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Executive Summary

In 2023 agriculture in the UK provided 62% of the UK food supply for all food and 75% for indigenous
foods (those that can be grown in the UK) (Defra 2024). It is also an important source of export revenue
and a pillar of rural livelihoods in some areas. At the same time, agriculture is exposed to the effects of
climate change while being one of the sectors where greenhouse gas mitigation has been stagnating
(Brown et al. 2024). As highlighted by the Climate Change Committee, past policy efforts have been
insufficient in the interlinked areas of agricultural production, land use and dietary behaviours (Climate
Change Committee 2024).

The increasing need to reduce agricultural and food related emissions underlines the importance of
estimating the mitigation potential in agricultural production in the wider context of emission reductions
achievable with changing dietary patterns, land use and the agricultural production mix. This report
provides estimates for the mitigation achievable in the latter, i.e. on farms, in the next 25 years in
the UK, based on two production scenarios provided by the Climate Change Committee: (a) Business
as usual (continuation of recent trends in productivity and no change in demand) and (b) Balanced
Pathway (faster improvements in productivity and reduced demand for commodities with higher carbon
footprints).

In the Business as Usual Case production scenario, the SRUC MACC model estimates agricultural
GHG emissions in the UK (excluding emissions from poultry, goats, horses, deer and emissions from
non-mobile machinery) to be 41 Mt CO2e both in 2025 and in 2050. Implementing those on-farm
mitigation measures where the abatement cost is lower than the social cost of carbon could save 6.1
Mt CO2e in 2035 and 6.4 Mt CO2e in 2050 in this scenario.

The food chain transition in the Balanced Pathway scenario (which involves dietary shift away from
high emission intensity products, a reduction in food waste and more efficient crop production), would
drastically reduce agricultural emissions due to land use change, and cost-effective on-farm mitigation
measures would provide further 4.0 Mt CO2e savings annually. Emission and mitigation trends follow
similar patterns across the four countries of the UK, with slightly higher mitigation achievable in Northern
Ireland. (These results do not include the potential carbon removal on the land area no longer used for
agriculture.)

The total on-farm annual costs of the mitigation is -512 M£ and -36 M£ (negative costs imply a saving) in
2050 in the UK in the BAU and BP scenarios, respectively. The annual cost is composed of substantial
savings due to numerous measures improving efficiency, and a varying level of capital investment (317-
563 M£/year in the BAU and 51-232 M£/year in the BP scenario, respectively). On-farm measures with
the highest abatement potential are ‘Grass legume mix’, ‘Faster finishing beef’ and ’Increased milking
frequency’, as well as ‘3NOP feed additive’ for beef and dairy and ‘Lower emission breeding goal, dairy’.

The modelling assumed 50-75% uptake of the mitigation measures, which would necessitate a strong
shift in agri-environmental policy. Beyond the potentially negative impacts of the measures on farm fi-
nances and large investment costs to implement the mitigation measures, a large array of other barriers
currently prevent the wider uptake of the mitigation measures, including limited suitability to the farm-
ing operations, risk in and effort of changing farm management and low levels of robust and relevant
information and advice.

Vera Eory, Daniel Fletcher, Michael Macleod, Carol-Anne Duthie, Robert Rees, Kairsty Topp
February 2025
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1
Background

In the path to achieve net zero emissions in the UK by 2050, the Climate Change Committee has been
advising the UK Government on the level of carbon budgets appropriate for every 5-year period. The
7th carbon budget will define the emission cap for the period between 2038 and 2042.

Greenhouse gas (GHG) emissions from agricultural production contribute with a slowly increasing share
to the overall UK emissions, as the sector has achieved very limited mitigation in the past decades. Agri-
cultural GHG emissions were 42.0 Mt CO2e in 2022, or 10.2% of UK emissions, compared with 43.6
Mt CO2e in 2010 (7.1%) (Brown et al. 2024). These emissions mainly consist of non-CO2 GHG gases,
namely methane (CH4) and nitrous oxide (N2O), which arise from biological processes in crop and live-
stock production and are difficult to reduce. Still, GHG mitigation and increased carbon sequestration
in the sector, along with dietary shift toward a carbon intensive diet is possible and also essential for
achieving the UK’s net zero target (Climate Change Committee 2024).

This report presents an assessment of GHG mitigation options within agricultural production in the pe-
riod between 2025 and 2050, providing technical background to the 7th carbon budget recommendation
by the Climate Change Committee. It documents the methodology and presents the key results.
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2
Methodology

2.1. Modelling overview
The mitigation potential and mitigation cost were estimated using a bottom-up marginal abatement
cost curve method, following earlier agricultural mitigation estimates provided for carbon budget de-
velopments in the UK (Eory et al. 2015; Eory et al. 2020). In this method the GHG mitigation and
abatement cost are estimated for the individual mitigation measures for the whole farming area in the
geographic region, and they are subsequently aggregated to estimate the total abatement achievable
in the region. The GHG mitigation of each measure is calculated from the mitigation efficacy (e.g. a
reduction in fertiliser-use or in an emission factor), its applicability and potential additional uptake in the
future. The cost of the measures is estimated from adding up technical costs and any benefits from
savings in resources or increases in income, over the time period of the investment. The methodol-
ogy is described in detail in (Eory et al. 2015). Below is a summary of the approach as well as the
description of improvements since the version used in that report.

2.1.1. Non-mitigated greenhouse gas emissions
The model uses IPCC GHG inventory equations for calculating greenhouse gas emissions based on
agricultural activity data (e.g. number of dairy calves, milk yield, hectares of wheat and nitrogen fertiliser
dose) and parameters associated with emissions specific to each country’s agriculture (e.g. nitrogen
fertiliser emission factors or manure management emissions factors). The emission parameters are
obtained from the UKGHG inventory, courtesy of the Inventory Team. Themain features of the analysis
are presented in Table 2.1.

2



2.1. Modelling overview 3

Table 2.1: Summary of the GHG modelling approach

GHG sources included N2O emissions from i) soils due to inorganic and organic ni-
trogen application and residual crop N, and ii) manure stor-
age. CH4 emissions from i) enteric fermentation, ii) manure
storage, and iii) leaks from anaerobic digesters. CO2 emis-
sions from machinery use Carbon sequestration in soils.
Avoided CO2 emissions from energy generation.

GHG sources excluded Upstream and downstream emissions (such as fertiliser
production or product processing) Emission changes aris-
ing from direct and indirect land use change Emissions
from poultry (omitted due to limited GHGmitigation options)
Emissions from goats, horses, deer (omitted due to limited
role in GHG emissions).

GHG equivalency GWP100 (AR6): GWP(N2O)=273 CO2e; GWP(CH4)=27.2
CO2e.

Spatial resolution 4 countries in the UK.

Temporal resolution Annual, 2025-2050.

Calculation approach The total mitigation is the difference between GHG emis-
sions in the absence of mitigation measures and with miti-
gation measures applied.

Aggregation of mitigation effects:
interactions between measures

The model reduces the mitigation effect of the measures
if they are applied together and act on the same emission
source.
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Crop categories ‘Vegetables (other non-legumes)’, ‘Potatoes (maincrop)’,
‘Root crops for stockfeed’, ‘Winte barley malting’, ‘Forage
maize’, ‘Wheat’, ‘Miscanthus’, ‘Fruit mixed top and soft
fruit’, ‘Linseed’, ‘Wheat non-milling’, ‘Sugar beet’, ‘Field
beans and peas combined (not Vining peas)’, ‘Winter bar-
ley non-malting’, ‘Other fodder crops’, ‘Winter oats’, ‘Win-
ter oilseed rape’, ‘Maize’, ‘Minor cereals’, ‘Spring barley
malting’, ‘Improved Temporary Grass’, ‘Other field crops’,
‘Grain maize’, ‘Leafy forage crops’, ‘Wine grapes’, ‘Spring
barley’, ‘Oilseed rape’, ‘Field beans (harvested dry)’, ‘Soft
Fruit’, ‘Vegetables (not differentiated)’, ‘Winter barley’,
‘Spring oats’, ‘Top Fruit’, ‘Willow short rotation coppice’,
‘Spring oilseed rape’, ‘Vegetables brassicas’, ‘Improved
Permanent Grass’, ‘Vegetables legumes’, ‘Spring barley
non-malting’, ‘Oats’, ‘Wheat milling’, ‘Potatoes seed or ear-
lies’, ‘Other horticultural crops’, ‘Field peas (harvested dry)’
(Unfertilised permanent grassland (rough grazing) is not in-
cluded).

Livestock categories Cattle: ‘Dairy Calves Female’, ‘Dairy Replacements Fe-
male’, ‘Dairy In Calf Heifers’, ‘Dairy Cows’, ‘Beef Heifers
for Breeding’, ‘Beef Females for Slaughter’, ‘Beef Bulls
for Breeding’, ‘Beef Cereal Fed Bull’, ‘Beef Steers’, ‘Beef
Cows’; Sheep: ‘Lamb’, ‘Mature Ram’, ‘Mature Ewe’; Pig:
‘Sows’, ‘Other pigs’.

Heterogeneity in farming Country-level heterogeneity is included, along with hetero-
geneity by livestock and crop categories and manure man-
agement systems; other heterogeneity is not represented
(e.g. by soil types, weather parameters, livestock produc-
tivity levels or farm size and structure).

Agricultural activity scenarios The CCC provides two ‘land-use scenario’ projections for
key crop and livestock categories up until 2050. These pro-
jections are used to create detailed activity data for the sce-
narios based on crop and activity ratios of 2021 in the UK
agricultural GHG inventory.
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Agricultural practices Main areas of activities:
• crop yield and fertilisation rates by country and fer-
tiliser type.

• livestock weight and milk yield by country and live-
stock category.

• manure management system proportions by country
and livestock category.

• grazing proportion by country and livestock category.

Agricultural emission parame-
ters

The model uses UK agricultural GHG inventory values
(from 2016 and 2021), and thus follows the emission cal-
culation levels in the inventory: Enteric CH4 of cattle and
sheep: Tier 3 (country-specific parameters); pigs Tier 1 (de-
fault IPCC parameters); Manure emissions of cattle, sheep
and pigs: Tier 2 (mix of country-specific and default IPCC
parameters); Direct soil N2O: Tier 1 and Tier 2 (mix of
country-specific and default IPCC parameters); Indirect soil
N2O: Tier 1 (default IPCC parameters).
Main areas of parameters:

• Cattle enteric CH4: emissions percentage (Ym [%
gross energy]), feed composition (roughage vs con-
centrate), grazing percentage, digestible energy of
feed, nitrogen content of feed

• Cattle manure emissions: manure CH4 potential (B0),
manure management emission factors by system
(CH4, direct and indirectN2O), pasture range and pad-
dock CH4, direct and indirect N2O emission factors.

• Sheep: enteric CH4 emissions factor [kgCH4/head],
volatile solids and nitrogen excretion rates, manure
management emission factors by system (CH4, direct
and indirect N2O), pasture range and paddock emis-
sion factors (CH4, direct and indirect N2O).

• Pigs: volatile solids and nitrogen excretion rates, ma-
nure management emission factors by system (CH4,
direct and indirect N2O), pasture range and paddock
emission factors (CH4, direct and indirect N2O).

• SoilN2O: synthetic and organicN2O emission factors,
NH3 volatilisation fraction, leaching, nitrogen residu-
als.
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Other emission parameters • Diesel emission factors, source: Climate Change
Committee

• Electricity emission factors (marginal emissions inten-
sity, commercial end-use), source: Climate Change
Committee

• Heat emission factors, source: (DECC, 2014)

2.1.2. Mitigation measures’ effects on greenhouse gas emission
TheGHGmitigation due to the implementation of themeasures is represented in themodel via changing
the emissions parameters (e.g. nitrogen fertiliser emissions factors), the activity data (e.g. hectares of
wheat receiving fertiliser), or both.

Each mitigation measure has an assumed applicability (e.g. only applicable to crops receiving am-
monium nitrate) and uptake (e.g. 30% grassland is a grass-legume mix). These are expressed as a
proportion of land (for crop measures) or livestock numbers. More information on the uptake-modelling
approach can be found in section 2.5.

Importantly, production constraints are included in the model so that measures which increase yield
reduce the number of agriculture units so that total production of commodities is constant. Similarly,
if a measure reduces yield, agriculture units are increased to preserve production. This is a strong
assumption and not likely to happen in reality, however, it makes it possible to aggregate the effects of
GHG savings from efficiency improvements with GHG savings from altering chemical processes.

2.1.3. Cost of the mitigation measures
The net annualised cost is calculated based on partial accounting of the technical costs on the farm,
i.e. adding up the estimated changes in income and costs of the farm business. Included are:

• Investment costs (referred to in the report as ‘additional capital expenditure’ or ‘capex’), hereby
defined as any cost which has a lifetime of more than one year. These costs are annualised using
a 3.5% discount rate.

• Annual costs (referred to in the report as ‘additional operating expenditure’ or ‘opex’), which can
be due to i) using additional inputs (e.g. fertiliser additives), ii) changes in the amount of inputs
used and iii) changes in the outputs produced.

The model does not include transaction costs (associated e.g. with monitoring the implementation of
the measure, changes in the time required for farm.

2.1.4. Aggregation of the mitigation potential
The abatement potential of a mitigation measure is calculated as the difference in GHG emissions of the
non-mitigated and mitigated scenarios so that positive values represent emissions savings. Similarly,
cost is calculated as the difference in cost of the mitigated and non-mitigated scenarios so that positive
values represent cost to the farm.

This approach produces abatement potential and cost for the mitigation measures assuming each
measure is applied independently. However, some measures interact, so that their total mitigation/cost
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would be different than the sum of their individual mitigation/cost (for instance in the case of reducing N
fertilisation excess and having a grass-legume mixed sward). The mitigation interactions are estimated
in the model post hoc, as part of the ranking algorithm (the cost interactions are not considered).

To generate the marginal abatement cost curves, which visualise the total abatement from the compo-
nent mitigation measures, the measures are ranked. If the abatement cost is negative, the ranking is by
abatement potential (largest to smallest abatement potential), and if the abatement cost is positive, the
ranking is by abatement cost (smallest to largest abatement cost); cost negative measures are ranked
above cost positive measures.

To represent the interactions, an ‘interaction factor’ was estimated for each pair of mitigation measure,
representing the change (in most cases reduction) needed in the mitigation effect of one of the mea-
sures if it is applied together with another measure. If two measures have an interaction factor, the
measure which is ranked lower has its abatement potential reduced by that factor. This method re-
duces the risk of double counting GHG mitigation, though inflates the abatement cost of the mitigation
measures which are ranked lower. In case of mutually exclusive measures (like alternative forms of
CH4 reducing feed additives) the interaction factor is 0, i.e. the second measure of the pair is assumed
to generate no mitigation in the land areas/animals where they are both applied.

2.2. Changes to modelling methodology since CB6
Since CB6 the agricultural MACC model has been transferred from a Microsoft Excel model to Python.
Through this process small errors in the original model were corrected, methodology has been har-
monised and additional functionality has been added. It is important to track these changes so that
differences between CB6 and CB7 can be explained. Here we detail these changes.

Changes in approach
• In CB6 cost was calculated as the cost per applied unit (land area of livestock) multiplied by num-
ber of applied units which resulted in a slight miscalculation of cost when the mitigation measure
changed the yield and thus number of units. Now cost is calculated as the difference in cost
between the non-mitigated and mitigated scenario when a proportion of units has the measure
applied (see Appendix A for more detail).

• The externally provided activity data (livestock numbers/areas of crops) are now included in the
model at an annual basis. In CB6 only the values at the end points of the time-period were used,
and values in the years between were calculated from using a compound function.

New functionality
• The representation of capital expenditure (capex) has been overhauled to accurately account for
the timings of when these expenditures and their renewal costs are incurred (see Appendix C for
more details).

• An option to use an S-shaped (logistic) curve as opposed to linear growth when calculating the
future uptake see Appendix B for more details).
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Universal parameter updates
• Prices (crop, meat and milk, animal feed, nitrogen fertiliser, diesel) have been updated to 2022
values (increased with inflation).

• The projections for the emissions intensity of the grid electricity have been updated to be in line
with CB7 assumptions.

2.3. Agricultural activity scenarios
Agricultural activity scenarios, i.e. annual crop and livestock production to 2050, are required as input
into the model to calculate the emissions estimates without mitigation. These scenarios play an impor-
tant role in the abatement potential of the mitigation measures. For example, if there are very few cattle
in a scenario in the year 2050, then mitigation measures reducing enteric CH4 emissions will have a
small abatement potential.

Two agricultural activity scenarios were provided by the Climate Change Committee for marginal abate-
ment cost analysis, based onwider changes in the food system and land use, namely Business as Usual
(BAU) and the Balanced Pathway (BP). Figure 2.1 shows the projections for grassland, cropland and
livestock numbers. The BP scenario is associated with a substantially reduced agricultural land use,
the GHG emission and economic effects of this land use change is separately modelled, by the Climate
Change Committee, and not included in the current modelling.

Both scenarios assumes 0.5% cumulative annual increase in milk yield until 2032 resulting in a small de-
crease in the dairy herd, in other areas the BAU scenario assumes the continuation of current land use
and livestock production patterns. The BP scenario further assumes crop yield improvement (UK aver-
age wheat yield reach 10 t/ha by 2050 and the yield of other crops increases with the same proportion)
as well as substantial changes in the food system. In this scenario red and white meat consumption
decrease by 40% and 30%, respectively by 2050, and dairy product consumption is reduced by 20%
by 2035 (then constant to 2050). 50% of food waste (baseline year 2007) is eliminated by 2030 and
another 10% by 2050. Grazing livestock production moves away from the uplands: stocking rates on
lowland grasslands increase by 3.8% by 2035 and by 10% by 2050. Finally, 10% of horticultural crops
will be produced in indoor systems by 2050.

The scenarios assume that certain aspects of agricultural productivity (milk and crop yields) are going
to improve in the period between 2024-2050. As some mitigation measures are also partially, or fully,
generate GHG savings via productivity increase, including all mitigation measures in those scenarios
would result in double counting the productivity improvements and thus overestimating the mitigation
potential. For this reason we excluded the following mitigation measures from the BAU and BP scenario
runs: ‘Improved health, dairy’, ‘Asparagopsis, dairy’ and ‘Asparagopsis, beef’. Additionally, we also
excluded ‘Improved drainage’ from the BP scenario (Table 2.2).

2.4. Mitigation measures
The GHG abatement potential and cost of numerous agricultural mitigation measures have been esti-
mated in the past years in the UK and in countries with comparable agricultural environment. The 114
mitigation measures extracted from nine of the most relevant publications are presented in Appendix
D. This list was used to select 26 measures for the current study: those with a relatively high total
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Figure 2.1: Projected livestock numbers and crop/grass areas for the business as usual (BAU) and balanced pathway (BP)
scenarios. The category crop includes all crop types that are not improved permanent grass or improved temporary grass.

Unfertilised permanent grassland (rough grazing) is not included

abatement potential in the UK, low probability of negative co-effects and strong evidence on GHG mit-
igation efficacy (Table 2.2). Most of the measures which require a (partial) change in land use have
been excluded (except anaerobic digestion which has limited uptake) at the request of the Climate
Change Committee, as they were part of a parallel work informing CB7. The livestock measures are
represented separately for the main livestock categories (dairy, beef, sheep, pigs), thus in total the
modelling included 40 measures.

