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Introduction

This document describes how the ability to simulate mitigation and adaptation measures was
included in the modelling complex. The strategic decision to focus on the simple farm
modelling means that this document focuses on the FarmAC model.

A list of the mitigation and adaptation measures is shown in the table below.

Component | Measure | Target emission
Mitigation
Cattle Nitrate in feed ration Methane
Supplementary fat Methane
Housing Low emission flooring Ammonia
Acidification Ammonia and methane
Manure storage Covering Ammonia
Acidification Ammonia and methane
Anaerobic digestion Ammonia, methane, nitrous
oxide
Field Reduced fertiliser or manure | Nitrous oxide, nitrate leaching
Cover cropping Nitrate leaching

Low emission fertiliser or | Ammonia
manure application

Field acidification Ammonia
Suspension of  residue | Ammonia, nitrous oxide, black
burning carbon, carbon monoxide
Adaptation
Target effect
Cattle Increased supplementary | Buffer variations in locally-
feeding produced feed
Field Irrigation Drought
Multi-species cropping Production robustness
N fixing crops Production robustness

The work was developed during a series of workshops.

The work is reported here in the form of a revised description of the FarmAC model. The
revisions relative to Deliverable 9.2 are as follows:
e A revised modelling of cattle production.
e The addition of the effect of nitrate feeding on enteric methane emission.
e The introduction of acidification in animal housing, manure storage and during field
application.
The introduction of anaerobic digestion.
A revised method of simulating crop dry matter production.
A revised method of simulating nitrate leaching.
The introduction of crop residue burning.



FarmAC - model definition

1 Overview

The objective of the model is to simulate greenhouse gas emissions and nitrogen (N) losses
from farming systems. To do this, the model simulates C and N inputs, transformations,
outputs and losses from livestock, animal housing and manure storage, and fields. The model
results are expressed as annual fluxes but for the crop/soil system, a simple dynamic model is
used to simulate flows over a number of years and the results averaged. This approach
enables the model to simulate changes in the amount of C and N stored in the soil. The
crop/soil system is defined in terms of a number of crop sequences, where a crop sequence
can represent a single field or a whole crop rotation. Livestock are represented as livestock
categories. A livestock category can appear more than once on the farm e.g. to describe the
grazing animals during the growing season and housed animals for the remainder of the year.
This allows differences in diet to be reflected in the production and excretion. On farms
where livestock are housed for part or all of the year, the flows of C and N through the animal
housing and manure storage is simulated, in addition to the deposition of excreta during
grazing.

The flows of carbon simulated are as follows:

€O Storage
Fertiliser / losses
Manure \ /

W = e

=i \ N

Exported ml
- Sesy

CH,,CO, ’

Figure 1 Flows of carbon on the farm

The flows of nitrogen simulated are as follows:
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Figure 2 Flows of nitrogen on the farm

The model uses a mixture of Tier 2 (emission factor) and Tier 3 methodologies, and relies on
inputs that should be available to educated, competent farmers. The model can be used to
investigate a range of management options designed to compensate for negative effects of
climate change or take advantage of positive effects.

FarmAC is a hybrid static/dynamic model; the simulation of C and N processes in the field is
dynamic whereas the simulation of the corresponding processes in livestock, livestock
housing and manure storage is static. Dynamic modelling in the field is necessary in order to
estimate changes in the C and N stored in the soil. The model is suitable for investigating C
and N flows averaged over the medium term (10 to 20 years).

The model takes as inputs:

Fields/crop sequences
e the sequence of crops within a variable number of fields or sequences.
e the production of each crop product in each crop sequence.
e whether any secondary crop product (e.g. straw) is harvested, incorporated into the
soil or burned.
e the amount, type and timing of fertiliser N applied to each crop in each crop sequence
and whether it is incorporated into the soil.
e the amount, type and timing of each animal manure applied to each crop in each crop
sequence, the application technique and whether it is incorporated into the soil.
Livestock
e the number of each livestock category on the farm.
e the feed ration for each livestock category.
Manure management
e the housing type or types used for each livestock category.
e the manure storage used for each livestock category.



The model produces as outputs:
Fields
e the input of N via fertiliser, manure, fixation and atmospheric deposition for each crop
in each crop sequence.
e the loss of N as NHj3, N,O, N; and NOj; for each crop in each crop sequence.
e the change in C and N sequestered in the soil for each crop sequence.
Livestock
e the export of N in milk and meat for each livestock category on the farm.
e the enteric CH,4 emission for each livestock category on the farm.
Manure management
e the NHj emission from each housing type used by each livestock category.
e the emission of CH4, CO,, N,O, NH; and N, from each manure storage used for each
livestock category.
e the loss of N by runoff/leaching from each manure storage used for each livestock
category.

2 Agroecological zones

Many of the factors controlling farm-scale C and N flows are closely related to the local
climate, crop types and soil types. As a consequence, most of the parameters within this
model can be expected to be location-specific. The model therefore recognises a number of
agroecological zones. The basic agroecological zones used in the model and for which default
parameters are provided are shown in Table 1. However, users can choose to use region-
specific or farm-specific agroecological zones, should they have location-specific data
available. All parameters except universal constants (e.g. the universal gas constant) can be
separately defined for each agroecological zone.

Table 1 Agroecological zones

Zone Identifier | Zone Name Zone Description

1 EUMaritimeZone Maritime (European land-based)

2 EUContinentalZone Continental (European land-based)

3 EUMountainZone Mountain (European land-based)

4 EUMediterraneanZone Mediterranean (European land-based)
5 EUBorealZone Boreal (European land-based)

6 NonEU Arid Arid (non-European land-based)

7 NonEU SemiArid Semi-arid (non-European land-based)
8 NonEU SubHumid Sub-humid (non-European land-based)
9 NonEU Humid Humid (non-European land-based)

10 NonEU Tropical Tropical highland (non-European land-based)

The main climatic variables used in the model are the air temperature and the drought index.
These are defined with monthly resolution. For air temperature, if monthly values are not
available, approximate values can be calculated from the mean annual air temperature and the
amplitude of the annual variation (see Appendix I).



3 Crop production

Provided the farm has cropped land (including pasture but excluding non-agricultural land),
the farmland is considered to consist of one or more crop sequences. The number of potential
crops C is a model parameter. A single crop produces P, products, where P.>1. The products
are defined in terms of their type and characteristics e.g. high-protein grain, low-quality
straw, medium quality silage.

