed since table 2 was prepared the UK price of N fertilizer has decreased to £0.77/kg.  We have therefore produced estimates of the break-even price of fertilizer-N, above which the application of slurry by reduced-NH3 slurry spreaders becomes cost-effective.

Table 3.  Break-even price of fertilizer-N, above which the application of slurry by reduced-NH3 slurry spreaders becomes cost-effective.

	
	Surface
	T Hose
	T Shoe
	Slot Injec
	*Other

	Additional cost of abatement, £ m-3
	0
	0.52
	0.52
	0.52
	0.54

	Assumed slurry volume, m3
	
	30
	30
	30
	50

	N conserved, kg
	
	15
	24
	30
	59

	N conserved, m-3
	
	0.5
	0.8
	1.0
	1.2

	Break-even N price, £/kg
	
	1.04
	0.65
	0.52
	0.45

	Equivalent AN fertilizer price, £/t
	
	359
	224
	180
	157


*immediate incorporation by plough
A similar sensitivity could be carried out with respect to the effect of the estimates of additional costs of using the machines.

6.
Conclusions

6.1
Suggested abatement efficiencies to be used in Guidance document update and summary of relevant factors.

The answer to this depends on the answer to the vexed question of whether the Guidelines present a single abatement efficiency for each machine, or a range.  I'm quite firmly of the view that in a Guidance document ranges should not be cited as they can confuse the reader who needs guidance.  Hence I propose at most two values for each type of machine, in some cases differentiating between arable and grassland.  The results are presented and discussed in detail in the full report.  My suggestions are as follows

Table 4.  Results of one-way anova of the three datasets reporting abatement efficiencies for all three types of machine.

	Machine
	Mean % reduction
	

	
	Trail hose
	Trail shoe
	Slot Injec.

	Grass
	30
	65
	80

	Arable
	40
	NA
	70


6.2
What are the impacts of reduced-emission spreading techniques on emissions of N2O?

There are not enough field studies reporting both NH3-N emissions and N2O emissions measured over 12 months to draw firm conclusions.  The available data suggest a different pattern of results for slurry and FYM:

· Following application of slurry by reduced-NH3 emissions spreading techniques emissions were usually greater than when manures were surface-applied, although differences were not always significant;

· When solid manures are rapidly incorporated N2O emissions have often been less than from surface application, in some cases significantly less.

In an incubation N2O study emissions were greatest when pig manure was placed at 5 cm (P <0,05), least when placed at 10 cm (P < 0.05) and intermediate for surface application, thorough mixing and placement at 5 cm.  These results suggest that while injection to 5 cm might increase emissions of N2O, deeper injection might reduce them
The addition of labile C in manures has been proposed as a mechanism for increasing emissions of N2O by more than would be expected as a result of the addtional N entering the soil as a result of NH3 abatement.  There are a number of reasons why reduced-NH3 emission application techniques would not always lead to greater emissions of N2O: injection or incorporation by increasing the length of the diffusion path from the site of denitrification to the soil surface may lead to a greater proportion of denitrified N being emitted as N2; the subsequent soil moisture status and hence aeration may not be suitable for increased N2O production; in soils already well-supplied with both readily metabolizable C and mineral N any increase in N2O emission may be too small to have a significant effect. It has been suggested that the effect of the added C in manures on denitrification and N2O emissions would be greatest in soils with little SOM.
6.3
What are the current additional costs and to what extent are they mitigated by agronomic benefits?

Current additional costs of the use of reduced-emission slurry-spreading machines range from the UK estimate of c. £0.35-0.50 m-3 slurry applied to £3.50 from Germany.  

The only agronomic benefit which could be properly costed was that of the additional made available by reducing emissions of NH3-N.  Nevertheless, at current prices of fertilizer-N this benefit would entirely mitigate the additional UK costs of applying slurry by TS or OSI, but not by the use of TH.  At current fertilizer-N prices slurry application by OSI would also be cost-effective in Denmark, but not in Spain, Italy or Germany.

6.4
What has been farmer and contractor experience of using reduced-emission spreading techniques within the UK?

While UK farmer response has been generally positive a crucial caveat needs to be borne in mind, that many farmers are not using reduced-emission machines to apply all the slurry produced on their farm.
6.5
Recommendations for choice of machine according to crop and local farming conditions. 

6.5.1  Grassland

Given the difference in efficacy of OSI and TS is only moderate it appears reasonable to recommend both machines for use on grassland leaving the choice to be made on the basis of cost, other operational considerations or local conditions.  The lesser abatement efficiency of the TS machine may be compensated by observations that it offers the greatest potential for contamination-free application in pastures with taller herbage.  The TH machine is much less effective at reducing emissions of NH3 and does not appear an appropriate choice for grassland.

6.5.2  Arable

Where manures, both liquid and solid, are applied to land immediate incorporation by plough is the most effective option.  Immediate incorporation can be carried out with existing machinery, and hence does not require additional cost, although costs may be incurred either through the need to employ contractors to enable spreading and incorporation to be carried out simultaneously, or due to lost opportunity costs if farm staff are used who could have been employed on other, time critical, tasks such as drilling.

The limitation to immediate incorporation is that in areas where the majority of tillage land is autumn-sown, and where there is excess winter rainfall, the N conserved by reducing emissions of NH3 is likely to be lost by nitrate leaching.  In order to overcome this limitation two alternatives are possible.

· Injection machines are can be used in the presence of a growing arable crop in late winter or early spring.

· Application by TH to growing crops in Spring.

In both cases the reduction in NH3 emissions will still be less than from immediate incorporation, but much more of the N conserved will be available for crop uptake.
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