The majority of the measures were already assessed for CB6 (Eory et al. 2020). Ten measures anal-
ysed in the CB6 MACC calculations were not included in the current study, as they were found to have
low abatement potential in the UK or weak evidence on the system-wide GHG effects (‘Biostimulants’,
‘Crop health’, ‘Integrating grass leys in rotation’, ‘Analyse manure prior to application’, ‘Take stock off
from wet ground’, ‘Higher sugar content grasses’, ‘High starch diet for dairy cows’, ‘Covering slurry
with permeable plastic cover’, ‘Gene modified cattle for reducing enteric methane emissions’, ‘Higher
uptake of current genetic improvement practices’).

Measures which are above the social cost of carbon are excluded from the final analysis. However,
measures which are eventually below the social cost of carbon (as social cost increases and/or measure
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is more effective) are included but the Start Year (Table 2.2) is changed to the year when they become
feasible in terms of the carbon price.

Ten measures were added to the assessment since CB6: ‘Reduced soil compaction, ‘Urease inhibitors’,
‘Improved nutrition, beef’, ‘Improved nutrition, sheep’, ‘Faster finishing, beef’, ‘Current breeding goal,
sheep’, ‘Triticale’, ‘Improved health, pigs’, ‘Asparagopsis dairy’ and ‘Asparagopsis beef’. Although
their assumptions are presented in Appendix D, upon consultation with the CCC both Asparagopsis
measures were excluded from the analysis due to uncertainty around their technology readiness level
and effects on production and emissions. The assumptions on the GHG mitigation efficacy, costs,
applicability and current uptake of all the measures are presented in Appendix D.

2.5. Assumptions on future uptake
The evolution of the future uptake of the measures is described by 6 parameters: ‘applicability’, ‘current
uptake’, ‘start year’, ‘potential uptake’, ‘years until potential uptake’ and an indicator controlling the
nature of the uptake curve (linear or S-curve) (Table 2.2).

Applicability is the proportion of agricultural units where the measure is applicable. In some cases,
particularly anaerobic digestion (AD) of animal manure, this value is artificially limited to avoid large
land-use change within the mitigated scenario (AD also requires crops as feedstock and thus applying
AD to a large proportion of animals will require a lot of crop products being used as AD feed stock). All
uptake values are expressed as a proportion of applicable units.

Current uptake reflects the proportion of agricultural units that currently have the measure applied. The
effect of current uptake on emissions is included in the non-mitigated scenario. The potential uptake
is exogenous to the model (values provided by the Climate Change Committee) and represents an
uptake level in the future. This uptake level is achieved over a certain period of time (‘years until
potential uptake’). In any given year, the difference between the future uptake and the current uptake
is the additional uptake; the additional uptake relates to the emission reduction effect calculated in the
model.

Measures already commonly known by farmers have a start year of 2025, measures which are rarely
used but commercially available start in 2027 or 2028, while measures requiring research and devel-
opment start in 2035. For most measures it is assumed a 10 year time period is required to reach
maximum uptake, though for measures with high current uptake it is 5 years and for those with longer
establishment time (due to constraints in either physical or market infrastructure) it is 15 years.

The logistic growth option is a new addition to the model since CB6 and has been added at the request
of the Climate Change Committee to capture the urgency in which somemeasure may need to be taken
up in the future. In general, measures which can be applied now (start year: 2025) have a linear uptake
and measures which have a longer lead in time have logistic growth (see more detail in Appendix C).



Table 2.2: Uptake assumptions of mitigation measures used in analysis. Measures which are labelled with a ∗ are excluded
from the BP to avoid possible double counting and those labelled with ∗∗ are excluded from both scenarios

Measure ID Short measure name Max uptake
of applicable

Start year Years until
max uptake

Uptake func-
tion

Crop/grass/soil measures

1∗ Reduced soil compaction 0.75 2025 10 L

2∗ Optimal soil pH 0.75 2025 10 L

3 Cover crops 0.75 2025 10 L

4 Grass BNF 0.75 2025 10 L

7 Variable rate N 0.6 2025 10 L

8 Urease inhibitors 0.6 2027 10 S

9 Nitrification inhibitors 0.6 2027 10 S

49∗ Improved drainage 0.5 2025 15 L

50 Reducing N excess 0.75 2025 5 L

51 Improved crop NUE 0.5 2040 10 S

59 Triticale 0.5 2025 15 L

Livestock measures

52 Precision feeding, dairy 0.75 2027 10 S

18 Improved nutrition, beef 0.6 2025 10 L

19 Improved nutrition, sheep 0.6 2025 10 L

20 Nitrate, dairy 0.6 2027 10 S

21 Nitrate, beef 0.5 2027 10 S

22 Nitrate, sheep 0.5 2027 10 S

26 3NOP, dairy 0.5 2027 10 S

27 3NOP, beef 0.5 2028 10 S

53∗∗ Asparagopsis, dairy 0.5 2035 10 S

54∗∗ Asparagopsis, beef 0.5 2035 10 S

29 Faster finishing beef 0.5 2025 10 L

33 Improved health, beef 0.6 2025 10 L



34 Improved health, sheep 0.6 2025 10 L

61 Improved health, pigs 0.5 2025 10 L

36 Genomic breeding, dairy 0.6 2025 10 L

37 Genomic breeding, beef 0.5 2025 10 L

38 Lower emission breeding,
dairy

0.6 2035 10 S

39 Lower emission breeding,
beef

0.5 2035 10 S

40 Current breeding goal,
sheep

0.6 2025 10 L

43 Slurry acidification, dairy 0.5 2027 10 S

44 Slurry acidification, beef 0.5 2027 10 S

45 Slurry acidification, pigs 0.5 2027 10 S

46 Impermeable slurry cover,
dairy

0.75 2025 10 L

47 Impermeable slurry cover,
beef

0.75 2025 10 L

48 Impermeable slurry cover,
pigs

0.75 2025 10 L

55 Increased milking fre-
quency

0.6 2025 10 L

56 Biogas flaring, dairy 0.5 2027 10 S

57 Biogas flaring, beef 0.5 2027 10 S

58 Biogas flaring, pigs 0.5 2027 10 S

13 AD, cattle 0.6 2027 10 S

14 AD, pig 0.6 2027 10 S

12
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3
Results

3.1. Total abatement and costs
According to the SRUC MACC model, without applying mitigation measures, agricultural GHG emis-
sions in the UK (excluding emissions from poultry, goats, horses, deer and emissions from non-mobile
machinery) are projected to be 40.9 Mt CO2e in 2025 and 2050 in the BAU agricultural production
scenario and 27.8 Mt CO2e with the BP scenario in 2050, Figure 3.1e1. Future GHG emissions in the
BP scenario are lower due to three assumptions in this land-use scenario: Dietary shift, reduced food
waste and increased productivity. The shift in human diets towards less carbon intensive food items
result in reduced livestock production and reduction in grass and cereal production, while the increased
productivity reduces on-farm emissions related to input use (such as N2O emissions from N fertiliser
applications and from feed produced for livestock). By farmers applying the mitigation measures (see
uptake rate assumptions in Table 2.2, only those under social cost of carbon), the annual GHG emis-
sions would be 34.5 Mt CO2e and 23.8 Mt CO2e with the BAU and BP scenarios, respectively, by 2050,
Figure 3.1e.

In percentage terms 15.7% and 14.3% of the GHG emissions can be mitigated by 2050 in the BAU
and BP scenarios, respectively, by applying mitigation measures Figure 3.2e. Emission and mitigation
trends follow similar patterns across the four countries of the UK, with slightly higher mitigation achiev-
able in Northern Ireland (18.9% and 18.3% by 2050 in the BAU and BP scenarios, respectively, Figure
3.2b). The mitigation potential reaches its maximum level after about 10 years from 2025, in line with
the assumptions of full policy implementation, which is 10 years for the majority of the measures. The
slight temporary drop in the mitigation in England, Wales and Scotland is due to the abatement cost
of slurry management measures changing as a result for changing embedded emissions in the grid
electricity (affecting anaerobic digestion) and the increase in the social cost of carbon allowing more
measures to be included in certain years.

1Note, the CCC calculate emissions using a different methodology resulting in slightly different baseline projections in the 7th

carbon budget report.
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Figure 3.1: Projected absolute emissions for the Business as usual (BAU) and Balanced Pathway (BP) land use scenarios in
the mitigated and non-mitigated scenarios in a) England, b) Northern Ireland, c) Scotland, d) Wales and e) the UK. Only

mitigation measures which were below the Carbon price were included in this analysis.
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Figure 3.2: Projected total percent abatement potential for the Business as usual (BAU) and Balanced Pathway (BP) land use
scenarios in a) England, b) Northern Ireland, c) Scotland, d) Wales and e) the UK. Only mitigation measures which were below

the Carbon price were included in this analysis.

Mitigation measures where the annual abatement cost is above the social cost of carbon are excluded,
in line with overall CCC methodology. This resulted the exclusion of 8 mitigation measures in the initial
years (until the social cost of carbon is high enough), namely ‘Urease inhibitors’, ‘Nitrification inhibitors’,
‘AD, cattle’, ‘Improved nutrition, beef’, ‘Improved nutrition, sheep’, ‘Improved crop NUE’, ‘Nitrate, beef’
and ‘Improved health, pig’.

The results are similar to those reported in the agricultural mitigation assessment supporting the 6th

carbon budget. All seven agricultural production scenarios in that report assumed some level of dietary



3.1. Total abatement and costs 16

shift and production efficiency improvements, and the mitigation potential was estimated to be 4-5.5 Mt
CO2e in 2035, dropping to 2.5-4.5 Mt CO2e in 2050 (Eory et al. 2020).

The total annual cost of the mitigation is -512 M£ and -35.6 M£ in 2050 in the UK in the BAU and BP
scenarios respectively. However, this requires large capital investment: the annual capital expenditure
varies between 317 and 563 M£ for the BAU scenario and 51 and 232 M£ in the BP scenario (Figure
3.3). Capital expenditure varies yearly as it is a composite of capital expenditures of the various mit-
igation measures, with different lifetimes and thus investment periods. The operational expenditure
reaches -869 and -137 M£ in the UK by 2050 for the BAU and BP scenarios, respectively (Figure 3.4),
following the pattern of mitigation measure uptake. The large difference in capital, operational and to-
tal expenditure between the scenarios is due to the exclusion of measures, which would increase crop
yield, from the BP scenario (Table 2.2), such as ‘Reduced soil compaction’ and ‘Optimal soil pH’, which
have large investment costs but come with a large efficiency saving.
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Figure 3.3: Projected total additional CAPEX (capital expenditure) in each year to achieve abatement potential shown in Figure
3.2 for the Business as usual (BAU) and Balanced Pathway (BP) land use scenarios in a) England, b) Northern Ireland, c)

Scotland, d) Wales and e) the UK. Only mitigation measures which were below the carbon price were included in this analysis.
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Figure 3.4: Projected total additional OPEX (operating expenditure) in each year to achieve abatement potential shown in
Figure 3.2 for the Business as usual (BAU) and Balanced Pathway (BP) land use scenarios in a) England, b) Northern Ireland,

c) Scotland, d) Wales and e) the UK. Only mitigation measures which were below the carbon price were included in this
analysis. A negative OPEX means a net saving.

3.2. Mitigation measures
Marginal abatement cost curves (MACC) for both scenarios, up to the social cost of carbon, for 2035
and 2050 are presented on Figures 3.5 and 3.6 respectively. These figures show the abatement cost
(y-axis) and abatement potential (x-axis) of each measure individually, based on estimated average
values for the UK. On individual farms the values are expected to vary substantially and results should
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only be interpreted at the national (England, Scotland, Wales and Northern Ireland) level. The sum
of the values on the x-axis represents the total abatement potential, i.e. 6.1 and 6.4 Mt CO2e and in
2035 and 2050, respectively, for the BAU scenario; and 4.3 and 4.0 Mt CO2e and in 2035 and 2050,
respectively, for the BP scenario. These results include the interactions between measures so that if
two measures interact, the measure further right on the x-axis in the MACC curve has the reduction
applied. Therefore, these plots should not be used to assess the effectiveness of an individual measure
being applied in isolation.

In both scenarios in 2050, the measure ‘Grass BNF’ has the highest abatement potential (and ranked
highest), however, the efficiency measure ‘Faster finishing beef’ is ranked second for the BAU scenario
while ‘Increased milking frequency’ is second in the BP scenario due to the differing amounts of beef
and dairy cattle in the scenarios (Figure 3.6).

Approximately half the abatement potential in both scenarios are offered by measures where the abate-
ment cost is below the social cost of carbon but is still positive, and the other half by measures which
are estimated to provide savings (like the ones above and ‘Genomic breeding, dairy’, ‘Genomic breed-
ing, beef’, ‘Improved health, sheep’, ‘Optimal soil pH’, ‘Improved drainage’). These profitable measures
(with the exception of ‘AD pig’) all improve farm efficiency by increasing yield or reducing input costs
(fertiliser, animal feed, etc), though many need initial investment. Overall, the implementation of all
measures below the social cost of carbon is estimated to generate net profit. However, to achieve this
net profit, large investment (up to £0.5 billion yearly) is required (Figure 3.3).

All but one manure management measures (‘Biogas flaring’, ‘Impermeable slurry cover’, ‘Slurry acidifi-
cation’) have positive abatement cost (above the x-axis on Figure 3.6), nevertheless, they offer a large
abatement potential. AD pig is the only manure management measure which has negative abatement
cost, however, this is highly dependent on the uncertain future prices of co-digestate feed stock and
electricity, as well as on the average emissions of electricity generation. Similarly, CH4 reducing feed
additives (‘Nitrate’ and ‘3NOP’) have a high abatement potential but their abatement cost is positive.

Certain measures have very low abatement cost and low abatement potential (i.e. thin and deep on
Figure 3.6, such as ‘Reduced soil compaction’, ‘Lower emission breeding goal, dairy’, ‘Reducing N
excess’); this can happen for two reasons. First, the measure can be primarily an efficiency saving
practice, and the GHG abatement is only secondary, therefore the cost is very negative, but the abate-
ment is small, causing abatement cost to be very negative. The measure ‘Triticale’ is an example for
this. Second, they could be ‘out-ranked‘ by other measures: if measures ranked above them (further
left on the MACC) target emissions with the same mechanism, the abatement potential of the mea-
sure in question is reduced, and the abatement cost becomes more negative. For example, ‘Lower
emission breeding goal, dairy’ gets out-ranked by ‘Genomic breeding, dairy’ (Figure 3.6a), and as they
are mutually exclusive, the abatement potential of ‘Lower emission breeding goal, dairy’ is drastically
reduced. Still, this measure applied individually would be effective, only with less financial savings.
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Figure 3.5: Marginal abatement cost curves (MACC) for the entire UK in the a) Business as Usual (BAU) and b) Balanced
Pathway (BP) land use scenarios in 2035 considering potential interactions between the measures. Note the different x-axis

scales. The measures appear ranked within the legend. The y-axis is restricted between -400 and 600 £/tCO2e.
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Figure 3.6: Marginal abatement cost curves (MACC) for the entire UK in the a) Business as Usual (BAU) and b) Balanced
Pathway (BP) land use scenarios in 2050 considering potential interactions between the measures. Note the different x-axis

scales. The measures appear ranked within the legend. The y-axis is restricted between -400 and 600 £/tCO2e.



References

AHDB (2019). Nutrient management guide (RB209). Tech. rep. UK. AHDB. URL: https://ahdb.org.
uk/rb209.

— (2022). Pork: cost of production and performance. Tech. rep. URL: https://ahdb.org.uk/pork-
costings-and-herd-performance.

— (2024a). Pork Key Performance Indicators (KPIs). Tech. rep. URL: https://ahdb.org.uk/knowle
dge-library/pork-key-performance-indicators-kpis.

— (2024b).Soil pH and liming recommendations for arable and grass systems | AHDB. https://ahdb.org.uk/knowledge-
library/soil-ph-and-liming-recommendations-for-arable-and-grass-systems. [Online; accessed 2024-
11-15]. URL: https://ahdb.org.uk/knowledge-library/soil-ph-and-liming-recommendatio
ns-for-arable-and-grass-systems.

Akiyama, Hiroko, Xiaoyuan Yan, and Kazuyuki Yagi (2010). “Evaluation of effectiveness of enhanced-
efficiency fertilizers as mitigation options for N2O and NO emissions from agricultural soils: Meta-
analysis”. In: Global Change Biology 16.6, pp. 1837–1846. ISSN: 1354-1013.

Argento, F., T. Anken, F. Abt, E. Vogelsanger, A. Walter, and F. Liebisch (2021). “Site-specific nitrogen
management in winter wheat supported by low-altitude remote sensing and soil data”. In: Precision
Agriculture 22.2, pp. 364–386. ISSN: 1573-1618. DOI: 10.1007/s11119-020-09733-3.

Bacenetti, Jacopo, Cesare Sala, Alessandra Fusi, and Marco Fiala (2016). “Agricultural anaerobic di-
gestion plants: What LCA studies pointed out and what can be done to make them more environ-
mentally sustainable”. In: Applied energy 179, pp. 669–686.

Barnes, AP, Vera Eory, and M MacLeod (2022). “Delivering Clean Growth through Sustainable Inten-
sification”. In.

Barraclough, Peter B., Jonathan R. Howarth, Janina Jones, Rafael Lopez-Bellido, Saroj Parmar, Caro-
line E. Shepherd, and Malcolm J. Hawkesford (2010). “Nitrogen efficiency of wheat: Genotypic and
environmental variation and prospects for improvement”. In: European Journal of Agronomy 33.1,
pp. 1–11. ISSN: 1161-0301. DOI: 10.1016/j.eja.2010.01.005.

Berisso, F. E., P. Schjønning, T. Keller, M. Lamandé, A. Etana, L. W. de Jonge, B. V. Iversen, J. Arvids-
son, and J. Forkman (2012). “Persistent effects of subsoil compaction on pore size distribution and
gas transport in a loamy soil”. In: Soil and Tillage Research 122, pp. 42–51. ISSN: 0167-1987. DOI:
10.1016/j.still.2012.02.005.

Biasi, Christina, Saara E. Lind, Niina M. Pekkarinen, Jari T. Huttunen, Narasinha J. Shurpali, Niina P.
Hyvönen, Maija E. Repo, and Pertti J. Martikainen (2008). “Direct experimental evidence for the
contribution of lime to CO2 release from managed peat soil”. In: Soil Biology and Biochemistry
40.10, pp. 2660–2669. ISSN: 0038-0717. DOI: 10.1016/j.soilbio.2008.07.011.

Bingham, I.J., A.J. Karley, P.J. White, W.T.B. Thomas, and J.R. Russell (2012). “Analysis of improve-
ments in nitrogen use efficiency associated with 75 years of spring barley breeding”. In: European
Journal of Agronomy 42, pp. 49–58. ISSN: 1161-0301.

22

https://ahdb.org.uk/rb209
https://ahdb.org.uk/rb209
https://ahdb.org.uk/pork-costings-and-herd-performance
https://ahdb.org.uk/pork-costings-and-herd-performance
https://ahdb.org.uk/knowledge-library/pork-key-performance-indicators-kpis
https://ahdb.org.uk/knowledge-library/pork-key-performance-indicators-kpis
https://ahdb.org.uk/knowledge-library/soil-ph-and-liming-recommendations-for-arable-and-grass-systems
https://ahdb.org.uk/knowledge-library/soil-ph-and-liming-recommendations-for-arable-and-grass-systems
https://doi.org/10.1007/s11119-020-09733-3
https://doi.org/10.1016/j.eja.2010.01.005
https://doi.org/10.1016/j.still.2012.02.005
https://doi.org/10.1016/j.soilbio.2008.07.011


References 23

Brown, P, M Broomfield, G Buys, L Cardenas, E Kilroy, J MacCarthy, T Murrells, Y Pang, N Passant,
J Ramirez Garcia, et al. (2016). “UK greenhouse gas inventory, 1990 to 2012: annual report for
submission under the Framework Convention on Climate Change”. In.