A submodel is used to simulate the change in C and N sequestered in the soil (see below).
Since the soil submodel must simulate a number of years cropping in order to calculate the
change in sequestering, the modelling of crop production must do likewise. Where more than
one field/crop sequence produces the same product (e.g. spring barley grain), the production
from all crop sequences/fields is pooled and averaged over the duration of the sequence in
order to calculate the average annual DM production of product p from crop ¢ (Derop,c.p; Kg y1°
" (see Equation (0.19)).

3.1 Energy

The energy in crop production is commonly expressed in two forms. The first is the gross
energy concentration of the crop product. This is the energy released if a crop product is
oxidised by combustion and is mainly applied to secondary products that are utilised in this
manner (e.g. straw). The second form is the concentration of energy in the crop product that
is available for utilisation by livestock. There is a range of energy systems used in connection
with livestock production in Europe. In principle, all energy systems designed to assess the
energy in crop products that is available to livestock take the following into account:

e The digestible energy of the feed. The difference between gross and digestible energy
represents the loss of energy in faeces.

e The metabolisable energy of the feed. This is the amount of energy available in the
nutrients absorbed from the digestive system by the livestock, when the latter is
working at maximum efficiency. The difference between gross and digestible energy
represents the loss of energy in urine and gaseous emissions from the digestive system
(principally methane).The loss of energy in urine is equivalent to about 4% of gross
energy (IPCC 2006, chapter 10.3, p 10.42).

e The net energy of the feed. The difference between the metabolisable and net energy
represents the inefficiency with which the metabolisable energy is used for life
processes (e.g. maintenance, growth). Some systems use a single efficiency factor for
all life processes whereas others differentiate between the different processes.

The energy system used here is based on metabolisable energy (ME; MJ).

For each crop product, the energy available in product p of crop ¢ (Ecp; MJ yr'!, ME) is:
E =D e (0.1)

p - PeropepCe,p
Where e, is the concentration of available energy in product p of crop ¢ (MJ (kg DM)™,
ME). e, is a parameter.

Note: for most grain and processed crop products, the metabolisable energy concentration
will be known. For roughage crop products (e.g. grass, hay, straw), the metabolisable energy
concentration (MEconccp: MJ (kg DM)'l, ME) can be calculated from organic matter
digestibility using the relationship given on p 8 of (CSIRO, 2007):

ME,,,..,=169c,, ., —1.986 (0.2)

C



where ¢om,cp 18 the organic matter digestibility (kg (kg organic matter)'). The latter is given
by:

c _Somept 0.47ash, ,
oM (1 - ashc,p)

where ash., is the ash content of the crop product p from crop ¢ (kg (kg DM)™), the factor
0.47 is the proportion of the ash that is digestible (value from Rednex project) and ¢pm p is
the corresponding apparent DM digestibility (kg (kg DM)™"). Both ashcp and ¢pmc p are
parameters.

(0.2)

3.2 Carbon
The annual production of carbon in crop product p of crop ¢ (Cerop,c.p; kg yr') is:

Cormpep = Do (1-ash, , ) (0.3)

crop,c,p crop,c,p

where « is the C content of organic matter (kg (DM kg)™'; normally 0.46).

3.3 Nitrogen/Protein

The annual production of nitrogen (N) in each crop product Nyield. , (kg yr'')is:
Nyield, , =D, ,n, (0.4)

c,p lc,p
where 7, 1s the N content of product p of crop ¢ (kg (DM kg)™). Ncp 1S a parameter.

3.4 Dry matter lost during processing and storage

Dry matter may be lost during the processing of crop products (e.g. silage making) or due to
deterioration in storage. The effect of this is simulated here as follows:
X = ¢C,pXC,p

pro,c,p
Where X., represents the C or N harvested in product p of crop ¢ (Ceropcp OF Nep Kg), @cp 1S
the proportion of the harvested material lost and X, is the mass lost (kg).

4 Ruminants (cattle and sheep)

Livestock are described in terms of categories of animals with specific characteristics e.g.
dairy cows, heifers, bull calves. All livestock numbers are expressed as the annual average
number present, not the number produced. The annual average number present is input by the
user. Note that if data are only available for a number produced, this number must be
multiplied by the production period expressed in years in order to obtain the average number
present. For example, if the data that are available describe the number of animals produced
within a category called 'Calves, birth to 6 months old', the average number of animals
present will be one half of the number of animals produced.

Ruminant diets are defined in terms of feed items. A feed item can be a crop product (home-
grown or imported) or it can be an imported feed or feed additive. The types of feed items in
the diet and their amount are model inputs. The potential number of feed items is F, which is
a model parameter. Since all crop products are assumed to be potential feed items, F has a
minimum value equating to the number of crop products produced on the farm.



The livestock diets are inputs to the model. It is assumed that the livestock are capable of
consuming the diet fed; the model has no mechanism for constraining feed intake according
to feed quality. The animal liveweight changes and milk production (if relevant) are
simulated by modelling energy and protein partitioning, using a factorial approach. Energy
and protein available from the diet are thus partitioned first to maintenance, then to
liveweight gain and finally, if relevant, to milk production.

4.1 Intake
The annual DM intake of ruminant category g (/y; kg yr)is:

F
]g = ng;]g,f (0-5)

where d .is the average number of days in a year (365.25), Z, is the average number of
animals in category g and I, r is average daily DM intake of feed item f (kg) by animals in
category g. Z, and I, r are model inputs.

The total amount of available energy available to livestock from a particular category
depends partly on the composition of the diet (in particular the amount of fibre) and partly on
the time during which degradation by microorganisms can occur i.e. the residence time of the
feed in the rumen. The methods used to assess the energy availability in feed items normally
return a value appropriate for a long residence time. For livestock with a high intake rate
relative to their body size e.g. high-yielding dairy cattle, the availability of the energy in the
diet will be lower than that indicated by the standard measurement methods. The variable u,
is introduced here to account for this effect, where u<l.

The annual consumption of potentially-available energy by category g (Eporg; MJ yr', ME)

1S:
F

Epot,g = ngZ(Ig,fef)

/=l (0.5)
where er is the available energy content of feed item /(MJ (kg DM)", ME) and a parameter.
The annual consumption of available energy by category g (Ejnq; MJ yr', ME) is:

Eint,g = lungot,g

(0.5)
Where u, is a variable that reduces the availability of energy at high intake rate. The value of
Ug 1s dependent on the energy intake relative to the maintenance requirement (Epy,g; MJ yr,
ME) (see Equation(0.7) ):

If Einie < Epbg, te=1, otherwise
/ng :1_/'lb (EDp,g _EDb,g) (0'6)

where Epy 1s the energy intake above which energy availability is reduced (MJ yr'') and uy
is a parameter.