Brown, P, L Cardenas, S Del Vinto, E Karagianni, J MacCarthy, P Mullen, S Gorji, B Richmond, G
Thistlewaite, A Thomson, D Wakeling, and D Willis (2024). UK Greenhouse Gas Inventory, 1990 to
2022: Annual Report for Submission under the Framework Convention on Climate Change. Tech.
rep. 978-1-7393512-0-5. URL: https://uk-air.defra.gov.uk/assets/documents/reports/
cat09/2404111649_ukghgi-90-22_Main_Issue1.pdf.

Cardenas, L.M., A. Bhogal, D.R. Chadwick, K. McGeough, T. Misselbrook, R.M. Rees, R.E. Thorman,
C.J. Watson, J.R.Williams, K.A. Smith, and S. Calvet (2019). “Nitrogen use efficiency and nitrous ox-
ide emissions from five UK fertilised grasslands”. In: Science of the Total Environment 661, pp. 696–
710. ISSN: 0048-9697.

Chadwick, Dave, Sven Sommer, Rachel Thorman, David Fangueiro, Laura Cardenas, Barbara Amon,
and Tom Misselbrook (2011). “Manure management: Implications for greenhouse gas emissions”.
In: Animal feed science and technology 166, pp. 514–531.

Chen, Wenhao, Eoin White, and Nicholas M. Holden (2016). “The effect of lameness on the environ-
mental performance of milk production by rotational grazing”. In: Journal of Environmental Manage-
ment 172, pp. 143–150. ISSN: 0301-4797. DOI: 10.1016/j.jenvman.2016.02.030. URL: https:
//www.sciencedirect.com/science/article/pii/S0301479716300718 (visited on 01/28/2025).

Clarke, Sarah, Susie Roques, Richard Weightman, and Daniel Kindred (2016). Modern triticale crops
for increased yields, reduced inputs, increased profitability and reduced greenhouse gas emissions
fromUK cereal production. Tech. rep. [Online; accessed 2024-06-18]. ADAS, AHDB. URL: https://
ahdb.org.uk/modern-triticale-crops-for-increased-yields-reduced-inputs-increased-
profitability-and-reduced-greenhouse-gas-emissions-from-uk-cereal-production.

Climate Change Committee (2024). Progress in reducing emissions 2024 Report to Parliament. en-
GB. Tech. rep. Climate Change Committee. URL: https://www.theccc.org.uk/publication/
progress-in-reducing-emissions-2024-report-to-parliament/ (visited on 09/25/2024).

Davis, M. P., H. C. Freetly, L. A. Kuehn, and J. E. Wells (2014). “Influence of dry matter intake, dry
matter digestibility, and feeding behavior on body weight gain of beef steers”. In: Journal of Animal
Science 92.7, pp. 3018–3025. ISSN: 0021-8812. DOI: 10.2527/jas.2013- 6518. URL: https:
//doi.org/10.2527/jas.2013-6518 (visited on 12/18/2024).

De Haas, Y, JJ Windig, MPL Calus, J Dijkstra, M De Haan, A Bannink, and RF Veerkamp (2011).
“Genetic parameters for predicted methane production and potential for reducing enteric emissions
through genomic selection”. In: Journal of dairy science 94.12, pp. 6122–6134.

Defra (2013). Farm practices survey October 2012 - Current farming issues. Tech. rep. UK. Defra,
pp. 1–41. URL: https : / / www . gov . uk / government / statistics / farm - practices - survey -
october-2012-current-farming-issues.

— (2019). Farm practices survey October 2018 - Current farming topics. Tech. rep. UK. Defra, pp. 1–
22. URL: https://www.gov.uk/government/statistics/farm-practices-survey-october-
2018-current-farming-topics.

— (2024). Farm practices survey 2023 - Greenhouse gas mitigation. Tech. rep. England, UK. National
Statistics, pp. 1–35. URL: https://www.gov.uk/government/statistics/farm- practices-
survey-february-2023-greenhouse-gas-mitigation.

Denora, Michele, Vincenzo Candido, Paola D’Antonio, Michele Perniola, and Andi Mehmeti (2023).
“Precision nitrogen management in rainfed durum wheat cultivation: exploring synergies and trade-

https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2404111649_ukghgi-90-22_Main_Issue1.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2404111649_ukghgi-90-22_Main_Issue1.pdf
https://doi.org/10.1016/j.jenvman.2016.02.030
https://www.sciencedirect.com/science/article/pii/S0301479716300718
https://www.sciencedirect.com/science/article/pii/S0301479716300718
https://ahdb.org.uk/modern-triticale-crops-for-increased-yields-reduced-inputs-increased-profitability-and-reduced-greenhouse-gas-emissions-from-uk-cereal-production
https://ahdb.org.uk/modern-triticale-crops-for-increased-yields-reduced-inputs-increased-profitability-and-reduced-greenhouse-gas-emissions-from-uk-cereal-production
https://ahdb.org.uk/modern-triticale-crops-for-increased-yields-reduced-inputs-increased-profitability-and-reduced-greenhouse-gas-emissions-from-uk-cereal-production
https://www.theccc.org.uk/publication/progress-in-reducing-emissions-2024-report-to-parliament/
https://www.theccc.org.uk/publication/progress-in-reducing-emissions-2024-report-to-parliament/
https://doi.org/10.2527/jas.2013-6518
https://doi.org/10.2527/jas.2013-6518
https://doi.org/10.2527/jas.2013-6518
https://www.gov.uk/government/statistics/farm-practices-survey-october-2012-current-farming-issues
https://www.gov.uk/government/statistics/farm-practices-survey-october-2012-current-farming-issues
https://www.gov.uk/government/statistics/farm-practices-survey-october-2018-current-farming-topics
https://www.gov.uk/government/statistics/farm-practices-survey-october-2018-current-farming-topics
https://www.gov.uk/government/statistics/farm-practices-survey-february-2023-greenhouse-gas-mitigation
https://www.gov.uk/government/statistics/farm-practices-survey-february-2023-greenhouse-gas-mitigation


References 24

offs via energy analysis, life cycle assessment, and monetization”. In: Precision Agriculture 24.6,
pp. 2566–2591. ISSN: 1573-1618. DOI: 10.1007/s11119-023-10053-5.

Duin, Evert C, Tristan Wagner, Seigo Shima, Divya Prakash, Bryan Cronin, David R Yáñez-Ruiz,
Stephane Duval, Robert Rümbeli, René T Stemmler, Rudolf Kurt Thauer, et al. (2016). “Mode of ac-
tion uncovered for the specific reduction of methane emissions from ruminants by the small molecule
3-nitrooxypropanol”. In: Proceedings of the National Academy of Sciences 113.22, pp. 6172–6177.

Duthie, Carol-Anne, Belinda Vigors, Faical Akaichi, Gemma Miller, John Newbold, and Vera Eory
(2021). Methane inhibiting livestock feed supplements: Review of net impacts, barriers to success
and consumer acceptance. Tech. rep. Defra SCF0224, pp. 1–256. URL: https://sciencesearch.
defra.gov.uk/ProjectDetails?ProjectID=20576&FromSearch=Y&Publisher=1&SearchText=
scf0224&SortString=ProjectCode&SortOrder=Asc&Paging=10.

Eory, V., M. MacLeod, C.F.E. Topp, R.M. Rees, J. Webb, A. McVittie, E. Wall, F. Brothwick, C. Watson,
A. Waterhouse, J. Wiltshire, H. Bell, D. Moran, and R.J. Dewhurst (2015). Review and update of
the UK agriculture MACC to assess the abatement potential for the 5th carbon budget period and
to 2050. Tech. rep. UK. the Committee on Climate Change, pp. 1–271. URL: https://www.theccc.
org.uk/publication/scotlands-rural-collage-sruc-ricardo-energy-and-environment-
2015-review-and-update-of-the-uk-agriculture-macc-to-assess-abatement-potential-
for-the-fifth-carbon-budget-period-and-to-2050/.

Eory, V., J. Maire, M. MacLeod, A.J. Sykes, A. Barnes, R.M. Rees, C.F.E. Topp, and E. Wall (2020).
Non-CO2 abatement in the UK agricultural sector by 2050 - Summary report submitted to support
the 6th carbon budget in the UK. Tech. rep. UK. Climate Change Committee, pp. 1–56. URL: https:
//www.theccc.org.uk/publication/non-co2-abatement-in-the-uk-agricultural-sector-
by-2050-scottish-rural-college/.

Eory, V., K. Topp, B. Rees, S. Jones, K. Waxenberg, A. Barnes, P. Smith, M. Macleod, and E. Wall
(2023).Scenarios for emissions reduction targets in Scottish agriculture. Tech. rep. http://dx.doi.org/10.7488/era/3048.
ClimateXChange, p. 104. URL: https://www.climatexchange.org.uk/research/projects/
scenarios-for-emissions-reduction-targets-in-scottish-agriculture/.

Eurostat (n.d.).Agri-environmental indicator - soil cover. https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agri-
environmental_indicator_-_soil_cover. [Online; accessed 2024-11-12]. URL: https://ec.europa.
eu/eurostat/statistics- explained/index.php?title=Agri- environmental_indicator_-
_soil_cover.

Fan, Daijia, Wentian He, Ward N. Smith, Craig F. Drury, Rong Jiang, Brian B. Grant, Yaoyao Shi, Dap-
ing Song, Yanhua Chen, Xuexia Wang, Ping He, and Guoyuan Zou (2022). “Global evaluation of
inhibitor impacts on ammonia and nitrous oxide emissions from agricultural soils: A meta-analysis”.
In: Global Change Biology 28.17. _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1111/gcb.16294,
pp. 5121–5141. ISSN: 1365-2486. DOI: 10.1111/gcb.16294.

Fangueiro, David, Maibritt Hjorth, and Fabrizio Gioelli (2015). “Acidification of animal slurry–a review”.
In: Journal of environmental management 149, pp. 46–56.

Farrell, L, J Herron, T Pabiou, Noirin McHugh, K McDermott, Laurence Shalloo, D O’Brien, and A
Bohan (2022). “Modelling the production, profit, and greenhouse gas emissions of Irish sheep flocks
divergent in genetic merit”. In: Agricultural Systems 201, p. 103467.

Finzi, Alberto, Elisabetta Riva, Alda Bicoku, Viviana Guido, Seit Shallari, and Giorgio Provolo (2019).
“Comparison of techniques for ammonia emission mitigation during storage of livestock manure and
assessment of their effect in the management chain”. In: Journal of Agricultural Engineering 50.1,
pp. 12–19.

https://doi.org/10.1007/s11119-023-10053-5
https://sciencesearch.defra.gov.uk/ProjectDetails?ProjectID=20576&FromSearch=Y&Publisher=1&SearchText=scf0224&SortString=ProjectCode&SortOrder=Asc&Paging=10
https://sciencesearch.defra.gov.uk/ProjectDetails?ProjectID=20576&FromSearch=Y&Publisher=1&SearchText=scf0224&SortString=ProjectCode&SortOrder=Asc&Paging=10
https://sciencesearch.defra.gov.uk/ProjectDetails?ProjectID=20576&FromSearch=Y&Publisher=1&SearchText=scf0224&SortString=ProjectCode&SortOrder=Asc&Paging=10
https://www.theccc.org.uk/publication/scotlands-rural-collage-sruc-ricardo-energy-and-environment-2015-review-and-update-of-the-uk-agriculture-macc-to-assess-abatement-potential-for-the-fifth-carbon-budget-period-and-to-2050/
https://www.theccc.org.uk/publication/scotlands-rural-collage-sruc-ricardo-energy-and-environment-2015-review-and-update-of-the-uk-agriculture-macc-to-assess-abatement-potential-for-the-fifth-carbon-budget-period-and-to-2050/
https://www.theccc.org.uk/publication/scotlands-rural-collage-sruc-ricardo-energy-and-environment-2015-review-and-update-of-the-uk-agriculture-macc-to-assess-abatement-potential-for-the-fifth-carbon-budget-period-and-to-2050/
https://www.theccc.org.uk/publication/scotlands-rural-collage-sruc-ricardo-energy-and-environment-2015-review-and-update-of-the-uk-agriculture-macc-to-assess-abatement-potential-for-the-fifth-carbon-budget-period-and-to-2050/
https://www.theccc.org.uk/publication/non-co2-abatement-in-the-uk-agricultural-sector-by-2050-scottish-rural-college/
https://www.theccc.org.uk/publication/non-co2-abatement-in-the-uk-agricultural-sector-by-2050-scottish-rural-college/
https://www.theccc.org.uk/publication/non-co2-abatement-in-the-uk-agricultural-sector-by-2050-scottish-rural-college/
https://www.climatexchange.org.uk/research/projects/scenarios-for-emissions-reduction-targets-in-scottish-agriculture/
https://www.climatexchange.org.uk/research/projects/scenarios-for-emissions-reduction-targets-in-scottish-agriculture/
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agri-environmental_indicator_-_soil_cover
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agri-environmental_indicator_-_soil_cover
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agri-environmental_indicator_-_soil_cover
https://doi.org/10.1111/gcb.16294


References 25

Fischer, A., N. Edouard, and P. Faverdin (2020). “Precision feed restriction improves feed and milk
efficiencies and reduces methane emissions of less efficient lactating Holstein cows without impair-
ing their performance”. In: Journal of Dairy Science 103.5, pp. 4408–4422. ISSN: 0022-0302. DOI:
10.3168/jds.2019-17654.

Fornara, D.A., S. Steinbess, N.P. McNAMARA, G. GLEIXNER, S. OAKLEY, P.R. POULTON, A.J. MAC-
DONALD, and R.D. BARDGETT (2011). “Increases in soil organic carbon sequestration can reduce
the global warming potential of long-term liming to permanent grassland”. In:Global Change Biology
17.5. publisher: John Wiley & Sons, Ltd, pp. 1925–1934. ISSN: 1354-1013. DOI: 10.1111/j.1365-
2486.2010.02328.x.

Fox, N. J., L. A. Smith, J. G. M. Houdijk, S. Athanasiadou, and M. R. Hutchings (2018). “Ubiquitous par-
asites drive a 33% increase in methane yield from livestock”. In: International Journal for Parasitol-
ogy 48.13, pp. 1017–1021. ISSN: 0020-7519. DOI: 10.1016/j.ijpara.2018.06.001. URL: https:
//www.sciencedirect.com/science/article/pii/S0020751918301723 (visited on 01/28/2025).

Garnsworthy, PC (2004). “The environmental impact of fertility in dairy cows: a modelling approach to
predict methane and ammonia emissions”. In:Animal feed science and technology 112.1-4, pp. 211–
223.

Glasson, Christopher R. K., Robert D. Kinley, Rocky de Nys, Nick King, Serean L. Adams, Michael A.
Packer, Johan Svenson, Charles T. Eason, and Marie Magnusson (2022). “Benefits and risks of
including the bromoform containing seaweed Asparagopsis in feed for the reduction of methane
production from ruminants”. In: Algal Research 64, p. 102673. ISSN: 2211-9264. DOI: 10.1016/j.
algal.2022.102673.

Goopy, John P, Alastair Donaldson, Roger Hegarty, Philip E Vercoe, Fay Haynes, Mark Barnett, and
V Hutton Oddy (2014). “Low-methane yield sheep have smaller rumens and shorter rumen retention
time”. In: British Journal of Nutrition 111.4, pp. 578–585.

Goulding, K.W.T. (2016). “Soil acidification and the importance of liming agricultural soils with particular
reference to the United Kingdom”. In: Soil Use andManagement 32.3. publisher: JohnWiley & Sons,
Ltd, pp. 390–399. ISSN: 0266-0032. DOI: 10.1111/sum.12270.

Group, Suckler Beef Climate (2020). Suckler Beef Climate Scheme: final report. en. URL: http://
www.gov.scot/publications/suckler- beef- climate- scheme- final- report- 2/ (visited on
01/19/2023).

Hegarty, Roger and John McEwan (2010). “Genetic Opportunities to Reduce Enteric Methane Emis-
sions from Ruminant Livestock”. In.

Holland, J.E., A.E. Bennett, A.C. Newton, P.J. White, B.M. McKenzie, T.S. George, R.J. Pakeman, J.S.
Bailey, D.A. Fornara, and R.C. Hayes (2018). “Liming impacts on soils, crops and biodiversity in the
UK: A review”. In: Science of the Total Environment 610-611, pp. 316–332. ISSN: 0048-9697.

Hou, Yong, Gerard L Velthof, and Oene Oenema (2015). “Mitigation of ammonia, nitrous oxide and
methane emissions frommanuremanagement chains: a meta-analysis and integrated assessment”.
In: Global change biology 21.3, pp. 1293–1312.

Hristov, A., J. Oh, C. Lee, R. Meinen, F. Montes, T. Ott, J. Firkins, A. Rotz, C. Dell, A. Adesogan, Wen
Zhu Yang, J. Tricarico, E. Kebreab, G.C. Waghorn, J. Dijkstra, and S. Oosting (2013). Mitigation
of greenhouse gas emissions in livestock production - A review of technical options for non-CO
2 emissions. Tech. rep. ISBN 978-92-5-107658-3 (print) E-ISBN 978-92-5-107659-0 (PDF) ISSN
0254-6019. Volume: FAO Animal Production and Health Paper 177 global. Rome, Italy: FAO, pp. 1–
231. URL: http://www.fao.org/docrep/018/i3288e/i3288e00.htm.

https://doi.org/10.3168/jds.2019-17654
https://doi.org/10.1111/j.1365-2486.2010.02328.x
https://doi.org/10.1111/j.1365-2486.2010.02328.x
https://doi.org/10.1016/j.ijpara.2018.06.001
https://www.sciencedirect.com/science/article/pii/S0020751918301723
https://www.sciencedirect.com/science/article/pii/S0020751918301723
https://doi.org/10.1016/j.algal.2022.102673
https://doi.org/10.1016/j.algal.2022.102673
https://doi.org/10.1111/sum.12270
http://www.gov.scot/publications/suckler-beef-climate-scheme-final-report-2/
http://www.gov.scot/publications/suckler-beef-climate-scheme-final-report-2/
http://www.fao.org/docrep/018/i3288e/i3288e00.htm


References 26

Institute, Bangor University & Thunen (2015).Comparative lifecycle assessment of anaerobic digestion.
Tech. rep. DEFRA-AC0410.

IPCC (2006). 2006 IPCC guidelines for national greenhouse gas inventories, Prepared by the National
Greenhouse Gas Inventories Programme, Volume 4: Agriculture, forestry and other land use. Tech.
rep. 4-88788-032-4. -. Japan: Institute for Global Environmental Strategies (IGES), pp. 1–678. URL:
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html.

Jovarauskas, Darius, Dainius Steponavičius, Aurelija Kemzūraitė, Remigijus Zinkevičius, and Kęstutis
Venslauskas (2021). “Comparative analysis of the environmental impact of conventional and preci-
sion spring wheat fertilization under various meteorological conditions”. In: Journal of Environmental
Management 296, p. 113150. ISSN: 0301-4797. DOI: 10.1016/j.jenvman.2021.113150.