The annual intake of N by category g (Nintg; kg yr')is:

F
Nint,g = ng Z ([g,fnf )
/=0 (0.6)

where n;is the N content of feed item f(kg (kg DM)™). n¢ is a parameter with a value 6.25.



4.2 Maintenance

4.2.1 Energy

The maintenance energy demand of livestock category g (Emg; MJ yr'') is here simulated by
a reduced form of the relationship used in (CSIRO, 2007):

dz,(0.28L"")e "
g g
E,, = z 0.7)
0.02-™% 40,5

int,g

where L, is the liveweight of the animal, age, is the age of the animal (years) daily
maintenance energy demand. If there is insufficient energy to satisfy the maintenance
demand, energy is taken from body reserves (see below).

4.2.2 Protein

Protein is equated to N * 6.25. The intake of protein can therefore be defined in Equation
(0.6). Part of the protein consumed is partitioned to faecal N, using the relationship provided
by INRA, where faecal N (NVjeces,o; kg yr'l) is calculated as follows:

N fcer =42, (6.31, +0.17N,,  ~31.0) (0.8)

faeces,g int,g
The remaining N (Npetg; kg yr'') is available for maintenance or production:

N =

met,g int,g -

N

faeces,g

(0.9)

If Ninetg 18 less than zero, protein is taken from body reserves (see below).

4.2.3 Remobilisation

If there is insufficient energy in the diet to support maintenance, energy is remobilised from
body reserves. In this situation, an amount of energy (Eremob,g; MJ yr'l, ME) is recovered with
80% efficiency and a weight loss (Lyig; kg yr') is recorded:

Eremo N
Ly =gaa ne (0.10)

Dpgrowth,g

Where eppgrowine 1S the concentration of energy in liveweight (MJ kg'l, ME). An associated
amount of N is remobilised (Nremob,g; kg yr'l), the amount being defined as:

N

remob,g

=L, n (0.11)

wl,g" " growth,g
Where ngrowin g 18 the concentration of N in liveweight (kg kg'l). Nremob.g 18 added t0 Npet .
If there is insufficient protein for maintenance (Npmetg<0), N is remobilised from body

reserves. The associated loss of liveweight and the energy remobilisation are calculated using
equations (0.10) and (0.11), replacing energy with the appropriate nitrogenous equivalents.



4.3 Growth and milk production

Some or all of the energy and protein remaining after satisfying the maintenance
requirements is potentially available for production. The energy available for production
(Epotprod’g; MJ yr_l) iS:

E

potprod,g Eint,g T Fmg

While the protein available is Nyet.

4.3.1 Meat-producing animals

For meat-producing animals, all the energy and protein remaining after satisfying the
maintenance requirements is potentially available for growth. The growth rate is determined
by whichever of the two nutrients is most limiting. The energy-limited growth rate (Jegrowth,g;
kg day™) is:

k

J __ growth,g E potprod,g

Egrowth,g ~—
y ¢ dZ g egrowth. g

Where egrowing 1 the energy concentration in weight gain (MJ (kg produced)™) and kgrowth,g 18
the efficiency of use of energy for weight gain. The value of kgowin,g 1S calculated using the
relationship taken from (CSIRO, 2007):

0.042E,

4

growth,g =

The protein-limited growth rate (Jpgrowing; kg day™) is:

0.7N,

_ met,g
Pgrowth,g ~—
dZ g n growth,g

Where ngrowing 1S the nitrogen concentration in weight gain (kgN (kg produced)™) and 0.70 is
the efficiency of use of energy for weight gain.

The actual growth (Jgrowthg; kg day'l) is then min(Jpgrowth,g, JEgrowth.g). ANy €XCeSs energy is
assumed to be lost as heat whereas any excess Npe is lost as urine N.

4.3.2 Dairy animals

For dairy animals, energy and protein may be used for both growth and milk production.
Furthermore, some lactating livestock may support a higher milk production and can be
supported from current intake, by remobilizing body tissue. These effects are simulated in the
model by introducing an obligatory growth rate (Jopiig,e; kg day™) which can be either positive
or negative.



poiprod,g Eint,g _(Emg +0.8dZ gJoblig,gegmwth,g)
Nmet,g = Nint,g - (Nfaeces,g + 0'7ng']ohlig,gngrowth,g )
else
E -E | E + ngJDbliggegrowth,g
potprod,g — int,g m,g
growth,g
N _ N N + ngJoblig,gngmwth,g
met,g ~ int,g Jaeces,g 0.7

As for growth, the milk production is determined by whether energy or protein is most
limiting. The energy-limited milk production rate (Jemiikg; kg day™) is:

k

_ 'milk,g E potprod,g

Joooo=
Emilk,g
dz <Crilk

Where eniig 15 the energy concentration in milk (MJ (kg produced)'l) and Amig 1s the
efficiency of use of energy for weight gain. The value of emig (MJ kg™) is calculated by
multiplying a unit mass of Energy-Corrected Milk (ECM)with an energy density of 3.054 MJ
(kg ECM)™; (CSIRO, 2007). The value of kmilcg 1s calculated using the relationship taken
from (CSIRO, 2007):

0.02E,, .,

milk,g
1 g

The protein-limited milk production rate (Jpmiig; kg day™) is:

0.7N,

_ met,g
Pmilk,g —
dz o milk,g

The actual milk production rate (Jmig; kg day™) is then min(Jpmilk,g, JEmilkg). ANy €Xcess
energy is assumed to be lost as heat whereas any excess Npe 1S lost as urine N.

4.4 Carbon
The annual intake of C by category g (Cinq; kg yr')is:

F
Cint,g = ng Z 1 g,fcf
/=0 (0.11)

where ¢y is the concentration of C in feed item f (kg (kg DM)™") ¢fis a parameter.
Carbon leaves the animal in the form of animal products (principally milk and meat), in
excreta and as CO; and CHa.
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The annual exports of C in milk and meat by category g (Cmiikg and Cpearg; kg yr') are
calculated as follows:

Crog=dZJ Cx (0.11)

where X is either milk or meat and cx is the concentration of C in X (kg kg™).

A proportion of the C is lost in the form of CHs. The calculation of the annual C lost
(Civecnag; kg) depends upon the emission inventory system chosen:

If a Tier 2 approach is chosen, the IPCC (2006) methodology is used (Intergovernmental
Panel on Climate, 2006):

(12 D GE,0.365Y, ,
LiveCH4.g — | ¢ | it 5565 (0.11)

where GE, is the gross energy intake of category g and Yy, is the methane conversion factor
for livestock category g.