Kemmitt, Sarah J., David Wright, Keith W. T. Goulding, and David L. Jones (2006). “pH regulation
of carbon and nitrogen dynamics in two agricultural soils”. In: Soil Biology and Biochemistry 38.5,
pp. 898–911. ISSN: 0038-0717. DOI: 10.1016/j.soilbio.2005.08.006.

Krol, D.J., R. Carolan, E. Minet, K.L. McGeough, C.J. Watson, P.J. Forrestal, G.J. Lanigan, and K.G.
Richards (2016). “Improving and disaggregating N2O emission factors for ruminant excreta on tem-
perate pasture soils”. In: Science of the Total Environment 568, pp. 327–338. ISSN: 0048-9697.

Kupper, Thomas, Christoph Häni, Albrecht Neftel, Chris Kincaid, Marcel Bühler, Barbara Amon, and An-
drew VanderZaag (2020). “Ammonia and greenhouse gas emissions from slurry storage-A review”.
In: Agriculture, ecosystems & environment 300, p. 106963.

Lilly, A., N. Baggaley, R. Rees, C.F.E. Topp, I. Dickson, and G. Elrick (2012). Report on agricultural
drainage and greenhouse gas abatement in Scotland. Tech. rep. UK. ClimateXChange, James
Hutton Institute and SRUC, pp. 1–41. URL: http://www.climatexchange.org.uk/reducing-
emissions/report-agricultural-drainage-and-greenhouse-gas-abatement-scotland/.

Lüscher, Andreas, I Mueller-Harvey, Jean-François Soussana, RM Rees, and Jean-Louis Peyraud
(2014). “Potential of legume-based grassland–livestock systems in Europe: a review”. In: Grass
and forage science 69.2. publisher: Wiley Online Library, pp. 206–228.

MacLeod, Michael, Alasdair Sykes, Ilkka Leinonen, and Vera Eory (2018). Developing a model to quan-
tify the greenhouse gas emission intensity of Scottish agricultural ommodities: Summary report.
Tech. rep. URL: https://www.climatexchange.org.uk/projects/emission- intensity- of-
scottish-%20agricultural-commodities/.

MacLeod, MJ, T Vellinga, C Opio, A Falcucci, G Tempio, B Henderson, H Makkar, A Mottet, T Robinson,
H Steinfeld, et al. (2018). “Invited review: a position on the global livestock environmental assess-
ment model (GLEAM)”. In: Animal 12.2, pp. 383–397.

Magazine, Crop Production (2016). “Second wheats - Second thoughts”. en. In: Crop Production Mag-
azine. URL: https://www.cpm-magazine.co.uk/specials/second-wheats-second-thoughts/
(visited on 06/18/2024).

McGoverin, CushlaM, Franci Snyders, NinaMuller,WillemBotes, Glen Fox, andMarenaManley (2011).
“A review of triticale uses and the effect of growth environment on grain quality”. In: Journal of the Sci-
ence of Food and Agriculture 91.7. _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/jsfa.4338,
pp. 1155–1165. ISSN: 1097-0010. DOI: 10.1002/jsfa.4338.

Misselbrook, T.H., L.M. Cardenas, V. Camp, R.E. Thorman, J.R. Williams, A.J. Rollett, and B.J. Cham-
bers (2014). “An assessment of nitrification inhibitors to reduce nitrous oxide emissions from UK
agriculture”. In: Environmental Research Letters 9.11, p. 115006. ISSN: 1748-9326.

Mistry, Prab, Chris Procter, Rasa Narkeviciute, J Webb, Lucy Wilson, Phil Metcalfe, Susan Twining,
and Baltazar Solano-Rodriguez (2011). Implementation of AD in England & Wales: Balancing opti-

http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
https://doi.org/10.1016/j.jenvman.2021.113150
https://doi.org/10.1016/j.soilbio.2005.08.006
http://www.climatexchange.org.uk/reducing-emissions/report-agricultural-drainage-and-greenhouse-gas-abatement-scotland/
http://www.climatexchange.org.uk/reducing-emissions/report-agricultural-drainage-and-greenhouse-gas-abatement-scotland/
https://www.climatexchange.org.uk/projects/emission-intensity-of-scottish-%20agricultural-commodities/
https://www.climatexchange.org.uk/projects/emission-intensity-of-scottish-%20agricultural-commodities/
https://www.cpm-magazine.co.uk/specials/second-wheats-second-thoughts/
https://doi.org/10.1002/jsfa.4338


References 27

mal outputs with minimal environmental impacts - Impact of using purpose grown crops. Tech. rep.
DEFRA-AC0409. URL: https://randd.defra.gov.uk/ProjectDetails?ProjectID=17396&
FromSearch=Y&Publisher=1&SearchText=ac04&SortString=ProjectCode&SortOrder=Asc&
Paging=10.

Modolo, Luzia V., Cristiane J. da-Silva, Débora S. Brandão, and Izabel S. Chaves (2018). “A minireview
on what we have learned about urease inhibitors of agricultural interest sincemid-2000s”. In: Journal
of Advanced Research. Biotechnological and medical relevance of ureases 13, pp. 29–37. ISSN:
2090-1232. DOI: 10.1016/j.jare.2018.04.001.

Monteny, Gert-Jan, Andre Bannink, and David Chadwick (2006). “Greenhouse gas abatement strate-
gies for animal husbandry”. In: Agriculture, Ecosystems & Environment 112.2-3, pp. 163–170.

Moorby, JM, DR Chadwick, D Scholefield, BJ Chambers, and JRWilliams (2007). “A review of research
to identify best practice for reducing greenhouse gases from agriculture and land management”. In.

Morey, Lluis, Alex Bach, Daniel Sabrià, Victor Riau, Belén Fernández, and Marta Terré (2023). “Effec-
tiveness of precision feeding in reducing N excretion in dairy cattle”. In: Animal Feed Science and
Technology 304, p. 115722. ISSN: 0377-8401. DOI: 10.1016/j.anifeedsci.2023.115722.

Morgan-Davies, C, J Kyle, IA Boman, HWishart, A McLaren, S Fair, and P Creighton (2021). “A compar-
ison of farm labour, profitability, and carbon footprint of different management strategies in Northern
European grassland sheep systems”. In: Agricultural Systems 191, p. 103155.

Moxey, Andrew and Steven Thomson (2020). Estimated Suckler Beef Climate Scheme effects within
the National GHG ’Smart’ Inventory. en. Tech. rep. URL: https://www.gov.scot/binaries/
content/documents/govscot/publications/independent- report/2021/01/suckler- beef-
climate- scheme- final- report- 2/documents/estimated- suckler- beef- climate- scheme-
effects-within-national-ghg-smart-inventory/estimated-suckler-beef-climate-scheme-
effects-within-national-ghg-smart-inventory/govscot%3Adocument/estimated-suckler-
beef-climate-scheme-effects-within-national-ghg-smart-inventory.pdf.

NAAC (2024). Contracting Prices Survey. en-GB. URL: https://www.naac.co.uk/pricesguide/
(visited on 02/18/2025).

Newell-Price, P., D. Harris, M. Taylor, J.R. Williams, S. Anthony, D. Duethman, R. Gooday, E.I. Lord,
B. Chambers, D. Chadwick, and T. Misselbrook (2011). User Manual - An inventory of methods and
their effects on diffuse water pollution, greenhouse gas emissions and ammonia emissions from
agriculture. Tech. rep. volume: Defra WQ0106 UK. London: Defra, ADAS, North Wyke Research,
pp. 1–162. URL: http://randd.defra.gov.uk/Default.aspx?Menu=Menu&Module=More&Loca
tion=None&ProjectID=14421&FromSearch=Y&Publisher=1&SearchText=wq0106&SortString=
ProjectCode&SortOrder=Asc&Paging=10#Description.

Nolan, J.V., R.S. Hegarty, J. Hegarty, I.R. Godwin, and R. Woodgate (2010). “Effects of dietary nitrate
on fermentation, methane production and digesta kinetics in sheep”. In: Animal Production Science
50.8, pp. 801–806.

Pellerin, Sylvain, Laure Bamière, Isabelle Savini, Lenaic Pardon, PhilippeChemineau, Bertrand Schmitt,
D Angers, F Beline, M Benoit, JP Butault, et al. (2013). “How can French agriculture contribute
to reducing greenhouse gas emissions? Abatement potential and cost of ten technical measures.
Summary of the study report conducted by INRA on behalf of ADEME, MAAF and MEDDE; Quelle
contribution de l’agriculture francaise a la reduction des emissions de gaz a effet de serre? Potentiel
d’attenuation et cout de dix actions techniques. Resume du rapport de l’etude realisee par l’INRA
pour le compte de l’ADEME, du MAAF et du MEDDE”. In.

https://randd.defra.gov.uk/ProjectDetails?ProjectID=17396&FromSearch=Y&Publisher=1&SearchText=ac04&SortString=ProjectCode&SortOrder=Asc&Paging=10
https://randd.defra.gov.uk/ProjectDetails?ProjectID=17396&FromSearch=Y&Publisher=1&SearchText=ac04&SortString=ProjectCode&SortOrder=Asc&Paging=10
https://randd.defra.gov.uk/ProjectDetails?ProjectID=17396&FromSearch=Y&Publisher=1&SearchText=ac04&SortString=ProjectCode&SortOrder=Asc&Paging=10
https://doi.org/10.1016/j.jare.2018.04.001
https://doi.org/10.1016/j.anifeedsci.2023.115722
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2021/01/suckler-beef-climate-scheme-final-report-2/documents/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/govscot%3Adocument/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2021/01/suckler-beef-climate-scheme-final-report-2/documents/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/govscot%3Adocument/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2021/01/suckler-beef-climate-scheme-final-report-2/documents/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/govscot%3Adocument/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2021/01/suckler-beef-climate-scheme-final-report-2/documents/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/govscot%3Adocument/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2021/01/suckler-beef-climate-scheme-final-report-2/documents/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/govscot%3Adocument/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2021/01/suckler-beef-climate-scheme-final-report-2/documents/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory/govscot%3Adocument/estimated-suckler-beef-climate-scheme-effects-within-national-ghg-smart-inventory.pdf
https://www.naac.co.uk/pricesguide/
http://randd.defra.gov.uk/Default.aspx?Menu=Menu&Module=More&Location=None&ProjectID=14421&FromSearch=Y&Publisher=1&SearchText=wq0106&SortString=ProjectCode&SortOrder=Asc&Paging=10#Description
http://randd.defra.gov.uk/Default.aspx?Menu=Menu&Module=More&Location=None&ProjectID=14421&FromSearch=Y&Publisher=1&SearchText=wq0106&SortString=ProjectCode&SortOrder=Asc&Paging=10#Description
http://randd.defra.gov.uk/Default.aspx?Menu=Menu&Module=More&Location=None&ProjectID=14421&FromSearch=Y&Publisher=1&SearchText=wq0106&SortString=ProjectCode&SortOrder=Asc&Paging=10#Description


References 28

Pinares-Patiño, CS, SM Hickey, EA Young, KG Dodds, S MacLean, G Molano, E Sandoval, H Kjestrup,
RHarland, CHunt, et al. (2013). “Heritability estimates of methane emissions from sheep”. In: animal
7, pp. 316–321.

Poeplau, Christopher and Axel Don (2015). “Carbon sequestration in agricultural soils via cultivation of
cover crops – A meta-analysis”. In: Agriculture, Ecosystems & Environment 200, pp. 33–41. ISSN:
01678809. DOI: 10.1016/j.agee.2014.10.024.

Pulido-Moncada, Mansonia, Søren O. Petersen, and Lars J. Munkholm (2022). “Soil compaction raises
nitrous oxide emissions in managed agroecosystems. A review”. In: Agronomy for Sustainable De-
velopment 42.3, p. 38. ISSN: 1773-0155. DOI: 10.1007/s13593-022-00773-9.

Riedesel, L., F. Laidig, S. Hadasch, D. Rentel, B. Hackauf, H. -P. Piepho, and T. Feike (2022). “Breed-
ing progress reduces carbon footprints of wheat and rye”. In: Journal of Cleaner Production 377,
p. 134326. ISSN: 0959-6526. DOI: 10.1016/j.jclepro.2022.134326.

Rodhe, Lena KK, Jamal Abubaker, Johnny Ascue, Mikael Pell, and Åke Nordberg (2012). “Greenhouse
gas emissions from pig slurry during storage and after field application in northern European condi-
tions”. In: Biosystems engineering 113.4, pp. 379–394.

Roehe, Rainer, Richard J Dewhurst, Carol-Anne Duthie, John A Rooke, Nest McKain, Dave W Ross,
Jimmy J Hyslop, Anthony Waterhouse, Tom C Freeman, Mick Watson, et al. (2016). “Bovine host
genetic variation influences rumen microbial methane production with best selection criterion for low
methane emitting and efficiently feed converting hosts based on metagenomic gene abundance”.
In: PLoS genetics 12.2, e1005846.

Roques, S. E., D. R. Kindred, and S. Clarke (2017). “Triticale out-performs wheat on range of UK soils
with a similar nitrogen requirement”. In: The Journal of Agricultural Science 155.2, pp. 261–281.
ISSN: 0021-8596, 1469-5146. DOI: 10.1017/S0021859616000356.

Rowe, SJ, SM Hickey, PL Johnson, TP Bilton, A Jonker, W Bain, B Veenvliet, G Pile, B Bryson, K
Knowler, et al. (2021). “The contribution animal breeding can make to industry carbon neutrality
goals.” In.

Ruser, Reiner and Rudolf Schulz (2015). “The effect of nitrification inhibitors on the nitrous oxide (N2O)
release from agricultural soils—a review”. In: Journal of Plant Nutrition and Soil Science 178.2.
_eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/jpln.201400251, pp. 171–188. ISSN: 1522-
2624. DOI: 10.1002/jpln.201400251.

SAC (2023). The Farm Management Handbook 2023/24. Tech. rep. UK. SAC Consulting, Rural Busi-
ness Unit, Bush Estate, SRUC.

Salfer, J (2017). Dairy Robotic Milking Systems – What are the Economics? – DAIReXNET. URL: h
ttps://dairy- cattle.extension.org/dairy- robotic- milking- systems- what- are- the-
economics/ (visited on 12/11/2024).

Sigurdarson, Jens Jakob, Simon Svane, and Henrik Karring (2018). “The molecular processes of urea
hydrolysis in relation to ammonia emissions from agriculture”. In:Reviews in Environmental Science
and Bio/Technology 17.2, pp. 241–258. ISSN: 1572-9826. DOI: 10.1007/s11157-018-9466-1.

Silva, Aijânio G.B., Cleiton H. Sequeira, Renata A. Sermarini, and Rafael Otto (2017). “Urease Inhibitor
NBPT on Ammonia Volatilization and Crop Productivity: A Meta-Analysis”. In: Agronomy Journal
109.1. publisher: John Wiley & Sons, Ltd, pp. 1–13. ISSN: 0002-1962. DOI: 10.2134/agronj2016.
04.0200.

Sitkowska, B, D Piwczyński, J Aerts, and M Waśkowicz (2015). “Changes in milking parameters with
robotic milking”. In: Archives Animal Breeding 58.1, pp. 137–143.

https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1007/s13593-022-00773-9
https://doi.org/10.1016/j.jclepro.2022.134326
https://doi.org/10.1017/S0021859616000356
https://doi.org/10.1002/jpln.201400251
https://dairy-cattle.extension.org/dairy-robotic-milking-systems-what-are-the-economics/
https://dairy-cattle.extension.org/dairy-robotic-milking-systems-what-are-the-economics/
https://dairy-cattle.extension.org/dairy-robotic-milking-systems-what-are-the-economics/
https://doi.org/10.1007/s11157-018-9466-1
https://doi.org/10.2134/agronj2016.04.0200
https://doi.org/10.2134/agronj2016.04.0200


References 29

Sommer, Sven G, Søren O Petersen, and Henning T Søgaard (2000). Greenhouse gas emission from
stored livestock slurry. Tech. rep. Wiley Online Library.

Sommer, Sven Gjedde, Søren O Petersen, and Henrik B Møller (2004). “Algorithms for calculating
methane and nitrous oxide emissions from manure management”. In: Nutrient Cycling in Agroe-
cosystems 69, pp. 143–154.

Steen, R.W.J., D.J. Kilpatrick, and M.G. Porter (2002). “Effects of the proportions of high or medium
digestibility grass silage and concentrates in the diet of beef cattle on liveweight gain, carcass com-
position and fatty acid composition of muscle”. In: Grass and Forage Science 57.3. Publisher: John
Wiley & Sons, Ltd, pp. 279–291. ISSN: 0142-5242. DOI: 10.1046/j.1365-2494.2002.00326.x.
URL: https://doi.org/10.1046/j.1365-2494.2002.00326.x (visited on 08/02/2022).

United Nations (FAO), Food and Agriculture Organization of the (2023). FAOSTAT: Crops and livestock
products. URL: https://www.fao.org/faostat/en/#data/QCL (visited on 12/16/2024).

VanderZaag, Andrew, Barbara Amon, Shabtai Bittman, and Tadeusz Kuczyński (2015). “Ammonia
abatement with manure storage and processing techniques”. In: Costs of ammonia abatement and
the climate co-benefits, pp. 75–112.

Vizzari, Marco, Francesco Santaga, and Paolo Benincasa (2019). “Sentinel 2-Based Nitrogen VRT Fer-
tilization in Wheat: Comparison between Traditional and Simple Precision Practices”. In: Agronomy
9.6. number: 6 publisher: Multidisciplinary Digital Publishing Institute, p. 278. ISSN: 2073-4395. DOI:
10.3390/agronomy9060278.

Wang, Yajing, Jingheng Guo, Rolf David Vogt, Jan Mulder, Jingguo Wang, and Xiaoshan Zhang (2018).
“Soil pH as the chief modifier for regional nitrous oxide emissions: New evidence and implications for
global estimates andmitigation”. In:Global Change Biology 24.2. _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1111/gcb.13966,
e617–e626. ISSN: 1365-2486. DOI: 10.1111/gcb.13966.

Zhang, Boxiang, Yanfeng Jia, Haoming Fan, Chengjiu Guo, Juan Fu, Shuang Li, Mengyuan Li, Bo Liu,
and Renming Ma (2024). “Soil compaction due to agricultural machinery impact: A systematic re-
view”. In: LandDegradation &Development 35.10. _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/ldr.5144,
pp. 3256–3273. ISSN: 1099-145X. DOI: 10.1002/ldr.5144.

Zhu, Gaodi, Xiaotong Song, Xiaotang Ju, Jinbo Zhang, Christoph M_ller, Roger Sylvester-Bradley,
Rachel E. Thorman, Ian Bingham, and Robert M. Rees (2019). “Gross N transformation rates and
related N2O emissions in Chinese and UK agricultural soils”. In: Science of the Total Environment
666, pp. 176–186. ISSN: 0048-9697.

Zijderveld, S.M. van, W.J.J. Gerrits, J.A. Apajalahti, J.R. Newbold, J. Dijkstra, R.A. Leng, and H.B.
Perdok (2010). “Nitrate and sulfate: Effective alternative hydrogen sinks for mitigation of ruminal
methane production in sheep”. In: Journal of Dairy Science 93.12, pp. 5856–5866. ISSN: 0022-
0302.

Zijderveld, S.M. van, W.J.J. Gerrits, J. Dijkstra, J.R. Newbold, R.B.A. Hulshof, and H.B. Perdok (2011).
“Persistency of methane mitigation by dietary nitrate supplementation in dairy cows”. In: Journal of
Dairy Science 94.8, pp. 4028–4038. ISSN: 0022-0302.

https://doi.org/10.1046/j.1365-2494.2002.00326.x
https://doi.org/10.1046/j.1365-2494.2002.00326.x
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.3390/agronomy9060278
https://doi.org/10.1111/gcb.13966
https://doi.org/10.1002/ldr.5144


A
Additional Operating Cost Calculation

In CB6 additional operational cost was calculated as average cost per applied unit multiplied by number
of applied units which resulted in a slight miss calculation of cost when the mitigation measure altered
the yield and thus number of units. Now additional operational cost is calculated as the difference in
operational costs between the non-mitigated scenario and the scenario when a proportion of units has
the measure applied. Here we describe the differences between the methodology for calculating the
additional operating cost of a mitigation measure using a mitigation measure on cattle as an example
as this is the most complicated.

Let c be the annual cost per head of the mitigation, F0 and FMM be the feed cost per head of the non-
mitigated and mitigated animals respectively, letN0 andNMM be the value of nitrogen (N) excreted per
head by the non-mitigated and mitigated animals respectively (this is to account for the value of the N in
the manure which can be changed if the number of animals change), n be the total number of animals
in the system, Y the yield per head of the non-mitigated animals, y be the percent change in yield due
to applying the mitigation measure, p be the percent of animals where the mitigation measure is applied
and v the value of the product per unit. In the mitigated scenario, the number of animals where the
mitigation measure has been applied is n̂MM = p

100n and the number of animals where the mitigation
is not applied is n0 = 1−p

100 n. Since the mitigation measure increases the yield of the animals by y%
we need less animals where the measure is applied to produce the same amount of food, denoted by
nMM = n̂MM

1+ y
100

which accounts for this fact.

Since only a partial accounting of the farm accounts is considered, we introduce and ‘auxiliary cost’
which can account for efficiency savings due to increased yields. This auxiliary cost is defined by
assuming that any additional income that would have come from the increased production of the surplus
animals (n̂MM − nMM ) results in a saving when the animal numbers are reduced resulting in the
equation for auxiliary cost per head:

aMM = (1 +
y

100
)Y v − Y v =

y

100
Y v,

if this value is negative, it saves cost. When no yield-effecting mitigation measure has been applied
(y = 0) the value is 0.
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In previous carbon budget delivery plans (CB<=6) the additional operating cost of a measure was
calculated by first calculating the difference in operational cost per head between the mitigated and
non-mitigated units which can be represented by the formula:

∆cphMM = c+ (N0 −NMM ) + (FMM − F0)−
y

100
Y v + aMM ,

where ∆ refers to the fact that this a difference in cost per head and the income from selling the pro-
duce is seen as a negative cost. Note the order of subtraction for the value of N in the manure is
reversed since less N being produced by the mitigated animals should result in a positive cost. The
total additional operating expenditure in CB6 was then calculated as

TCCB6 = ∆cphMM × nMM .

This approach can result in a slight error in cost when the mitigation measure has a yield change
causing a change in animal numbers because it does not account for the total number of animals in
the system. We now calculated the total additional operating cost as the total additional operating cost
in the mitigated scenario minus that in the non-mitigated scenario. The cost per head for the mitigated
animals is

cphMM = c−NMM + FMM (1 +
y

100
)Y v + aMM ,

while for the non-mitigated animals it is

cph0 = −N0 + F0 − Y v + a0.

We then calculate the net cost in the non-mitigated scenario as NC0 = cph0n and in the mitigated sce-
nario as NCMM = cph0n0 + cphMMnMM resulting in the following formula for the additional operating
expenditure in the mitigated scenario

TCCB7 = NCMM −NC0 = cph0n0 + cphMMnMM − cph0n.

We can see the difference between the two approaches by subtracting TCCB6 from TCCB7:

TCCB7 − TCCB6 = N0(n− n0 − nMM ) + F0(−n+ n0 − nMM ) + Y v(n− n0 + nMM ),

and we see that they are only guaranteed to produce the same result when n = n0 + nMM i.e. when
there is no yield change for the mitigated animals.



B
Logistic Uptake Evolution

Here we describe the equations used for linear and logistic uptake evolution in terms of the parameters
in Table 2.2. The logistic uptake evolution is a new option added since CB6. Let 0 ≤ M ≤ 1 be the
potential uptake proportion of the mitigation measure, ts be the year the mitigation measure starts, T
be years until potential uptake and let 0 ≤ B ≤ 1 be the current uptake proportion. t and ts are indexes
from the starting year of the simulation, so if the year the mitigation measure starts is 2024 and the
simulation starts in 2016 then ts = 7. If a mitigation measure is assigned linear uptake growth (L) then
a piece-wise linear function is used giving a Z-shaped function:

UZ(t) =


B t ≤ ts

M−B
T t− M−B

T ts ts ≤ t ≤ ts + T

M t > ts + T.

Typically, a logistic equation is defined by the formula

f(t) =
M

1− e−k(t−t0)
,

where M is the potential uptake, t0 is the value of t where f(t) is M/2 and k is the logistic growth rate.
We re-factored the logistic equation so that the same parameters as the linear equation can be used
and force the logistic equation to start in the start year and reach the potential uptake in the desired
period (T years) resulting in the equation giving an S shaped function:

US(T ) =


B t ≤ ts

M−B

1+exp(
−2ln( 1

1−ϵ
)

T (t−ts−T
2 ))

else,

where ϵ is a free parameter which controls how close US is to M at time T i.e. US(T ) = M − ϵM . By
default, ϵ is set to 0.01 for all mitigation measures which have a logistic uptake evolution. This equation
is discontinuous at t = ts.
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C
Capex and Renewal Costs

Agricultural mitigation measures can have an upfront cost (capex) which is incurred when the mitigation
measure is taken up. For example, a mitigation measure may require the purchase of a new attachment
for a tractor. The tractor attachment can have a live span of t∗ years and needs replacing and thus
the capex charge is incurred t∗ years later when the farmer buys the replacement tractor attachment.
Additionally, over the time span of the simulation, the number of agricultural units (i.e. hectares of land
under cultivations or individual animals) are changing due to land use change or increases in yield
causing fewer units being required to produce the same quantity of produce. Additionally, uptake of the
mitigation measure typically scales up in time e.g. n units take up the mitigation measure in 2024, then
another n in 2025, similarly, the renewal costs will happen t∗ years later. However, due to a possible
decrease in total agricultural units, some of these mitigated units maybe decommissioned and do not
require a renewal cost. In this appendix, we detail how capex and renewal costs are included in the
Agricultural MACC while accounting for changing units.

Let TN(t) be the total number of units (e.g. hectares) at time t which can increase or decrease, and
let 0 ≤ p(t) ≤ 1 be the proportion of units where the mitigation has been applied at time t, typically this
is always increasing then reaches a maximum i.e. p′(t) ≥ 0.

Then the proportion of units where the mitigation measure has been applied is A(t) = p(t)TN(t) where
it is unclear if the derivate, A′(t) = p′(t)TN(t) + p(t)T ′(t), is positive or negative. Let C > 0 be the
Capex cost when one unit has the mitigation measure applied which has a lifetime of t∗ years, when the
cost is incurred again. We want to find a formula for the total capex cost function in time denoted TC(t).
We will first start with simple cases then include more detail to get to the final equation to capture all the
detail. We will use a continuous description then discretize to get an equation relevant at a yearly time
resolution. The equation will be able to handle non-linear total-unit functions and proportion of uptake
functions in time.
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No renewal costs
In this case the capex cost function is proportional to the rate at which A(t) changes:

TC(t) = CA′(t).

This equation is only valid when A′(t) ≥ so we don’t get negative costs. If we relaxed this assumption,
we can use the following equation:

TC(t) = max(CA′(t), 0),

to be sure we don’t get negative costs when uptake decreases. Note, negative costs would imply that
as farmers stop applying the mitigation measure, they can sell their tractor attachment for the price they
purchased it. However, since this is a national model, there would be no demand.

Renewal costs but TN(t) is constant
Then there is also renewal costs every integer multiple of t∗ years proportional to the capex cost t∗

years previous:

TC(t) = CA′(t) + CA′(t− t∗) + CA′(t− 2t∗) + ...

TC(t) =

N∑
k=0

CA′(t− kt∗).

We require TN to be constant in this case to ensure that historically mitigated units do not get decom-
missioned and we are not charging the renewal costs unnecessarily.

TN monotonically decreasing but A monotonically increasing
In this case we account for when previously mitigated units are decommissioned. We assume that
units that are out of commission are disturbed evenly amongst mitigated and non-mitigated units so
the renewal cost can be scaled down by the ratio TN(t)

TN(t−kt∗) :

TC(t) = CA′(t) + CA′(t− t∗)
TN(t)

TN(t− t∗)
+ CA′(t− 2t∗)

TN(t)

TN(t− 2t∗)
+ ...

TC(t) =

N∑
k=0

CA′(t− kt∗)
TN(t)

TN(t− kt∗)
.

We require TN ′(t) ≤ 0 so that TN(t)
TN(t−kt∗ ≤ 1 thus we do not charge a renewal cost for new units. We

can relax this assumption and use the following equation

TC(t) =

N∑
k=0

CA′(t− kt∗)min(1,
TN(t)

TN(t− kt∗)
).



35

Final Equation
We can remove all the restrictions on the growth of A and TN and use the following equation:

TC(t) =

N∑
k=0

Cmax(0, A′(t− kt∗))min(1,
TN(t)

TN(t− kt∗)
).

Discretizing
We use a backward difference with a step size of one year to discretize the derivative (i.e. the previous
years uptake of the measure is used to define A′ in the current year), resulting in the final equation
used in the MACC model. Let t0, t1, t2, ..., tM be the first of January in year 0, ...,M :

TC(t) =

N∑
k=0

Cmax(0, A(t− kt∗)−A(t− kt∗ − 1))min(1,
TN(t)

TN(t− kt∗)
),

choose integer N so that N ≥ M
t∗ to capture all renewal costs.



D
Mitigation Measures

This appendix briefly summarises each measure and details how each mitigation measure is parame-
terised in the MACC model. Each measure has an associated table which lists the parameters, e.g. for
MM1 Loosing compacted soils and preventing soil compaction it is Table D.1. When a ‘Unit’ is allocated
as ‘Change’ this means the parameter is changed proportionally compared to the non-mitigated values.
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D.1. Reduced soil compaction (MM1)
Soil compaction increases N2O emissions from both croplands and grasslands (Pulido-Moncada et
al. 2022). Compaction occurs as a result of physical impact from animal trampling and agricultural
machinery. While the first type of compaction mainly affects the upper layer of the soil, machinery can
cause compaction to 90 cm depth (Berisso et al. 2012). Field measurements showed that the N2O
emissions from compacted croplands can be 1.4-9.9 higher than from non compacted soils, and in
the case of grasslands compacted soils can emit 1.2-7.4 times more N2O than non compacted areas
(Pulido-Moncada et al. 2022). This emission difference can be especially high at fertilisation events
(ibid.). Besides increasing N2O emissions, compaction also causes a reduction in yield (Zhang et al.
2024). Though best practice is to prevent soil compaction (e.g. by lowering tractor tyre pressure,
avoiding machinery and livestock on fields in wet periods), once it is present, it can be alleviated by
subsoiling and ploughing, depending on the extent of compaction.

Consistent information on the prevalence and extent of soil compaction in the UK is lacking (Eory
et al. 2023; Eory et al. 2015). Though the latest Farm Practices Survey where soil compaction was
included (2018, Current Farming Topics) showed an approximately 25% drop in farmers reporting soil
compaction problem, compared to 2012 (Defra 2013; Defra 2019), we used our previous, conservative
estimate of 20% compaction both on croplands and grasslands.

Reducing soil compaction was not included in the CB6 report (Eory et al. 2020), though its mitigation
was quantified in the 5th Carbon Budget (Eory et al. 2015). In a report to Scottish Government, those
assumptions were updated (Eory et al. 2023). For the current analysis we used the assumptions from
this latest report, adding the GHG emissions arising from the diesel use and updating the cost assump-
tions.

For the diesel use and cost assumption we relied on the approximation that in half of the cases topsoil
cultivation is enough while in the other half subsoiling is necessary. The diesel use was estimated
with the average of subsoiling and heavy cultivation (20 l ha−1) (SAC 2023). The subsoiling cost was
estimated as the sum of contractor and diesel cost (£67 ha−1 and £24 ha−1, respectively) (SAC 2023).
The topsoiling contractor cost was estimated as £36.5 ha−1 (adjusted for inflation from Newell-Price
et al. 2011) and the related diesel cost was approximated with heavy cultivation diesel cost (£24 ha−1)
(SAC 2023). Table D.1 shows all assumptions used for ‘Reduced soil compaction’ in the MACC model.
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Table D.1: Assumptions for modelling reducing soil compaction

Parameter Unit type Unit Value Source

Crop yield non-grass (but not:
miscanthus, willow,
fruits and wine
grape)

Change 0.02 (Eory et al. 2023)

Crop yield temporary grass-
land

Change 0.01 (Eory et al. 2023)

Crop residue
N

non-grass (but not:
miscanthus, willow,
fruits and wine
grape)

Change 0.02 (Eory et al. 2023)

Crop residue
N

temporary grass-
land

Change 0.01 (Eory et al. 2023)

EF1 all Change -0.06 (Eory et al. 2023)

Diesel con-
sumption

all kg CO2e
ha−1 y−1

5.04 (SAC 2023)

Current up-
take

all - 0 (Eory et al. 2023)

Applicability non-grass - 0.2 (Eory et al. 2023)

Applicability temporary grass-
land

- 0.2 (Eory et al. 2023)

Applicability permanent grass-
land, miscanthus,
willow, fruits and
wine grape

- 0 (Eory et al. 2023)

Cultivation
cost

all £ ha−1 74.62 (SAC 2023)

Lifetime of
cultivation

all year 10 (Eory et al. 2023)
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D.2. Optimal soil pH (MM2)
Plant productivity depends on the acidity (pH) of the soil; most crops prefer the soil to be in the range of
pH5.5 – pH6.5, depending on the crop and the soil type (AHDB 2024b). Beyond this range the nutrient
availability is reduced, and thus crop growth is limited (ibid.). Furthermore, soil acidity is an important
factor in determining the extent of N2O emissions, more acidic soils have higher N2O losses (Goulding
2016; Wang et al. 2018; Zhu et al. 2019). The default IPCC soil N2O emission factor of 1% happens
at soil pH 6.76, according to a global meta-analysis (Wang et al. 2018). Finally, soil pH also impacts
the soil C content, though this relationship is context specific (Holland et al. 2018). In general, alkaline
soils can have higher C concentrations than acidic soils (Fornara et al. 2011; Goulding 2016; Kemmitt
et al. 2006) though in soils with high organic C content (peaty soils) liming can increase decomposition
rate and thus CO2 loss (Biasi et al. 2008).

The extent of arable and grassland areas in the UK where the pH is suboptimal is difficult to estimate,
direct statistical information is not available. From reviewing relevant data, the CGSI project concluded
that around 9% of arable and 22% or grassland could be untested and too acidic (Barnes et al. 2022),
giving a conservative estimate for the applicability of the measure.

Soil pH was included in the CB6 report (Eory et al. 2020). In a report to Scottish Government those
assumptions were revisited and some of themwere changed (Eory et al. 2023). For the current analysis
we used the assumptions from this latest report, with two further changes: adjusting the costs with
inflation and updating the CO2 emissions from liming, as the previous assumptions included pre-farm-
gate emissions.
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Table D.2: Assumptions for modelling improving soil pH

Parameter Unit type Unit Value Source

Crop yield Change 6.22% (Eory et al. 2020)

Crop residue
N

non-grass Change 6.22% (Eory et al. 2020)

EF1 Change -3% (Eory et al. 2023)

Carbon se-
questration

t CO2e ha−1

y−1
0.3 (Eory et al. 2023)

CO2 emis-
sions from
liming

t CO2e ha−1

y−1
0.11 1 t ha−1 limestone

in every 4 years,
C content 12%
(IIPCC 2006)

Current up-
take

- 0 (Eory et al. 2020)

Applicability non-grass 0.09 (Eory et al. 2023)

Applicability improved grass 0.22 (Eory et al. 2023)

Lime cost £ ha−1 156.7 (Eory et al. 2023)

Spreading
cost

£ ha−1 10.2 (Eory et al. 2023)

Spreading
cost lifetime

Year 4 (Eory et al. 2023)

Soil analysis
cost

£ ha−1 24.2 (Eory et al. 2023)

Soil analysis
cost lifetime

Year 4 (Eory et al. 2023)
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D.3. Cover crops (MM3)
Cover crops are non-cash crops which replace bare fallow in the winter period in years when a spring
crop is sown in the rotation, integrated into the main crop rotation (Poeplau et al. 2015). They are
typically grown to maintain soil cover during fallow periods which limits soil erosion, holds residual N
in the soil-plant and increases soil carbon content. They provide two-fold benefits in terms of net GHG
emissions: reducing N leaching in the winter periods and increasing the soil carbon content.

In the CB6 report the carbon sequestration effect was assumed to be 1.06 t CO2e ha−1 y−1, based
on the cover crop modelling carried out in CGtSI project (Barnes et al. 2022). To avoid the complexity
of relying on a sub-model, in this work we use a published average the value found by a global meta-
analysis; which is 1.17 t CO2e ha−1 y−1 (0.32 t C ha−1 y−1) for the first 40 years and 0 afterwards
(Poeplau et al. 2015). The 40-year cut-off period reflects the saturation of the carbon sequestration.
The effect on N losses (leaching factor) remained the same.

The CB6 project found no statistics about the current uptake of catch/cover crops and assumed that
they are used on 30% of the area where they are applicable. Since then we identified relevant, though
slightly outdated Eurostat statistics, showing (2016 UK data from the UK), showing that approximately
3% of land was under cover or intermediate crop and 54% under non-winter crop in 2016 (Eurostat
n.d.) i.e. uptake in 2016 was around 6% of the applicable area. (Eurostat n.d.) Table D.3 provides a
summary of the how the measure is implemented in the model.

Table D.3: Assumptions for modelling cover crops

Parameter Unit type Unit Value Source

Carbon se-
questration

t CO2e ha−1

y−1
1.17 New

Frac leach Change -45% (Eory et al. 2020)

Current up-
take

Non-grass non-
winter crops

- 0.06 New

Applicability winter crops, grass,
all fruits, willow,
miscanthus, maize,
linseed, pulses,
other fodder crops

- 0 (Eory et al. 2020)

Applicability Potatoes and root
crops

- 0.368 (Eory et al. 2020)

Applicability Oats non-winter - 0.173 (Eory et al. 2020)

Applicability Wheat non-winter - 0.012 (Eory et al. 2020)

Applicability OSR non-winter - 0.003 (Eory et al. 2020)

Applicability All other crops - 0.234 (Eory et al. 2020)

Combined
Cost

All applicable crops £ ha−1y−1 180.7 (Eory et al. 2020)
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D.4. Biological nitrogen fixation in grassland (MM4)
N2O emissions arising from the use of synthetic N fertilisers can be reduced by relying more on bio-
logically fixed N in crop production. Biological N fixation occurs in N fixing crops (legumes) which form
symbiotic relationships with bacteria (Rhizobia) in the soil that allow them to transform atmospheric N2

to reactive N compounds, and use this in place of N provided by synthetic fertilisers. Besides the fixed
N supporting the growth of the legume crop (e.g. clover), part of these N compounds also become
available to the grass plants, reducing their need for synthetic N. This effect becomes substantial at
clover content of around 20%-30% in the sward (Lüscher et al. 2014). The effect is robust and per-
sistent across legume species and climatic regions, as shown by a series of experiments in Europe
over three years, where savings of over 300 kg N ha−1 were achieved without compromising the yield
(Lüscher et al. 2014). Evidence suggests that the biological fixation itself does not lead to significant
emissions; the IPCC 2006 recommendations (IPCC 2006) removed legumes as a source of direct N2O
emissions (Lüscher et al. 2014). Another effect of clover in the swards on GHG emissions is that the
proportion of N leached into the ground (and eventually to ground and surface water) can increase if
the clover content is too high (Lüscher et al. 2014).