Otherwise:

Ctrivecns g 1s calculated using the relationship from (Kirchgessner et al., 1995):

12
Conecma, = (E) (¢, + D, (79CF, +10NFE, —212Fat, ) +162.5N,) ©.11)

where ¢, 1s a constant, N, is the annual intake of N (see below) and CF,, NFE, and Fat, are
respectively the proportions of crude fibre, nitrogen-free extract and raw lipid in the diet (kg
(kg DM)™). The proportions of crude fibre, nitrogen-free extract and raw lipid in the diet are
calculated as a weighted average of the constituents of the diet:

F
;) (Ig,fo )
X =22 0.12
¢ D int,g ( )
where X is the proportion of crude fibre, nitrogen-free extract or raw lipid in the feed item f
(kg (kg DM)™). The proportions of crude fibre, nitrogen-free extract or raw lipid in each feed
item are parameters.

The C in excreta is contained in both faeces and urine. The C excreted annually in faeces of
category g (Cracces,g; kg) 1s calculated as follows:

Cfaeces,g = Cint,g (1 - /uggOM,g ) (013)

where ¢, and ash, are respectively the apparent DM digestibility and the ash content of the
diet of category g (kg (kg DM)™). gom, and ash, are calculated as weighted averages of the
feed items in the diet, as in Equation (0.12).

The C excreted annually in urine (Cyrine,g; kg yr') is calculated as:

C,...,=0.04C

urine,g int,g

(0.13)
where use of the constant 0.04 assumes that the proportion of C consumed that is excreted as
urine is the same as the proportion of gross energy excreted as urine (IPCC 2006).
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The C lost from the animals as CO, (Crivecoz,¢; kg) is then calculated by difference:
CLiveCOZ,g = C‘m,g - (C +C + CCH4,g + C +C

i milk,g meat,g faeces,g urine,g ) (O 13)

4.4.1 Mitigation and adaptation measures

Nitrate in the diet. If nitrate is present in the feed ration (either as nitrate deliberately added to
reduce methane emission or as nitrate naturally occurring in a feed item), a fraction (nrfy) of
the methane will be abated:

o = Y[NO;]
n g_—I:C’

LiveCH4,g :|

(0.13)

where [NO;] is the molar concentration of nitrate in the diet, [Crivechse] is the molar
concentration of methane in the absence of nitrate and Y"is an efficiency parameter.

Fat in the diet. If using a Tier 2 approach, the effect of fat in the diet must be introduced
through the value of Yi,. If using a Tier 3 approach, the effect will be taken into account
automatically.

Supplementary feeding. If local sources of feed are not available, supplementary (imported)
feed can be used.

4.5 Nitrogen

The annual export of N in milk and meat (Nmikg and Nmearo; kg yr'l) are calculated as
follows:

Ny, =dZJn, (0.14)

where X is either milk or meat and nx, is the concentration of N in X (kg kg™). Values of
nxg are parameters.

The N excreted annually in urine (Nyine,g; kg yr'') is calculated by difference:

Nurine,g = int,g - (Nmilk,g + Nmeat,g + Nfueces,g ) (0 14)

where N in faeces (NVjueces,¢) 1s calculated in Equation (0.8).

5 Animal housing and manure storage

The housing type is denoted by the subscript 4. A given livestock category can be housed in
zero, one or two housing types; zero means that the livestock are at pasture all year round
while occasions where a livestock category uses two housing types are associated with
specific functions (e.g. dairy cattle will usually spend some time in a milking parlour) or
pregnancy (e.g. different housing types will often be used for lactating and non-lactating
sows). A range of housing types will normally be available for a given category of livestock;

11
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the user chooses the housing type. The housing type then determines the type of manure
produced. Often, a housing type will only produce one type of manure (e.g. slurry, farmyard
manure). However, in some types of animal housing there is a partial separation of the
excreta into liquid and solid fractions. This means that up to two types of manure store may
be associated with a single housing type. A range of manure storage types will normally be
available for a given manure type; the user chooses the relevant manure storage type.

Species group sg=1

—=~ Housing type h=1 —— Mamure storage

| Livestock type g=1
' ; type s=1,sg=1 |

Livestock type g=2 —= Housing type h=1 :
' ' ' Manure storage
EEEEEEE——

I
I
I
|
: | : :
| Livestock type g=3 } »| Housing type h=2 —— type s=2,sg =1
L I - . |
!
|
[
i

9., " g
 Y1-7,) /—v Housing type h=2 ——— Korgmgs.3
| Livestock type g=4 Kopoegas | Manure storage
e : [ type s=3,sg =1
L= - Vs ‘——————————+ Housing type h=3 .
) | Manure storage
L —_—
dat+;=1 Kogmgss | type s=4,sg=1
» Pasture Ko peg.14
Kopmg1stKogmess =1 : !
Kogpugs3 +Koppegs =1
Figure 3 Schematic of the organisation of livestock, housing and manure storage.

The modelling of animal housing and manure storage currently only considers N and C. In
animal housing, the only fluxes simulated are the addition of C and N in bedding, the loss of
N via NH; emission and the loss of urine C as CO,. Conceptually, animal housing and
manure storage are considered as separate sources of gaseous emission, even though in some
instances, the manure is stored within the animal housing.

In storage, organic N and ammonium N are considered separately for both the Tier 2 and 3
approaches. In contrast, the Tier 2 approach considers total C whereas in the Tier 3 approach,
C is partitioned into two fractions. Sommers et al (2009) partitioned manure organic matter
between two fractions, one is assumed to be slowly degradable in manure storage and the
other easily degradable. However, the degradation rate of the slowly degradable organic
matter was very low and contributed little to the nutrient dynamics. For simplicity, here we
partition the organic matter into degradable and non-degradable fractions.

The flows of C and N are followed separately for each animal category.

5.1 Animal housing

Conceptually, the livestock are not considered part of the animal housing, even though they
are within that housing for all or part of the year. The feed consumed by livestock whilst it is
in animal housing is considered to enter the livestock and not the housing. However, the
livestock feed that is spilt or spoilt in the housing is considered as an input to the housing.

12
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The other inputs to the animal housing are from the livestock (urine and faeces) and in the
form of bedding.

Excreta
l NH3,N,0,N,
Bedding
nnnnnd
Waste/spoilt l
feed
Manure store(s)
Figure 4 Inputs, outputs and gaseous emissions from animal housing

5.1.1 Bedding and feed waste

The amount of bedding used in animal housing depends on the amount of bedding added per
animal per day, the number of animals using the housing and the duration of the period the
housing is in use. The rate of use of bedding depends on the type of housing and the type of
animals housed. Here, the rate of use of bedding (b¢1; kg DM dhyis:

bes = ik (0.14)
where py, is the bedding factor (kg DM (kg animal liveweight)™ d™') for housing type / and Lg
is the average liveweight of the livestock category g (kg). Both p, and L are parameters. The
annual amount of bedding DM used for animal category g in housing / (Dpedding,g,n; kg DM yr’
N

) is:

D,

bedding g ,h

:Sg’h (l_j/g)Zg365bg,h (014)

where 9, is the proportion of the housing time that livestock category g spends in housing
type h, y, is the proportion of the year that the animal category g is at pasture. y, is assumed
to equate to the proportion of the DM intake of category g that is obtained from feed items
consumed at pasture:

F

Z Zpas,g,flg,f
y, =22

g

Dy (0.14)
where ypas g r1s 1 if feed item f'is consumed at pasture by livestock type g and zero otherwise.
Xpas,e.£ 1S @ model input.
A proportion of the feed provided to livestock is wasted by spillage or spoilage. The annual
amount of dry matter in this waste (Dyaste,on; kg yr'!) for livestock category g and housing

type 4 is:

F
a)wastengvhgg,hzg Z (1 ~ Xpas.e.f )If
Dwaste,g,h = =
(1= @) (0.14)
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where @yasiegn 18 proportion of the feed provided to livestock category g that is wasted by
spillage in housing type 4. The wasted dry matter is assumed to be added to the manure
produced.

5.1.2 Carbon
The C entering annually the animal housing / from category g (Cinnouse,gn; Kg yr') is:
Cinhouse,g,h = lgg,h (1 - j/g )(Cfaec'es,g + Curine,g ) + Cbedding,g,h + Cwuste,g,h (O 14)

where Cpeddinggh and Cyastegn are the C added annually in bedding and wasted/spoilt feed for
animal category g in housing type /. Cpedding,gh a0d Cyasic,on are calculated as:

Cr.gn =Dy giCx (0.14)

where X represents either bedding or waste. cx is the concentration of C (kg (kg DM)™"). For

bedding, this is calculated as:
C

£,
Z Z Zbedding,c,pDcﬂp (1 —dcp )0{

c=1 p=1

c L
Z Z Xvedding.c.pDe.p

c=1 p=1

where yveddingcp 1S 1 1f product p from crop c is suitable for use as bedding and zero
otherwise. If no crop products suitable for use as bedding are produced on the farm, cpedding 15
assigned the value for a default bedding. The crop product assigned to be the default bedding
is a parameter.

cbedding =

(0.14)

The C content of feed that is wasted or spoilt (cyase,e; kg (DM kg)™) is:

ZF:((I ~ Xpas.a.f )]f (1 - af)“)
Z(I_Zpas,g,f)lf

F

/= (0.14)

The urine C is assumed to be as urea or low-molecular weight compounds that are very
rapidly decomposed to CO,, which is then assumed to be lost to the environment. This loss of
C is thus (Ccozhouse,gn; kg yr'l) 1S:

waste,g

CCOZhouse,g,h = lgg,h (1 - j/g ) C“”i”e’g (014)

The C from livestock category g in housing type / annually entering manure storage
(Cinstore,g,h; kg yr_l)
C.

instore,g,h — “inhouse,g ,h -

Ceor (0.14)

5.2 Nitrogen

The N excreted must be partitioned between ammoniacal N and organic N; gaseous
emissions only occur from the ammoniacal N. The N in urine is present in the form of urea
and other low molecular weight N-containing compounds. These are assumed to decompose
rapidly and results in the formation of NH4-N (TAN). The annual formation of TAN from
livestock excreta is equated to the urine N (Nyrineg). The N entering animal house 4 from
livestock category g (NtanNinhouse,gh; Kg yr'l) is therefore:
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NTANinhouse,g,h = l9g,h (1 - 7/g )Nurine,g,h (0 14)

The organic N inputs to animal housing are from livestock faeces, bedding and spilt/spoilt
feed. The annual input of organic N into the animal house /# from livestock category g

. o S
(NOrginhouse,g,ha kg yr ) 1S:
NOrginhouse,g,h = lgg,h (1 - )/g ) Nfaeces,g,h + Dbedding,g,hnbedding + Dwaste,g,hnwaste,g,h (O 14)

where npedding (kg (kg DM)) is the N content of the bedding and nyagegn (kg (kg DM)™') is
the N content of the wasted/spoilt feed. npedding and Pyaste g n are calculated in the same way as
the relevant C contents (see Equations (0.14) and (0.14)).

TAN is lost from the animal housing via NHj volatilisation. The annual NHj volatilisation
from animal house / that is attributable to livestock category g (Nnmu3house,gh; Kg yr'l) 1S:

9

Ny, o (1 7 ) EFNH3,h,thetaNTANin,g,h (0.14)

3house,g h =

where EFNH3house h.theta 1S the annual emission factor for NH; for animal housing type / (kg (kg
TAN)).

When using a Tier 2 approach, is a parameter constant. If using a Tier 3 approach,
EFNmsnousehtheta 18 the annual emission factor if livestock were housed all year round. The
emission of NHj3 from a given type of livestock in a given type of animal housing will vary
with ambient temperature, due to its direct effect on the concentration of NHj in air, relative
to the concentration in the manure on ventilation rates and on the indirect effect on
ventilation rate. For simplicity, only the direct effect is considered here. Using Henry’s Law,
the NH3 emission factor at a given mean temperature (6; K) is expressed as a function of a
reference emission factor at the mean temperature of 293K (EFNu3house.href; Kg (Kg TAN)'l):

EF LT EF
NH 3house,h,theta ~— K NH 3house,h,ref
H,0 (0.14)
Where Ky o can be given (from Equation 27 in Hales and Drewes, 1979) as:

1447.7

log,, K, = —1.69+

(0.14)
Kiirer 1s evaluated using Equation (0.14) at the reference temperature.
EFNm3househref 1S @ parameter.