Since CB6 (Eory et al. 2020) we have updated the additional cost of grass seed containing clover and
the re-seeding times, Table D.4. We have also included the effect of reduced fuel use due to reduced
fertiliser spreading as well as the increases fuel use due to drilling permanent grass with clover and
any associated costs/saving, Table D.4.
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Table D.4: Assumptions for modelling grass-legume mix

Parameter Unit type Unit Value Source

Synthetic N
fertilisation
rate

All improved grass kg N ha−1

y−1
0 (Eory et al. 2020)

CO2 emis-
sions from
fuel use

Temporary im-
proved grass

kg CO2e
ha−1 y−1

-4.03% (SAC 2023)

CO2 emis-
sions from
fuel use

Permanent im-
proved grass

kg CO2e
ha−1 y−1

9.63 (SAC 2023)

Current up-
take

All improved grass - 0.26 (Eory et al. 2020)

Applicability All improved grass - 1 (Eory et al. 2020)

Applicability All other crops - 0 (Eory et al. 2020)

Additional
seed cost

All improved grass £ ha−1 6.05 (Eory et al. 2023)

Additional
seed cost
lifetime

Temporary im-
proved grass

y 2 (Eory et al. 2023)

Additional
seed cost
lifetime

Permanent im-
proved grass

y 5 (Eory et al. 2023)

Reduced
fertiliser
spreading
cost

All improved grass £ ha−1 y−1 -13.43 (SAC 2023)

Drilling cost Permanent im-
proved grass

£ ha−1 77.9 (Eory et al. 2020)

Drilling cost
lifetime

Permanent im-
proved grass

y 5 (Eory et al. 2020)
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D.5. Variable rate nitrogen application (MM7)
Variable rate N technology (VRNT) is an example precision farming where N doses are varied within
a field to account for the N requirement of the crop at the location within in a field. It has the potential
to reduce GHG emission intensity by reducing the N fertiliser application rate and/or by increasing the
yield (Denora et al. 2023). Evidence on the yield, N use, and especially GHG effects of VRNT has
been sporadically reported in the past, with evidence from across a range of countries, crops, precision
farming technology solutions, fertilisation levels, making it hard to compare N savings and yield effects
. Most evidence suggest that VRNT can reduce fertiliser use by 5 to 40% depending on crop and initial
fertiliser dose with no impact on yield (Argento et al. 2021; Denora et al. 2023; Jovarauskas et al. 2021;
Vizzari et al. 2019). However, some evidence suggests grain protein can be reduced due to the reduced
N availability (Vizzari et al. 2019). Variable rate N application was included in the CB6 analysis (Eory
et al. 2020) and those assumptions were updated in this report. Advice from farm consultants about
current experiences suggested that in practice the N rate is reduced, rather than the yield increasing.
Based on the reported experimental results, the N reduction was modelled as 10%, a conservative
value representing cautious N reductions so not to affect the grain protein content. Technically the
measure is applicable on all cropland and grassland, however, the within-field variability is not large
enough everywhere to apply this measure. We assumed that the measure is applicable on 80% of
the land area. Current uptake is estimated from the 2019 Farm Practices Survey (Defra, 2020), which
found that in England 42% of cereal and cropping and 11% of grazing livestock farms use various
precision farming technologies. Costs were modelled as annual costs, as precision farming services
are increasingly available from contractors. The premium on Variable rate spreading compared to
uniform spreading is £4.46 ha-1) (NAAC 2024) and the cost of drone mapping (£7 ha-1) (pers. comm.
with Steve Frost, SAS Land Services).

Table D.5: Assumptions for modelling variable rate nitrogen application

Parameter Unit type Unit Value Source

Synthetic N
fertilisation
rate

Change -10% new

Current up-
take

Non-grass crops - 0.42 new

Current up-
take

Improved grass - 0.11 new

Applicability All crops - 0.8 new

Cost dif-
ference
between
variable rate
and uniform

£ ha−1 y−1 4.46 new

Cost of
drone veg-
etation
mapping

£ ha−1 y−1 7 new
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D.6. Urease inhibitors (MM8)
N fertilisers containing urea have high NH3 emissions upon application as soil bacteria containing ure-
ase enzyme start to break down the urea (Sigurdarson et al. 2018). This high NH3 volatilisation results
in indirect N2O emissions and considerable losses in plant-available N. Urease inhibitors are chemical
substances which suppress the rate of urea hydrolysis and thus reduce NH3 losses, keeping more N in
the soil (Modolo et al. 2018). Urease inhibitors’ efficacy has been demonstrated globally in numerous
studies, though the effectiveness depends on a range of factors, including inhibitor application tim-
ing, product type, fertiliser type, application rate and application method, soil N content, crop type and
water management (Fan et al. 2022). A global meta-analysis showed that urea’s NH3 volatilisation is
reduced by 52% with N-(n-butyl) thiophosphoric triamide (NBTI), a commonly available urease inhibitor
(e.g. AgrotainTM) (Silva et al. 2017), while a similar study found that urease inhibitors overall result
around 50% reduction in NH3 volatilisation and a concurrent 5% yield increase (Fan et al. 2022). At
the same time, by keeping more N available in the soil, urease inhibitors can, in certain circumstances,
increase direct soil N2O emissions, though the reduction in indirect N2O emissions in most cases more
than offsets this effect (ibid.).

The CB6 analysis has not considered urease inhibitors as a stand-alone measure (Eory et al. 2020). In
a report to Scottish Government, the measure was assessed, using a simplified method of assuming
that urea’s EF1 is reduced by 27% (Eory et al. 2023). For the current analysis we used the assumptions
from this latest report. Table D.6 shows the assumptions used for modelling in CB7.

Table D.6: Assumptions for modelling urease inhibitors

Parameter Unit type Unit Value Source

EF1 of urea All crops receiving
urea

Change -27% (Eory et al. 2023)

Applicability All crops receiving
urea

- 1 (Eory et al. 2023)

Current up-
take

All crops receiving
urea

- 0 (Eory et al. 2023)

Fertiliser
cost in-
crease

All crops receiving
urea

£ kg N−1 0.12 (Eory et al. 2023)
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D.7. Nitrification inhibitors (MM9)
N fertilisers, of synthetic and organic origin, are the main source of N2O emissions. These emissions
occur due to chemical processes in the soil, which transform ammonium compounds through to nitrate
compounds (nitrification) and the denitrification of nitrate leading N2O release. Nitrification inhibitors
reduce the rate of nitrification by inhibiting the bacterial enzyme activity, and thus reduce N2O emissions
(Akiyama et al. 2010; Ruser et al. 2015). Just like in the case of urease inhibitors, nitrification inhibitors’
effectiveness depends on environmental and management factors, like nitrification inhibitor product
type, fertilisation rate, crop type (grass or other), precipitation (Fan et al. 2022). The same study showed
that N2O emissions are reduced by around 50% on average across inhibitor types, and yield increased
with the application of certain nitrification inhibitors by 4-6%, though other products did not have a
significant effect on yield. Similarly, some products increased NH3 volatilisation while others did not
(ibid.). Experiments in the UK with the product dicyandiamide (DCD) showed that, across six sites, the
mean reduction in N2O emissions from ammonium nitrate fertiliser was 39%, while from urea fertiliser
it was 69%; while NH3 emissions were not affected (Misselbrook et al. 2014). Another UK study on
grasslands, across five sites, found that DCD reduced N2O emissions from ammonium nitrate by 19%
and from urea by 85% (L.M. Cardenas et al. 2019). In four of five sites the yield was not affected
significantly.

The CB6 analysis has included nitrification inhibitors (Eory et al. 2020). The GHG abatement assump-
tions were updated in a report to Scottish Government (Eory et al. 2023). For the current analysis we
used the assumptions from this latest report. Table D.7 shows the assumptions used for modelling in
CB7.

Table D.7: Assumptions for modelling nitrification inhibitors

Parameter Unit type Unit Value Source

EF1 of urea All crops receiving
urea

Change -60% (Eory et al. 2023)

EF1 of am-
monium
nitrate

All crops receiving
ammonium nitrate

Change -30% (Eory et al. 2023)

Applicability All crops receiving
urea

- 1 (Eory et al. 2023)

Applicability All crops receiving
ammonium nitrate

- 1 (Eory et al. 2023)

Current up-
take

All crops receiving
urea or ammonium
nitrate

- 0 (Eory et al. 2023)

Fertiliser
cost in-
crease

All crops receiving
urea or ammonium
nitrate

£ kg N−1 0.12 (Eory et al. 2023)
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D.8. Improved drainage on mineral soils (MM49)
Well drained mineral soils support higher yields and lower N2O emissions than waterlogged soils. Wa-
terlogging increases nitrification and denitrification processes which convert ammonium compounds
into N2O, and also enhances the risk of compaction and structural damage (Krol et al. 2016; Lilly et al.
2012). Drainage installation and maintenance is a long-term investment, and not practiced everywhere
across the UK.

This mitigation measure was assessed in the CB6 report (Eory et al. 2020), the same assumptions
were used in this current work, see Table D.8.

Table D.8: Assumptions for modelling improved drainage on mineral soils

Parameter Unit type Unit Value Source

EF1 All crops Change -64% (Eory et al. 2020))

Crop yield All crops Change 11% (Eory et al. 2020)

Applicability Non-grass crops - 0.08 (Eory et al. 2020)

Applicability Grass - 0.1 (Eory et al. 2020)

Current up-
take

All crops - 0 (Eory et al. 2020)

Drainage im-
provement
cost

All crops £ ha−1 5,285 (Eory et al. 2020)
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D.9. Reducing excess nitrogen fertilisation (MM50)
Crop yield is a function of N availability: additional (synthetic or organic) N sources substantially in-
crease the yield until the point which is close to the yield potential of the crop (or lower, if other limi-
tations, for example limited water availability, exist). The economically optimal N fertilisation rate also
depends on the fertiliser and future crop prices (AHDB 2019), However, due to the uncertainty in the
growing conditions, it is not possible to predict exactly themost optimal application rate. Though the use
of nutrient management tools and precision farming technologies help with N planning, not all farmers
use them. Furthermore, farmers might leave a margin of error and apply N slightly in excess in order
to achieve higher yields if the growing conditions turn out to be more favourable. With a wider uptake
nutrient planning, the excess N application could be reduced.

This mitigation measure was assessed in the CB6 report Eory et al. 2020, the same assumptions were
used in this current work and are shown in Table D.9

Table D.9: Assumptions for modelling reducing N excess

Parameter Unit type Unit Value Source

N fertilisation
rate

All crops Change -10% (Eory et al. 2020)

Applicability All crops - 0.27 (Eory et al. 2020)

Current up-
take

All crops - 0 (Eory et al. 2020)

Nutrient
manage-
ment plan
cost

All crops £ ha−1 9.6 (Eory et al. 2020)

Nutrient
manage-
ment plan
lifetime

All crops y 5 (Eory et al. 2020)

Nutrient
manage-
ment plan
update cost

All crops £ ha−1 y−1 2 (Eory et al. 2020)
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D.10. Crop varieties with improved nitrogen use efficiency (MM51)
Crop breeding has can have an impact on N2O emissions through developing varieties with better
nitrogen use efficiency (NUE) (Bingham et al. 2012). Crop varieties can perform very differently with re-
garding NUE, as demonstrated in European wheat varieties (Barraclough et al. 2010), and historically
NUE has been, though slowly, increasing (Riedesel et al. 2022). We assumed that further improve-
ment is possible for the main cereal and oil crops, that is, wheat, barley and oilseed rape, and the
improvement will manifest as a reduction in fertilisation rate – in line with our overall assumption in
the modelling about constraining total production. The effect is modelled as an annually increasing,
cumulative N reduction effect.

This mitigation measure was assessed in the CB6 report (Eory et al. 2020), the same assumptions
were used in this current work, Table D.10

Table D.10: Assumptions for modelling improved crop nitrogen use efficiency

Parameter Unit type Unit Value Source

Annual
change in N
fertilisation
rate

Wheat, barely,
oilseed rape

Change 0% (Eory et al. 2020)

Applicability Wheat, barely,
oilseed rape

- 1 (Eory et al. 2020)

Applicability Other crops - 0 (Eory et al. 2020)

Current up-
take

All crops - 0 (Eory et al. 2020)

Seed cost in-
crease

Wheat £ ha−1 y−1 9.3 (Eory et al. 2020)

Seed cost in-
crease

Winter barely £ ha−1 y−1 9 (Eory et al. 2020)
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D.11. Replacing second wheat with Triticale (MM59)
Triticale is a wheat and rye cross that became commercially available in the mid twentieth century and
has been used primarily as feed for livestock (McGoverin et al. 2011 ), as it has a lower grain protein
content than wheat (Roques et al. 2017). Triticale is a minor crop, with low global production levels;
the UK provided 0. 3% of global production in 2022 (United Nations (FAO) 2023).

Triticale has higher NUE than wheat, especially comparing triticale with the second wheat in the rotation:
it produces higher yield at the same N fertilisation rates (Roques et al. 2017Clarke et al. 2016). Thus,
replacing some of the wheat production with triticale could reduce N2O emissions in the UK. Based on
UK experimental results, we assumed that the increase in grain and straw yield would be 7% (Roques
et al. 2017).

Triticale was cultivated on only 10.7 thousand ha in the UK in 2022, compared to the 1.8 million ha
wheat production area (United Nations (FAO) 2023). An important barrier to increased production is
likely to be the lack of mature market; therefore, assuming this barrier is maintained, we limited the
applicability to future triticale area to twice of the current area, that is, an additional 0.6% of wheat
area, to account for the limited demand. Furthermore, we restricted the applicability of the measure to
replacing second wheat, which is 33% of the total wheat area in the UK (Magazine 2016).

Growing triticale instead of second wheat impacts the gross margin by changes in selling prices, yield
and input costs. According to FAOSTAT data, triticale has a 6-11% lower price than wheat (United
Nations (FAO) 2023); we assumed a price difference of 8% relative to wheat. Furthermore, input costs
are estimated to be £19 ha−1 less than that of wheat (Clarke et al. 2016), or £24.89 ha−1 at 2024
values (changes in costs of non-N fertilisers, fungicides, plant growth regulators). That values used for
modelling Triticale can be seen in Table D.11

Table D.11: Assumptions for modelling replacing second wheat with Triticale

Parameter Unit type Unit Value Source

Triticale
yield, mod-
elled as
wheat yield

Change 7% Based on (Clarke
et al. 2016)

Additional
straw yield

t DM ha−1

y−1
0.36 Based on (Clarke

et al. 2016)

Applicability Wheat - 0.03 Limited uptake due
to low demand

Current up-
take

- 0 Any current uptake
is included as ‘Mi-
nor_Cereals’

Triticale
price relative
to wheat

Change -8% Based on (United
Nations (FAO)
2023)

Other vari-
able cost
changes

£ ha−1 y−1 -24.89 Based on (Clarke
et al. 2016)
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D.12. Precision feeding, dairy (MM52)
Precision feeding, similarly to precision farming of crops, is based on the concept of individually tailoring
nutritional requirements to the animals’ needs. This individual-based approach increases the feed
conversion ratio of the animals, reducing both the GHG emissions related to feed production and also
the direct enteric and manure related GHG emissions and N excretion from the animals (Fischer et al.
2020; Morey et al. 2023).

Implementing precision feeding requires precision farming tools, i.e. performance data (e.g. milk yield,
weight), decision software and automated feed mixer. It is an investment intensive technology and
most suited to animals which are mainly non-grazing. This mitigation measure was assessed in the
CB6 report (Eory et al. 2020), the same assumptions were used in this current work, see Table D.12

Table D.12: Assumptions for modelling precision feeding, dairy

Parameter Unit type Unit Value Source

Gross en-
ergy co-
efficient
(represent-
ing feed
efficiency)

Dairy Change -2% (Eory et al. 2020)

Applicability Dairy - 0.5 (Eory et al. 2020)

Current up-
take

Dairy - 0 (Eory et al. 2020)

Annualised
total cost

Dairy £ head−1

y−1
8.2 (Eory et al. 2020)
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D.13. Nitrate feed additive, dairy, beef and sheep (MM20, MM21, MM22)
Ruminants’ digestion, particularly the enteric fermentation process in the rumen, is the largest source
of direct GHG emissions from cattle and sheep production. In this complex microbial process, the
generated hydrogen reacts with CO2 and the resulting CH4 is emitted as a by-product. Multiple ways
exist to modify the processes, one is to add chemicals which react with the hydrogen, thus reducing the
amount of CH4 generated (Zijderveld et al. 2010; Zijderveld et al. 2011). The nitrate needs to be mixed
into the feed homogenously, as the dose needs to be tightly controlled to avoid nitrate poisoning.

The measures nitrate additive for dairy and beef have been evaluated in CB6 (Eory et al. 2020), but the
assumptions have been updated for this report. A review focusing on the UK highlighted the difference
in effectiveness between dairy and beef animals and quantified the efficacy based on relevant experi-
mental results as -18% for dairy and -5.1% for beef animals (Duthie et al. 2021). The same study also
found that the weight gain and yield was increasing with the nitrate additive, with 3.1% for both cattle
types and the cost of administering the measure was estimated to be £92 per animal annually (ibid.).
There is still no reliable information on uptake of the measure in the UK.

The measure nitrate additive for sheep was not evaluated in CB6 (Eory et al. 2020); it was added
as a new measure in this report. Experimental evidence is scarcer for sheep than for cattle, thus the
assumption on the GHG effect was based on a UK study (Nolan et al. 2010), and the cost was assumed
to be proportional to that of cattle, based on the weight of the animals. Additionally, since sheep are
rarely housed, the applicability is very low.

In all cases the applicability of the measure was restricted to the time animals spend housed, and for
cattle older than 12 months and sheep older than 6 months. We assumed that the measure would not
be applicable on organic farms, see Table D.13 for full set of assumptions.
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Table D.13: Assumptions for modelling nitrate feed additive for dairy, beef and sheep

Parameter Unit type Unit Value Source

YM Dairy Change -18% (Duthie et al. 2021)

YM Beef Change -5% (Duthie et al. 2021)

YM Sheep Change -23% (Nolan et al. 2010)

Gross en-
ergy co-
efficient
(represent-
ing feed
efficiency)

Dairy, beef Change -3.10% (Duthie et al. 2021)

Applicability Dairy and beef,
animals older than
12 months, housed,
not organic

- 1 (Duthie et al. 2021)

Applicability Dairy and beef,
other animals

- 0 (Duthie et al. 2021)

Applicability Sheep, animals
older than 6
months, housed,
not organic

- 1 -

Applicability Sheep, other ani-
mals

- 0 -

Current up-
take

Dairy, beef - 0 (Duthie et al. 2021)

Current up-
take

Sheep - 0 -

Cost Dairy, beef £ head−1

y−1
92 (Duthie et al. 2021)

Cost Sheep £ head−1

y−1
9.2 Assumption based

on weight ratio with
cattle
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D.14. Improved nutrition, beef and sheep (MM18, MM19)
Forage quality has significant impact on both the productivity and the GHG emission intensity of rumi-
nant livestock (Hristov et al. 2013). Feed with higher digestibility tends to increase the dry matter intake
and thus growth rate (Davis et al. 2014; Steen et al. 2002), resulting in lower GHG emissions for the
same production volume.