For animal housing that is used year-round for part or all of the day, 6 is evaluated as the
mean annual air temperature. The assumption here is that there will be an emitting surface
present at all times. Where the housing is empty for part of the year, it is assumed that the
housing will be cleaned when the livestock are removed. In this case, 6 is evaluated as the
mean of the period during which the housing is occupied. The proportion of the year when
the housing is occupied is 1-y,. Here we assume that this is a single period, centred on a
particular month of the year for each livestock category (mnousingg; month). The method used
to evaluate 4 is given in Appendix L.
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For both the Tier 2 and 3 approaches, the TAN entering manure storage from livestock
category g and housing type / (Ntaninstore,g,n; KE yr'l) 1S:

NTA NTA

— N
Ninstore,g,h — [Ninhouse,g ,h A NH 3house,g ,h (0 1 5)

5.2.1 Mitigation measure — low-emission housing, acidification

Mitigation measures for both low-emission housing and acidification of slurry in housing are

simulated by modifying the emission factor ( EF. .
NH3house,h,theta

5.3 Manure storage

The manure from a single animal house can be stored in either one or two types of manure
store. The store or stores can either be within the animal house or external to it. The storage
type or types s are linked to the housing type in the database and are input by the LE. The
manure storage is defined in terms of the livestock species producing the manure, the type of
manure stored and the type of storage. For example, dairy cattle slurry, no crust and dairy
cattle slurry, with crust would be separate types of storage whereas farmyard manure from
cattle would be considered one type of manure storage, even if the manure came from dairy
cows, heifers and beef calves. A grouping of livestock categories within a species (a species
grouping) is indicated here using the subscript sg.

Wishing to avoid the complexity necessary to describe the consequences of variations in the
rate of input and rate of removal of manure to and from manure storage, the transformations

of C and N are treated as if manure storage were a batch operation.

The model does not consider flows of ash or water. For later use in the field, the annual
production of manure from species group sg and store type s (Vsgs; m’ yr'") is a parameter.

Manure

CH,,CO,

Field
application

Figure 5 Inputs, outputs and losses from manure storage
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5.3.1 Carbon

The non-degradable C content of faeces is assumed to equate to the crude fibre content of the
diet, which is calculated in Equation (0.12). Likewise, the non-degradable C content of
bedding or wasted or spoilt feed is equated to its crude fibre content (CFpeading and CFyaste,g;
kg (kg DM)™). CFedding 18 calculated as a weighted average of the crop products used as
bedding (i.e. in a similar way as for the diet). CFyase 15 calculated as a weighted average of

the feed items fed off pasture i.e.:
F

((I_Zpas,g,f)IfCFf)

CF, . =1
Z(l T Xpas.g.s )If

waste,g
f=l

(0.15)
The manure may be sent to more than one type of manure store, in which case, the C must be
partitioned.
The total non-degradable C from livestock category g in housing type / entering storage
annually (CorgNpDeg,gh; kg yr'!)is:

Corarpegan = i ((1 =70 ) D g€ + CFpgincC. +CF

waste,g Cwaste, g.h )

(0.15)
where CFine is the crude fibre content of the diet (kg (kg DM)") and is calculated as in
Equation (0.12).

int,g int,g g bedding ,g ,h

The total non-degradable C from species grouping sg entering storage type s annually
(COrgNDegInstore,sg,s; kg yr-l) 1s therefore:
Gy,

H
COrgNDeg[nstore,sg,s = z KOrgNDeg,h,x Z COrgNDeg, g.h (0 1 5)

h=1 g=1
where H is the number of animal housing types, G, is the total number of livestock
categories in the species group sg and KorgNpegh,s 18 the proportion of the non-degradable C
partitioned to manure storage s from house 4.

The C input as degradable C into the same manure storage (Corgpeginstoresgs; K& yr'l)
constitutes the remainder of the faecal, bedding and spilt/spoilt feed C:

H Gy
COrgDegInstore,sg,s = z KOrgDeg,h,s Z (Cinstore,g,h - COrgNDeg,g,h ) (O 15)

h=1 g=1

where korgpeg s 18 the proportion of the degradable C from housing type /4 that is partitioned
to manure storage s, The sum of the values of korgpeghs for all the H housing types must be
unity.

C is lost from storage by the emission of CO, and CHy, represented here by Ccozst and Cepast
(kg yr'l). The values of Ccoostsgs and Cerasises used here depend upon the emission inventory
system that is chosen:

For Tier 2

The emission of methane C (Ccrasises) 18 calculated using the IPCC methodology
(Intergovernmental Panel on Climate, 2006):
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d [
CCH4S!,Sg,s = ;(Z KOrgNDeg,h,sCfaeces,g,h + KOrgDeg,h,SCurine,g,h JI:Bo,sg,s 067MCF;g,s:|
&=l (0.15)
where B, s and MCF, s are respectively the maximum CHy producing capacity and the
methane conversion factor for manure produced by livestock species group sg and manure

storage s.

Ccostsg,s 18 then calculated as:
_ CCH4St,Sg,S (l - T)

CO2S8t,sg,s

C

¢ (0.15)

where 7 is the proportion of the decomposed C that is emitted as CH4. 7 is a parameter.
The total degradation of the C in organic matter Cyegsisg,s (kg) is then the sum of Ccoasisgs
and CCH4St,sg,s-

For Tier 3

A relationship based on that used by (Sommer et al., 2009) is used to describe the rate of
degradation of the degradable organic matter (cgeg,s; d'):

)
ZbI,SelA E [”] (0.15)

where b, is a parameter, Arr is the Arrhenius parameter (d), Eqpp 1s the apparent activation
energy (J mol™), Ryas 1s the universal gas constant (J K" mol™) and 6, is the mean temperature
of the manure store during the period of storage (K). Arr, E,pp and Rg,s are parameters. Note
that cqe s 1S assumed to be a function of the storage type only.

Cdeg,s

The manure storage is considered here to be a batch operation with the duration of storage
equal to the average length of time the manure from species group sg remains in manure
storage § (Zsiore,sg,s;d). The total decomposition of organic C over this period (Cegst,sg,s; Kg yr'l)
is then:

_ _ _Cdcg,.vl.vmre,.vg 5
Cdeg St,sg,s COrgDeglnslore,sg,s (1 e ) (0 1 5)

Lsore,sg,s 15 calculated as the average storage time for the manure from all livestock categories
in the species group, weighted by the contribution of C:

H U
Z z ((1 - yg )(KOrgDeg,h,s COrgDeg,g,h + KOrgNDeg,h,s COrgNDeg,g,h ))
_ h=l g=1
store,sg,s

G,

H g
0.15
22 z (KOrgDeg,h,s COrgDeg,g,h + KOrgNDeg,h,s COrgNDeg,g,h ) ( )

h=1 g=1
The emission of CH4-C is then:

CCH4St,sg,s = z—Cdeg,sg,s (0. 1 5)

The remaining decomposed C is emitted as CO,:

CCO2St,sg,s = (1 - T) Cdeg,sg,s (0 15)

For both Tier 2 and 3 calculations, to comply with the requirements of the soil C model (see
below), the C in manure removed from the storage for application to the soil or for export
must be characterised as either fresh organic C (Cnanrom,sgs; kg) or humic C (Crantium,sgs; Kg).
Ciantium,g,s 18 calculated as:
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(0.16)

where @ is a humification coefficient (dimensionless), describing the proportion of degraded
C that is converted to humic C. @ is a parameter.
CmanFOM,sg,s iS then:

CmanHUM,sg,s = ZD-C'deg,sg,s

CmunFOM,sg,s = COrgDeg,sg,s + COrgnDeg,sg,x - Cdeg,sg,s (1 + w) (0 1 7)
The total C in the manure store (Cran,sg,s; Kg yr'l) is then;
Cman,sg,s = CmanHUM,sg,s + CmanFOM,sg,s (017)

5.3.2 Nitrogen

The TAN entering manure storage s from species group sg (NtaNinstoresg.s; K yr'l) is:
H Gy
NTANinstore,sg,s = z KTAN,h,s Z(NTANin,g,h - NNH3house,g,h ) (O 17)
h=1 g=1 .
where xranns 18 @ parameter describing the proportion of TAN from housing type 4 that is
partitioned to manure storage s.

The N in organic matter is assumed to be associated with the degradable fraction, so the
partitioning of organic N between manure storage types is assumed to be the same as for
degradable organic matter.

The organic N entering the manure storage (Norginstore,sg.s; K& yr'l) is:
G

38

H
NOrginstore,sg,s = z KOrgDeg,h,s z NOrginhause,g,h (0 17)

h=1 g=1
Nitrogen is lost from manure storage in the gaseous form as NH3, N,O and N, and as TAN
and organic N in surface runoff or leaching.

Organic N

For Tier 2

The mineralisation of organic N in manure is assumed to be 10%, which is the default value
used in the EEA/EMEP Guidebook (European Environment, 2013).

For Tier 3

We assume here that the degradation of organic matter results in a proportion of the N being
bound in stable humus-like organic compounds with a constant C:N ratio of cnpym (a
parameter). The degradable organic N from species group sg in manure storage s at the end of
the storage period (Npegorgoutse.s; K yr'l) is:

N _( Qorg K +cdeg,.v ) tstore‘sg‘s

N Orginstore,sg,se (0 17)

DegOrgout ,sg,s =

where Qs 1s the proportion of organic N lost in surface run-off or leaching from manure
storage type s.
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The cumulative organic N in runoff/leaching in degradable organic matter for species group
sg and manure storage type s (Nrunofr,sg.s; KE yr'!) is:

N = i N (1 _ e_(Qorg,s FCdeg,s )trtor@,sg,s )

RunoffOrg ,sg s Orginstore,sg,s
Qorg ,5 + Cdeg,s

(0.17)
The amount of humic N present at the end of the storage period for species group sg and
manure storage type s (Nuum,ses; kg yr'') is as follows:

N _ w C e_(Qm-g K] +cdeg )t.vlm'e,.s'gJ _ e_Qm‘g.x[s[rw,sg K
HUM ,sg,s — C OrgDeg ,sg,s

n

HUM (0.17)
This formulation assumes that there is no humic N in the fresh animal excreta.
The runoff of humic N (Nunoftium,sg,s; K yr'l) is:

_ Cdeg a 7(90/‘g K +Cdeg )t
NanﬁHUM,sg,s - Q +e (C”l j CDegOrg,sg,s (1 —-e - NHUM,sg,s
org,s deg HUM
(0.17)

The organic N ex store for species group sg and manure storage type s (Norgoutstore,sg.s; KE yr'l)
1s as follows:

=N,

DegOrgout ,sg,s

+N

Orgoutstore,sg s HUM ,sg,s

(0.17)
TAN
The TAN in manure storage is supplemented by additions from the animal housing and

through the mineralisation of organic N and is depleted by the emission of NH3, N,O and N,.
For Tier 2

N>O emissions are calculated as:

N

storeN20,sg,s

=EF, 0. (N

TANinstore,sg,s + NOfgi“Store,ngs ) (0 17)

where Ngoren20,5gs 15 the annual emission of N>O-N (kg yr'l, N) for species group sg and
storage type s and EForen20s 1S the emission factor (kg kg'l) for manure storage type s.
EForen2050, 18 @ parameter and the value is taken from Table 10.21 of (Intergovernmental
Panel on Climate, 2006). This formula is close but not identical to that of the IPCC; the only
difference is that here, the contribution of added bedding and waste feed is included.

Annual NH3-N emissions (NsioreNH3 sg.s; KE yr'l) are calculated as:
NstoreNHS,sg,s = EF;toreNH?a,sg,s (NTANinsture,sg,s + 0 lNOrginstore,sg,s ) (0 17)

where EFgorents,sg,s 1S an emission factor that varies with species group sg and manure storage
type s. The value of EFiorenms,sg,s 1 taken from Table 3.7 of (European Environment, 2013).

The annual emission of N> from manure storage s (NsioreN2,sg.s; Kg yr']) 1s:
N =A N,

storeN2,sg,s storeN20,sg,s (O 1 7)

where A, s a constant (and a parameter).
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The runoff/leaching of TAN (NunofrtaN sg.e; KE yr'l) is calculated as:
N =Q N. +0.1N,

runoff TAN ,sg,g TAN ,s ( TANinstore,sg s Orginstore,sg,s) (O 17)

The TAN ex storage (NTANOutstore,g,s; kg yr-l) is:

N, N +0.1N

NOutstore,sg,g = TANinstore,sg s Orginstore,sg,s
_(NstoreNZO,sg,s + NstoreNZ,sg,s + NstoreNHS,sg,s + NrunqﬁTAN,sg,g )

For Tier 3

The derivation of the relationships describing the Tier 3 dynamics of organic N and TAN in
manure storage are shown in Appendix II.

The TAN ex storage (NTANOutstore,g,s; kg yr_l) is:

1 7|
c _—— :
deg,s OrgDeg ,sg,s Cdeg,s
= Qe s+ tstore
Chy, ,  Chlyy org st store,sg.5

N _ e 5,58
EF [9) 0 Cdeg,s
( sum,s + TAN s ) - org,s +

TANOutstore,sg s

Cl’lsg)s
1 @
c -
deg,s OrgDeg,sg,s
N Cnsg,s anUM _(EFsum ’S+QOVg,A )tslore.sg K
+ TANinstore,sg,s - e
C
deg,s
(EF;um,s + QTAN,S ) - Qorg,s +
cny, (0.17)

where cng, s 1s the C:N ratio of the degradable organic matter for species group sg and manure
storage type s and EFgam (d'l) 1s the sum of emission factors for NH;, N,O and N,
respectively (EFsorents ses» EFstoren20.s and EForenas; d 7).