Improved beef and sheep nutrition were not included in the CB6 report (Eory et al. 2020), though its
mitigation was quantified in the 5th Carbon Budget (Eory et al. 2015). In a report to Scottish Government,
those assumptions were checked and found to be still appropriate (Eory et al. 2023). For the current
analysis we used these same assumptions, regarding mitigation effect, uptake, applicability and costs.
The current uptake assumptions were compared to the latest edition of Defra’s Farm Practices Survey,
which found that in 2023 39% of cattle and sheep farmers use nutritional advice always or most of the
time, another 16% some of the time and yet another 16% rarely (Defra 2024). Assumptions used in
modelling can be seen in Table D.14.
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Table D.14: Assumptions for modelling improved beef and sheep nutrition

Parameter Livestock type Unit Value Source

Roughage
digestible
energy con-
tent

Beef Percentage
point change

+2% (Eory et al. 2015)

Concentrate
digestible
energy con-
tent

Beef Percentage
point change

+2% (Eory et al. 2015)

Live weight Beef Change +2% (Eory et al. 2015)

Applicability Beef - 1 (Eory et al. 2015)

Current up-
take

Beef - 0.6 (Eory et al. 2015)

Cost of
nutritional
advice and
twice-yearly
forage analy-
sis

Beef £ head−1

y−1
2.13 (Eory et al. 2015)

Enteric CH4
emissions

Sheep Change -4% (Eory et al. 2015)

Live weight Sheep Change +2% (Eory et al. 2015)

Applicability Sheep - 1 (Eory et al. 2015)

Current up-
take

Sheep - 0.6 (Eory et al. 2015)

Cost of
nutritional
advice and
twice-yearly
forage analy-
sis

Sheep £ head−1

y−1
2.13 (Eory et al. 2015)
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D.15. Asparagopsis feed additive, dairy and beef (MM53, MM54)
Certain red seaweed species, in the Asparagopsis genus (Glasson et al. 2022) can alter the enteric fer-
mentation process and reduce CH4 emissions. The main active ingredient, bromoform CHBr3, reduces
the CH4 generation capacity of two enzymes (coenzyme M methyltransferase and methyl-coenzyme
M reductase) and contributes to increased H2 production and a change in the volatile fatty acid compo-
sition (ibid).

As growing evidence suggests that this feed additive is very effective in reducing enteric fermentation,
it has been included as a new measure in this report. However, given the early stages of product
development, compared to other feed additives, finally it was excluded from both scnarios.

A UK review of feed additives, based on relevant experimental results, assessed the efficacy and the
effects of Asparagopsis on feed efficiency and yield/growth (Duthie et al. 2021 ). The reduction in CH4

was found to be 24.7% for dairy and 20% for beef animals; their performance was slightly reduced (-3.
8% milk yield and -1% total growth), while the feed efficiency also changed (decreased for dairy cows
but improved for other dairy animals and beef cattle ( ibid.)).

The cost of administering the measure was estimated to be £48 per animal annually (ibid). As products
are not commercially available, uptake in the UK was assumed to be zero.

For both dairy and beef, the applicability of the measure was restricted to the time animals spend
housed, and for animals older than 12 months. We assumed that the measure would not be applicable
on organic farms.
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D.16. Breeding using genomic tools, dairy and beef (MM36, MM37)
Many production and fitness traits have been shown to have a genetic component and have scope to
be improved via genetic selection. Current broader breeding goals that select on both production and
fitness traits can help to mitigate GHGs from livestock systems per unit of output, due to a combination
of lower feed intake, higher yield and fewer non-productive animals in the herd. The reduction in dairy
cattle numbers in the past two decades in the UK was accompanied by an increase in milk production
and a decrease in enteric CH4 emissions from dairy cattle (Brown et al. 2016). Similarly, increased
growth rate enables beef animals to reach slaughter age quicker, reducing their lifetime emissions.
Garnsworthy 2004 estimated, using modelling, that if cow fertility was restored to 1995 levels (from the
2003 level) that CH4 emissions from the dairy industry could be reduced by 10-15%.

Genetic improvement in the national herd can be enhanced by using genomic tools. This entails farmers
collecting performance information on the individual animals and genetic testing, and feeding back
these information to breeding goal development (genomic tools) and also incorporating enteric CH4

emission in the breeding goal.

This mitigation measure was assessed in the CB6 report Eory et al. 2020, the same assumptions were
used in this current work and are shown in Table D.15. Since the agricultural activity scenarios used in
CB7 already assume an increase in milk yield, we reduce this measure’s effect on milk yield to avoid
double counting.
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Table D.15: Assumptions for modelling genomics breeding of dairy and beef

Parameter Unit type Unit Value Source

Milk yield Dairy Annual
growth

+0.9%/year (Eory et al. 2020)

Milk yield Dairy in BAU/BP Annual
growth.

+0.3%/year Avoid double count-
ing

Milk protein Dairy Annual
growth

+0.9%/year (Eory et al. 2020)

Applicability Dairy cows - 0.9 (Eory et al. 2020)

Applicability Beef - 0.2 (Eory et al. 2020)

Fertility Dairy Annual
growth

+0.3%/year (Eory et al. 2020)

Live-weight Beef Annual
growth

+0.25%/year (Eory et al. 2020)

Growth rate Beef Annual
growth

+0.25%/year (Eory et al. 2020)

Genomics
tools recur-
ring cost

Dairy £m per 5
years

0.25 (Eory et al. 2020)

Genomics
tools testing
cost

Dairy £ head−1

y−1
0.048 (Eory et al. 2020)

Genomics
tools recur-
ring cost

Beef £m per 5
years

0.25 (Eory et al. 2020)

Genomics
tools testing
cost

Beef £ head−1

y−1
0.048 (Eory et al. 2020)
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D.17. Including lower emissions in the breeding goals, dairy and
beef (MM38, MM39)

Literature suggests that the genetics of mammals have an influence on the micro-organisms present
in the gut (Hegarty et al. 2010). It is possible to select sheep for high or low CH4 emissions, as CH4

production is heritable to some extent (Pinares-Patiño et al. 2013); selection for low emission causes
changes in the animal’s nutritional physiology (Goopy et al. 2014). Studies indicate potential genetic
selection for low CH4 emission for dairy cattle too (De Haas et al. 2011; Roehe et al. 2016). Inclusion
of low enteric CH4 emission in the breeding goal could reduce CH4 emissions from cattle, though might
limit the productivity and fitness improvements to some extent.

This mitigation measure was assessed in the CB6 report Eory et al. 2020, the same assumptions were
used in this current work and are shown in Table D.16. Since the agricultural activity scenarios used in
CB7 already assume an increase in milk yield, we reduce this measure’s effect on milk yield to avoid
double counting.
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Table D.16: Assumptions for modelling lower emission breeding goal fo dairy and beef

Parameter Unit type Unit Value Source

Milk yield Dairy Annual
growth

+0.75%/year (Eory et al. 2020)

Milk yield Dairy in BAU/BP Annual
growth.

+0.15%/year Avoid double count-
ing

Milk protein Dairy Annual
growth

+0.75%/year (Eory et al. 2020)

YM Dairy Annual
growth

-0.15%/year (Eory et al. 2020)

Live-weight Beef Annual
growth

+0.25%/year (Eory et al. 2020)

Growth rate Beef Annual
growth

+0.25%/year (Eory et al. 2020)

YM Beef Annual
growth

-0.15%/year (Eory et al. 2020)

Applicability Dairy Cows - 0.9 (Eory et al. 2020)

Applicability Beef - 0.2 (Eory et al. 2020)

Genomics
tools recur-
ring cost

Dairy £m / 5 years 0.6 -

Genomics
tools testing
cost

Dairy £ head−1

y−1
0.048 (Eory et al. 2020)

Genomics
tools recur-
ring cost

Beef £m / 5 years 0.25 -

Genomics
tools testing
cost

Beef £ head−1

y−1
0.048 (Eory et al. 2020)
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D.18. Higher uptake of current breeding goal, sheep (MM40)
The increased uptake of current breeding goals in sheep has not been included in the MACC model
until now so more detail is given for this measure. As with breeding measures in cattle [!!!][not really
true?], much of the benefit of this measures comes from changes in the heard structure which is not
captured within the MACC model. Therefore, the effect of this mitigation measure was calculated by
Michael MacLeod with the Global Livestock Environmental Assessment Model (GLEAM, MJ MacLeod
et al. 2018) model before being implemented within the MACC model.

There have been a number of recent studies quantifying the potential effect of sheep breeding on GHG
emissions. Farrell et al. (2022) modelled two scenarios: (a) high where ‘dams within the top 20% of
animals for the replacement index were assumed to be bred with terminal sires within the top 20%
of animals on the terminal index’ and a (b) low scenario where the ‘bottom 20% of animals for the
replacement index were assumed to be bred with terminal sires within the bottom 20% of animals for
the terminal index’. The difference in performance between the two scenarios was determined from
the Irish national sheep production database. In brief, the high flock has 10% more lambs scanned per
ewe, 9% lower lamb mortality and 7% higher lamb growth rates than the low flock. They found that
the ‘high’ flock had 4% lower emissions intensity (EI) than the average flock, mostly due to the fact that
lambs were sold at a younger age from the high flock. Morgan-Davies et al. (2021) found that using
performance recording for genetic merit reduced emissions intensity by 9 to 18%, increased economic
performance by £6/ewe but required an additional 10% in labour costs for Scottish flocks. Rowe et al.
(2021) found that by including enteric CH4 as a selection index they could lower enteric CH4 by 7.5%
over 20 years in New Zealand.

To model the effect of increased uptake of breeding goals in GLEAM the following assumptions were
used. Scenario (A) Breeding for improved productivity. Based on Farrell et al. (2022), we assume that
the average flock performance could be improved by half the difference between the low and high flock,
i.e. that lambs scanned increase by 5%, lamb mortality decreases by 4.5% and Live-weight gain (LWG)
increases by 3.5%.

Although not included in the MACCmodelling, we also describe parameters for a scenario (B) Breeding
for lower enteric CH4 where Ym can (conservatively) be reduced by 5% by 2050 based on Rowe et al.
(2021). [!!!][???]

Table D.18 shows the results from GLEAM modelling of the baseline and scenario A and B.

For the MACC modelling assumptions we assume it takes 25 years to achieve the percent differences
resulting in the changes seen in Table D.17. The increase in growth rate and live weight is to capture
the extra meat production.
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Table D.17: Assumptions for modelling higher uptake of current breeding goal, sheep

Parameter Unit type Unit Value Source

Applicability Sheep - 0.9 -

Current up-
take

Sheep - 0 -

Enteric CH4
emissions

Sheep Annual
growth

4× 10−4 /year Table D.18

Manure CH4
emissions

Sheep Annual
growth

4× 10−4 /year Table D.18

N excretion Sheep Annual
growth

4× 10−4 /year Table D.18

Live weight Sheep Annual
growth

2× 10−3 /year Table D.18

Growth rate Sheep Annual
growth

2× 10−3 /year Table D.18

Cost per ram Ram £ head−1

y−1
75 Morgan-Davies

et al. 2021

Cost per
ewe

Ewe £ head−1

y−1
2 Morgan-Davies

et al. 2021



Table D.18: Sheep breeding results from GLEAM showing the baseline, breeding for increased productivity (A), breeding for lower CH4 (B), and both combined.

Scenario Unit Baseline
Genetic Improvement Difference v Base

A. Productivity B. Enteric CH4 A & B A B A & B

System Sheep Sheep Sheep Sheep

#Adult Female (AF) head 15,624,233 15,624,233 15,624,233 15,624,233 0% 0% 0%

Age at slaughter months

Meat production ktLW 877 924 877 924 5% 0% 5%

Meat production ktCW

Milk production ktMILK

Enteric CH4 ktCO2e 5780 5866 5491 5573 1% -5% -4%

Manure CH4 ktCO2e 117 119 117 119 1% 0% 1%

Feed N2O ktCO2e 2852 2895 2852 2895 2% 0% 2%

Manure N2O ktCO2e 158 160 158 160 1% 0% 1%

CO2 (feed energy) ktCO2e 1121 1139 1121 1139 2% 0% 2%

CO2 (on-farm energy) ktCO2e 0 0 0 0

Total ktCO2e 10028 10178 9739 9885 2% -3% -1%

EI kgCO2e/ kgLW 11.4 11.0 11.1 10.7 -4% -3% -6%

EI - enteric CH4 only kgCO2e/ kgLW 6.6 6.4 6.3 6.0 -4% -5% -9%

AF productivity kg CW per AF 56.1 59.1 56.1 59.1 5% 0% 5%

GHG per AF kgCO2e/AF/year 642 651 623 633 2% -3% -1%
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D.19. Slurry acidification, dairy, beef and pigs (MM43, MM44, MM45)
Slurry acidification is achieved by adding strong acids (e.g. sulphuric acid or hydrogen chloride) to the
slurry to achieve a pH of 4.5-6.8 depending on the slurry type and the acid used (Fangueiro et al. 2015).
There are three main types of technology relating to the stage at which the acid is added to the slurry:
in-house, in the storage tank, or before field application. Here we focus on acidification in the storage
tank.

According to a review by Fangueiro et al. (2015), reductions of 67-87% of manure CH4 emissions were
achieved using H2SO4, and 90%, 40-65% and 17-75% reduction was observed with lactic acid [!!!],
hydrochloric acid and nitric acid, respectively. NH3 emissions also decreased by 50-88% with sulphuric
acid and 27-98% with other acids – therefore indirect N2O emissions must have decreased as well. On
the other hand, N2O emissions after manure spreading can increase by 23% as more N is retained in
the slurry (Fangueiro et al. 2015), this increase is deducted from the GHG mitigation.

This mitigation measure was assessed in the CB6 report (Eory et al. 2020). Lacking more up-to-date
reviews on the mitigation effect, the CB6 assumptions were used for CH4 and NH3 reduction. The cost
assumptions are based on Eory et al. (2023). The latest assumptions were used in the current work,
see Table D.19.

Table D.19: Assumptions for modelling slurry acidification for dairy, beef and pigs

Parameter Unit type Unit Value Source

Slurry CH4
conversion
factor

Dairy, Beef Pig Change -75% (Eory et al. 2020)

Slurry NH3
volatilisation
factor

Dairy, Beef Pig Change -70% (Eory et al. 2020)

Applicability Slurry tanks - 1 (Eory et al. 2020)

Costs Dairy £/head/year 32.74 (Eory et al. 2023)

Costs Beef £/head/year 18.34 (Eory et al. 2023)

Costs Pigs £/head/year 2.62 (Eory et al. 2023)
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D.20. Impermeable slurry cover, dairy, beef and pigs (MM46, MM47,
MM48)

Animal excreta stored in liquid systems is an important source of NH3 and CH4 emissions, as during
the storage the N and the volatile solids excreted turn into these gaseous compounds. In these sys-
tems (unless the slurry is aerated) direct N2O formation is less important as the anaerobic environment
blocks denitrification (Sven G Sommer et al. 2000). Several factors affect the rate of NH3, CH4 and
N2O emissions, including manure composition and physical variables (most importantly temperature,
rainfall, airflow) (Monteny et al. 2006; Sven Gjedde Sommer et al. 2004). These factors can be to some
extent modified by management choices and technologies, like reducing the airflow over the manure
by covering the store.

Various technologies exist to cover stored liquid livestock excreta (VanderZaag et al. 2015).Rigid cov-
ers include wooden or concrete lids while floating covers can be made of organic (e.g. straw, vegetable
oil), inorganic (expanded clay) or synthetic materials. Cattle slurry, if not agitated, can develop a nat-
ural crust (Chadwick et al. 2011). This mitigation measure is about floating plastic covers which are
impermeable for gaseous material, as these types of covers can reduce CH4 emissions substantially
besides mitigating NH3 emissions.

Covering slurry stores can substantially reduce NH3 emissions (Hou et al. 2015; VanderZaag et al.
2015). With reducedNH3 emissions indirectN2O emissions also reduce. The presence of a slurry cover
increases the slurry’s N content and fertiliser value, but also potential subsequent NH3 and N2O losses
when the slurry is applied to the soil, unless low NH3-emission spreading techniques are implemented,
both features are captured during modelling.

Rodhe et al. (2012) found that an impermeable floating cover could reduce the CH4 conversion factor of
pig slurry by 47%, direct N2O emissions by 100% and NH3 emissions by 80%. In a review, VanderZaag
et al. (2015) found that impermeable floating covers could reduce NH3 emissions by 80%.

This mitigation measure was assessed in the CB6 report (Eory et al. 2020) and the costs have since
been updated. The latest assumptions used in the current work can be seen Table D.20.
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Table D.20: Assumptions for modelling impermeable slurry cover for dairy, beef and pigs

Parameter Unit type Unit Value Source

Slurry CH4
conversion
factor

Dairy, Beef Pig Change -47% (Eory et al. 2020)

Slurry NH3
volatilisation
factor

Dairy, Beef Pig Change -80% (Eory et al. 2020)

Slurry EF3 Dairy, Beef Pig Change -100% (Eory et al. 2020)

Applicability Slurry/Lagoons - 1 (Eory et al. 2020)

Installation
costs

Dairy, Beef, Pig £ m−3 ma-
nure

10.28 (Eory et al. 2020)

Installation
cost lifetime

Dairy, Beef, Pig year 10 (Eory et al. 2020)

Maintenance
Costs

Dairy, Beef, Pig proportion of
installation
costs

0.02 (Eory et al. 2020)
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D.21. Increased milking frequency with robotic milking (MM55)
The use of robotic milking parlours allows cows to choose when they want to be milked which typically
increases milking frequency from twice a day to three times per day. Increased milking frequency
removes milk from the udder thereby stimulating further milk production. Milking three times a day
is known to increase milk yield and N use efficiency by reducing energy and N requirements. These
effects increase efficiency which subsequently reduce N2O emissions related to N loses (Moorby et al.
2007). Results from the literature show that switching to robotic milking from milking twice a day can
increase milk yield by 8-15% (Salfer 2017; Moorby et al. 2007; Sitkowska et al. 2015).

Increased milking frequency was considered in CB6 (Eory et al. 2020) and in the CGtSI project (Barnes
et al. 2022). Here we use these previous parameters with costs updated, Table (D.21)

Table D.21: Assumptions for modelling increased milking frequency

Parameter Unit type Unit Value Source

Applicability Dairy - 1 (Eory et al. 2020)

Milk yield Dairy Change +10% (Eory et al. 2020)

Milking sys-
tem cost

Dairy £/head 1250 (Eory et al. 2020)

Milking sys-
tem lifetime

Dairy year 15 (Eory et al. 2020)
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D.22. Biogas flaring, dairy, beef and pigs (MM56, MM57, MM58)
Biogas flaring is a liquid manure storage technology, whereby the CH4 generated during storage is
collected and burnt, converting it to less potent GHG CO2 (Pellerin et al. 2013). Liquid slurry systems,
due to the mostly anaerobic environment in the liquid, are important sources of CH4 emissions. Part
of the organic material in the excreta is converted to CH4 by bacteria in anaerobic respiration process.
Along with the substantial amount of NH3 and odour, the CH4 escapes to the atmosphere from tradi-
tionally stored slurry. These emissions can be reduced in various ways, including covering the stores.
If an airtight, impermeable cover is used the gases can be collected. One option is to purify the gas
and sell the CH4 i.e. anaerobic digestion, while a technologically simpler solution is flaring the gas.
This measure is different from anaerobic digestion not only in the use of the biogas (i.e. no heat and
energy capture), but also in the way that the bacterial processes are not managed (e.g. no additional
feedstock is used and the temperature is not controlled) and the gas is not used for electricity or heat
generation. As with slurry covers, NH3 emissions are substantially reduced, leaving more N available in
the manure, potentially leading to increased emissions frommanure spreading, unless slurry spreading
technologies which have low NH3 emissions are used.

As no study was found which reported on GHG emissions from biogas flaring systems, information on
the GHG effects of impermeable covers was used i.e. Table D.20, complemented with assumption on
the flaring efficiency for captured CH4.

This measure was considered in CB6 (Eory et al. 2020) and in the CGtSI project (Barnes et al. 2022).
Here we use these previous parameters with updated costs, Table (D.22).

Table D.22: Assumptions for modelling biogas flaring for dairy, beef and pigs

Parameter Unit type Unit Value Source

Slurry CH4
conversion
factor

Dairy, Beef Pig Change -94.7% (Eory et al. 2020)

Slurry NH3
volatilisation
factor

Dairy, Beef Pig Change -80% (Eory et al. 2020)

Slurry EF3 Dairy, Beef Pig Change -100% (Eory et al. 2020)

Applicability Slurry/Lagoons - 1 (Eory et al. 2020)

Installation
costs

Dairy, Beef, Pig £ m−3 ma-
nure

17.3 (Eory et al. 2020)

Installation
cost lifetime

Dairy, Beef, Pig year 10 (Eory et al. 2020)

Maintenance
Costs

Dairy, Beef, Pig proportion of
installation
costs

0.02 (Eory et al. 2020)
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D.23. Anaerobic digestion of manure, cattle and pig (MM13, MM14)
During the storage of livestock excreta GHGs are formed and released, from liquid systems mainly
CH4, while from solid systems predominantly N2O (Chadwick et al. 2011). Anaerobic Digestion (AD) of
excreta in a closed system utilises microbial processes, which convert much of the organic carbon into
biogas (a mixture of CH4 and CO2). This biogas is captured and utilised as an electricity and/or heat
source. Therefore, AD can reduce GHG emissions by limiting N2O and CH4 during manure storage
and by producing electricity and heat which avoids emissions. The N, phosphorous and the remaining
organic material forms in the digestate, can also be used as a fertiliser. The N2O and NH3 emissions
during the application of the digestate show no consistent pattern, they can be either higher or lower
than those from undigested manure (Hou et al. 2015). A further negative side effect is the increased
land use (with related GHG emissions and water and air pollution) if the additional feedstock in the
digester is not a material which could not be used at a higher level in the biomaterial value pyramid, e.g.
as food or animal feed (Bacenetti et al. 2016). Furthermore, NH3 emissions during landspreading could
also be higher unless low emission spreading is employed as most of the N is in the form of ammonical
N (Kupper et al. 2020), though acidification of digestate would prevent these NH3 emissions (Finzi et al.
2019).

The technology is highly capital intensive and running and maintenance requires technical skills. The
subsidy structure and energy prices, which have been changing over the years in the UK, has a con-
siderable effect on the profitability of the plant. In general, operating the AD plant solely with livestock
manure is usually not financially viable due to low CH4:volume ratio, therefore most AD plants co-digest
other organic materials (e.g. food waste, maize silage, energy crops).

During modelling, the change in N2O and CH4 emissions due to change in manure management mode
is handled by the MACC model described in chapter 2 and parameters are presented by Table D.23.
However, the avoided emissions due to energy generation and costs/income are handled by a separate
model which we describe here, and parameters can be seen in Table D.24.

Table D.23: Anaerobic Digestion cattle and pig

Parameter Unit type Unit Value Source

Managed
manure pro-
portion not
AD

Dairy/Beef/Pig Change -78% We assume not all
of an animals ma-
nure is managed
AD when the mea-
sure is applied

Managed
manure pro-
portion AD

Dairy/Beef/Pig Change +78% Not all manure is
managed AD

Applicability Dairy/Beef/Pig proportion of
animals

0.2 limited to avoid
land-use change

Current up-
take

Dairy/Beef/Pig proportion of
animals

0.05 Biogas-info

https://www.biogas-info.co.uk/ad-portal-map_site-list_external_april-_2018/
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Anaerobic digestion model
The MACC model handles the reduced emissions from changing manure management method to AD
and assigns a given proportion of manure from a proportion of animals to AD, Table D.23. The anaerobic
digestion model then calculates the cost, energy generation and avoided emissions from this manure
by calculating:

1. How much external crop feed stock is needed (and its cost) along with the manure and the total
CH4 available from the manure and crop.

2. How much CH4 would leak (5% of total).

3. How much energy is required to run the digester

4. Net energy produced (produced minus required) subdivided into heat and electricity.

5. The capital cost of building n 500kW plants to process the volume of assigned manure

6. The operating cost of running n 500kW AD plant processing the volume of assigned manure
including the cost of the additional substrate as feed stock to the and the transport of manure to
the AD plant.

7. The amount of electricity and heat generated from the CH4 and how much emissions they avoid.

Emissions

Let V Si(t) be the kg of volatile solids produced by animal type i passed to AD in year t and letBi
0 [m3CH4

kg−1 VS] be the potential CH4 of the manure produced by animal type i. Then the CH4 available in all
the manure in year t, MCH4(t) [kgCH4], is

MCH4(t) =

l∑
i=1

V Si(t)Bi
0(1−MCFAD − CCFAD)× 0.67,

where l is the number of animal types,MCFAD = 0.05 accounts for the CH4 loss from the manure gets
to the digester, CCFAD = 0.05 accounts for the CO2 loss and the factor 0.67 converts from m3 to kg of
CH4. Similarly the total amount of volatile solid in the manure is V SM (t) =

∑
V Si(t). The amount crop

volatile solids required as co-digestate is calculated as V SC(t) = V SM (t)/R whereR is the typical ratio
of manure to crop VS in AD (Table D.24). The crop fresh mass, FMC [kgDM] required is calculated as

FMC(t) =
V SC(t)

DMC × 0.94
,

where DMC = 0.3 is dry fresh matter ratio of the crop (Forage maize) and the factor 0.94 is the VS
proportion from which the crop cost in year t, CC(t) [£], can be calculated based on the value of the
crop (0.309 [£ kg−1DM]) and the land area demand based on the yield of the crop. The CH4 available
in the crop is calculated as CCH4(t) = FMC(t)× 0.523× 0.67 [kgCH4] where 0.523 is the potential CH4

in the crop (equivalent to B0 for manure) and the factor 0.67 converts from m3 to kg of CH4.

The total CH4 produced by AD in year t is then

TCH4(t) = (MCH4(t) + CCH4(t))(1− 0.0005),

where 0.0005 is the proportion of CH4 that leaks from the AD plant which is counted as an emission.
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The energy used by AD, EU [MJ] is a function of the amount of gas (CH4 and CO2) produced

EU (t) =

TCH4(t)
0.67×(1−0.0005)

1− Cprop
× Ereq,

where Cprop = 0.47 is the proportion of biogas which is CO2 and Ereq [MJ m−3] is energy required by
AD to produce the given volume biogas. Similarly the heat used HU (t) [MJ] by AD is

HU (t) =

TCH4(t)
0.67×(1−0.0005)

1− Cprop
×Hreq,

where Hreq = 1.64 [MJ m−3] is the heat required to produce the given volume of biogas.

The energy produced by AD EP (t) [MJ] is calculated as

EP (t) = TCH4(t)× ρ× Eeff

where ρ [MJ kg−1] is the energy density of CH4 and Eeff = 0.375 is the AD plants energy efficiency,
Table D.24. Similarly, the heat produced is calculated as

EP (t) = TCH4(t)× ρ×Heff ,

where Heff = 0.43 is the AD plants heat efficiency. The net heat and net energy is then HN (t) =

HP (t) − HU (t) and EN (t) = EP (t) − EU (t) respectively. The avoided emissions from the generated
electricity (AEE(t) [kgCO2e]) and heat (AEH(t) [kgCO2e]) is then calculated as

AEE(t) = EN (t)× 0.2778× EEF (t),

AEH(t) = EN (t)× 0.2778×HEF ,

where 0.2778 converts from MJ to kWh, EEF (t) [kgCO2e MJ−1] are the emissions associated with
producing electricity in the UK in year t provided by the CCC and HEF = 0.27 [kgCO2e MJ−1] is the
(fixed) emissions associated with producing heat. The avoided emissions AEE(t) and AEH(t) are
counted as abatement for AD.

Costs

AD plants built to process the manure are assumed to be operational p = 0.8 proportion of the time,
therefore the cumulative power, P (t) [kW], of AD plants required to process the manure is

P (t) =
EP (t)× 0.2778

p× 365× 24
,

where 0.2778 converts energy from MJ to kWh. The number of 500 kW AD plants required to produce
P (t) power in year t is calculated as

N(t) =

⌈
P (t)

500

⌉
,

where
⌈
·
⌉
is the ceiling function. Mistry et al. (2011) provides formulas to calculate the opex and capex

as functions of the mass of fresh mass being processed per plant. The crop fresh mass FMC has
already been calculated and the manure fresh mass FMM (t) is calculated by assuming the kg fresh
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mass per kg dry mass of cattle manure is 0.09 and pig manure is 0.25 and the kg VS per kg dry mass
of cattle manure is 0.8 for cattle and 0.9 for pigs. The total fresh mass being processed is FMT (t) =

FMM (t) + FMC(t) and the fresh mass per 500 kW plant is therefore FM(t) = FMT

N(t) . Mistry et al.
(2011) provide an equation for capex per plant as

CAPEX(t) = α
FM(t)

1000
+ β +G,

where the parameters αO and β can be seen in the Table D.24 and are adjusted for inflation. To match
other sectors calculation of AD capex within CB7 we include the grid hook up cost G which was not
considered in Mistry et al. (2011). The opex per plant is also provided by Mistry et al. (2011) given by

OPEX(t) = (1 + βO)αO

(
FM(t)

1000

)(1+βO)

+
CC(t)

N
+

T

N

where the parameters αO and β can be seen in the Table D.24 and are adjusted for inflation when
implemented. TheCC(t) term accounts for the cost of buying the co-digestate which is not considered in
Mistry et al. (2011) and already defined above. T is the cost of transporting themanure and co-digestate
to the AD plant which is calculated using the parameters in Table D.24 under ‘Manure transport costs’.

The amount of manure being passed to the AD model increases as uptake of the measure increases
over time, Table 2.2. During modelling, the capital cost is only incurred in the years when a new plant
is required to meet demand for manure being used foe anaerobic digestion. In the BP scenario, where
animals numbers decrease and manure being passed to AD is reduced, no renewal cost is incurred on
plants that are no longer required due to reduced demand, see Appendix C.

Table D.24: Parameters used in the model for Anaerobic Digestion

Parameter Value Unit Notes References

CH4 energy density
(ρ)

55 MJ/kg

AD plant energy ef-
ficiency (Eeff )

0.375 1 Institute 2015

AD plant heat effi-
ciency (Heff )

0.43 1 Institute 2015

Manure:Crop VS
ratio (R)

0.57 - How much crop
volatile solid as
co-digestate to pro-
cess the manure

(Eory et al.
2020)

Crop potential CH4 0.52 m3CH4

kg−1VS
Equivalent B0 for
manure

(Eory et al.
2020)

CO2 proportion
(Cprop)

0.47 1 What proportion of
the biogas is CO2
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Energy input (Ereq) 0.78 MJ/m3 How much energy
does the plant need
to generate a m3 of
CH4

Heat input (Hreq) 1.64 MJ/m3 How much heat
does the plant
need to generate a
m3 of CH4

Proportion on (p) 0.8 1 What proportion of
the time is the AD
plant operating

Plant power 500 kW How much power 1
plant produces

CH4 loss factor 0.05 1 CH4 leakage from
plant

Institute 2015

CO2 loss factor 0.05 1 CO2 leakage from
plant

Institute 2015

Dry matter content
crop

0.3 kgDM
/kgFW

Dry matter content
of feedstock crop

Cost parameters

α 79.5 capitalcost = α ×
freshMass+ β

In 2011£ Mistry
et al. 2011

β 516000 capitalcost = α ×
freshMass+ β

In 2011£ Defra
Mistry et al.
2011

αO 218 operatingcost =

αO ×
freshMass1−betaO

In 2011£ Mistry
et al. 2011

βO -0.306 operatingcost =

αO ×
freshMass1−betaO

In 2011£ Mistry
et al. 2011

grid hook up cost
(G)

500000 £ Cost to hook up AD
plant to grid

Potential CH4 in
manure (B0)

Animal
depen-
dent

m3CH4/kg
volatile
solid

CH4 in manure
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Manure transport
costs

Mass per truck 11 tFW/truck How much fresh
weight a lorry can
transport

mile per galloon 9.1 mpg

lorry running costs 0.14 £/km

lorry fixed costs 220 £/day wages etc

lorry day distance 150 km/day one way

average distance 10 km/day how far from farm
to AD plant one-
way
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D.24. 3NOP feed additive, dairy and beef (MM26, MM27)
3NOP is a chemical that reduces the excretion of enteric methane by ruminants when added to their
rations (or introduced via a bolus). It does so by reducing the rates at which rumen archaea convert the
hydrogen in ingested feed into methane. Specifically, 3NOP inhibits methyl-coenzyme M reductase,
the final step of CH4 synthesis by archaea (Duin et al. 2016).

Parameters for both 3NOP measures have been updated specifically for CB7 based on the DEFRA
report Duthie et al. 2021 which reviewed the effectiveness, cost and ancillary effects of methane
suppressing feed additives. The report also estimates the cost of 3NOP for beef and dairy cattle at
£40/year/animal in 2021. All parameters used for modelling can be see in Table D.25.

Table D.25: 3NOP additive, dairy and beef and sheep

Parameter Unit type Unit Value Source

YM Dairy Change -24.7% (Duthie et al. 2021)

YM Beef Change -20% (Duthie et al. 2021)

Milk yield Dairy Cattle Change -3.8% (Duthie et al. 2021)

Gross en-
ergy co-
efficient
(represent-
ing feed
efficiency)

Dairy Cows Change +1.2% (Duthie et al. 2021)

Gross en-
ergy co-
efficient
(represent-
ing feed
efficiency)

Other Cattle Change -1.0% (Duthie et al. 2021)

Applicability Dairy and beef,
animals older than
12 months, housed,
not organic

- 1 (Duthie et al. 2021)

Applicability Dairy and beef,
other animals

- 0 (Duthie et al. 2021)

Current up-
take

Dairy, beef - 0 (Duthie et al. 2021)

Cost Dairy, beef £ head−1

y−1
48 (Duthie et al. 2021)
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D.25. Improved health, dairy, beef, sheep and pigs (MM32, MM33,
MM34, MM61)

The health of the animals on the farm can, in most cases, improved, by a combination of good prac-
tice including more attention to biosecurity, herd health planning with advice from veterinarians, early
disease detection and timely treatment, along with prevention (e.g. vaccination), where appropriate.
A series of studies showed that with improved health status the GHG emission intensity of production
reduces (Fox et al. 2018, Chen et al. 2016), mainly due to higher individual outputs (milk yield and
growth rates) and lower culling rates.

Improved livestock health is modelled via changing the productivity of the animals. The values underly-
ing the modelling are derived from a more detailed livestock model, the Scottish Agricultural Emissions
Model (Michael MacLeod et al. 2018). SEAM was used to estimate the emission intensity difference
between current and a higher health status, changing key performance parameters, like growth and
death rates at various stages, fertility rate and number of offsprings.

Improved ruminant health mesures were included in the CB6 report (Eory et al. 2020), using assump-
tions developed for the 5th Carbon Budget (Eory et al. 2015), after a literature review confirmed their va-
lidity. For the current analysis we used the same assumptions on the GHG effect, and updated the cost
of the measure, using an estimated cost of herd health plans (pers. comm. C. Mason); £23.4/year/ani-
mal for cattle, and one fifth of this value for sheep. Table D.26 shows all parameters used for modelling
improved livestock health.

The effects of improved health on GHG emissions in pigs were modelled for this report. The baseline
physical performance was based primarily on InterPIG data (AHDB 2022). The values for high health
status were derived from a variety of sources including published key performance indicators (AHDB
2024a), research articles and discussions with pig industry experts during a workshop.
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Table D.26: Assumptions for modelling improved health for dairy, beef, sheep and pigs

Parameter Unit type Unit Value Source

Milk yield Dairy Change 0.0638 (Eory et al. 2015)

Current up-
take

Dairy - 0 (Eory et al. 2015)

Applicability Dairy - 0.8 (Eory et al. 2015)

Cost Dairy £ head−1

y−1
23.4 Pers. comm. C.

Mason

Live weight Beef Change 0.0638 (Eory et al. 2015)

Current up-
take

Beef - 0 (Eory et al. 2015)

Applicability Beef - 0.8 (Eory et al. 2015)

Cost Beef £ head−1

y−1
23.4 Pers. comm. C.

Mason

Live weight Sheep Change 0.1045 (Eory et al. 2015)

Current up-
take

Sheep - 0 (Eory et al. 2015)

Applicability Sheep - 0.8 (Eory et al. 2015)

Cost Sheep £ head−1

y−1
4.68 Authors’ estimate

Live weight Pigs Change 0.042 Authors’ estimate

Current up-
take

Pigs - 0 Authors’ estimate

Applicability Pigs - 0.5 Authors’ estimate

Cost Pigs £ head−1

y−1
11.7 Authors’ estimate
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D.26. Faster finishing beef (MM29)
Faster finishing was suggested as a mitigation measure in Scotland, in the The Suckler Beef Climate
Scheme report (Group 2020). 3% of total beef emissions originate from slaughter animals which are
older than 24 months (Moxey et al. 2020). The report argues that slaughter age could be reduced to
21 months, with no impact on slaughter weight, and thus the additional 3 months’ worth of emissions
can be avoided. In practice this can be achieved by a combination of improved feeding and health
practices, as well as sending the animals to slaughter once they reached the appropriate weight, rather
than later.

This mitigation measure was modelled using the assumptions developed for the latest Scottish MACC
(Eory et al. 2023), by reducing the number of animals in the relevant animal categories (7.3%, 7.3%
and 7.5% of steers, cereal fed bulls and females for slaughter are over 24 months, respectively pers.
comm. A. Moxey). We assumed that the measure has no financial effects on the farm. Table D.27
shows all parameters used for modelling Faster finishing beef.

Table D.27: Assumptions for modelling faster finishing beef

Parameter Unit type Unit Value Source

Number of
animals

Beef Females for
Slaughter, Beef Ce-
real Fed Bull, Beef
Steers

Change -0.075 (Eory et al. 2023)

Number of
animals

Beef Heifers for
Breeding, Beef
Bulls for Breeding,
Beef Cows

Change 0 (Eory et al. 2023)

Current up-
take

Beef - 0 (Eory et al. 2023)

Applicability - 1 (Eory et al. 2023)

Cost £ head−1

y−1
0 (Eory et al. 2023)
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