Chgg s 18 defined by:
_ COrgDeg,sg,s
cnsg,s U —

Orginstore,sg,s

If liquid manure is stored, the value of EFnus g 18 calculated using Equation (0.14), replacing
EFNm3househref With  EFgoreNH3 sgs,ref (d'l; a parameter). If solid manure is stored, the
temperature of the storage may depend on the ambient temperature or, if self-heating occurs,
may be determined by the storage type itself. For solid storage, EFsioreNH3,se,s 15 also calculated
using Equation (0.14), with the exception of storage in which self-heating is considered to be
dominant, where EForeNt3sgs 1S equated to EForeNt3 sgsref. 1he value of EFioreN20,sgs 1S @
parameter.

EFgorena s 18 calculated as for the Tier 2 method:

EF,

storeN2,g,s

= ﬂ‘mEF;toreNZO,sg,s (0 1 7)

The TAN lost via runoff/leaching or gaseous emissions (NtaNiostse.g; Kg yr'l) is:
N. =N + N N +N +N.

TANIost,sg,s Orginstore,sg,s TANinstore,g,s - ( DegOrgout ,sg,s runoffOrg ,sg s TANoutstore, g ,s ) (0 17)

The runoff/leaching of TAN (NunofrraN sg.e; Kg yr'l) is then:
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Q

N _ TAN,S N
runoffTAN ,sg,g — TANlost,sg,s
QTAN,S +EFNH3,s + EFNZO,S + EFNZ,S (017)
The gaseous emissions of N (Nsorex sg.s; kg yr'l) are;
N Bl N (0.18)
storeX ,sg,s = TANlost ,sg,s .
QTAN,S + EFNHS,S + EFN20,s + EFNz,s

Where X is NH3, N, or N,O.

5.3.3 Mitigation measures

The mitigation measures available for manure storage are as follows:
e covering storage to reduce NH3 emission.
e acidification of slurry to reduce NH3; and GHG emissions.
e anaerobic digestion of slurry to reduce NH3; and GHG emissions.

The effect of the covering of storage on NHj3 emission is simulated via the emission factor,
EForenm3sgse The effect of the acidification of slurry (either slurry acidified in animal
housing or tank acidification) on NH;3 emission is also simulated via EFrent3 sgs, Whereas
the way the effect on GHG emissions is simulated depends on the approach used. For the Tier
2 approach, the manure conversion factor (Y;,) is modified. For the Tier 3 approach, the
degradation rate parameter (b, ;) is modified.

The simulation of anaerobic digestion of slurry is here limited to monosubstrate digestion
(i.e. without the use of any supplementary substrate). The capture of CHy4 is simulated using a
gas capture efficiency factor (gcaps), such that equation (0.15) is modified as follows:

CCH4S[,Sg,s = gcaps z-(jdeg,sg,s

6 Crop and soil

The agricultural area on the farm is divided into one to many fields, each of which has a
sequence of crops. Each field occupies a given area (A4sq; ha) and is a model input. In a given
crop sequence r, the period number in the crop sequence (g), the crop identifier (c), starting
date (fstart,qr; yr) and end date (Zendqr yr) for each period in the crop sequence are all model
inputs. The length of the 7th crop sequence (feq,r; yr) 1s:

¢ t

seq,r tend,Qr,r ~ start,Lr

(0.18)

There can be no gaps in the sequence of crops; bare soil is here considered to be a crop. It is
mandatory that £y, 1S an integer i.e. the last cropping period ends a whole number of years
after the start of the first cropping period. This allows the crop sequence to be repeated a
number of times, if necessary. Figure 6 shows an example of a cropping sequence.
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Year 1 Year 2 Year 3 Year 4
Bare Bare
soil soil
Spring barley | Bare soil Spring barley‘ Winter wheat ‘ Grass ‘
Figure 6 Example crop sequence

6.1 Crop production

The DM production of a given crop in a given period of a particular crop sequence depends
on a range of factors. Some factors are not controllable by the farmer (e.g. temperature,
rainfall) whereas others can be controlled or mediated to a greater or lesser extent (e.g.
irrigation, supply of nutrients). The approach used here is to focus on those factors that the
farmer can influence and to oblige the user to quantify the effect of other factors. In practice,
this means that for each period in which a crop is grown, the user must quantify the potential
DM yield i.e. the DM yield achievable in the absence of water or N stress. Where crop can
produce two crop products (e.g. grain and straw), the user must quantify the potential yield
for both. The model then adjusts this value (if necessary) to allow for the effect of water and
N stress.

The potential harvestable DM production of each crop product in each cropping period of
each crop sequence (Vpocpr.q; kg DM ha™') is an input to the model.

Not all the crop above-ground DM production of a crop can be harvested. There are several
reasons for this; the DM may have senesce prior to harvesting and fall to the soil surface as
litter, be stubble that is below the cutting height of the harvester or be DM that escapes the
device used to collect the harvested material. The DM production of product p from crop ¢ in
crop sequence r during period ¢ that is available for use on the farm (Y.,,; kg DM) is
calculated as:

0,
Yc,p,r = (1 - a)store,c,p ) Z Ar (1 - l];’AG,c,hv ) yprod,c,p,r,q (0 1 9)
q=1

where wagcny 1S the proportion of above-ground DM production of crop ¢ that cannot be
harvested and yprodq,q.cr 1S the DM production of product p of crop ¢ during period g in crop
sequence 7 (kg ha™). wag.eny is additionally made specific to the harvesting method, /v. This
is primarily to permit the simulation of the residues remaining from crops that can be
harvested either by cutting or grazing, since the efficiency of the latter can vary considerably.
Cep 1s @ model parameter. wgiorecp 1 the proportion of DM that is lost during the processing of
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the crop product p from crop ¢ e.g. during silage- or haymaking, or as the result of product
deterioration in storage.

The modelled rate of harvestable DM production of each crop product in each cropping
period of each crop sequence (Vmodelied.crq; kg DM ha'l) is calculated as follows. The model
does not contain a water submodel. Instead, for a given soil type in a given agro-climatic
zone and during a given cropping period, a drought index is defined (#). This drought index
represents the drought-induced reduction in the production of a typical cereal crop, relative to
the production in an unstressed situation. For example, a drought that reduces the cereal
production by 20% would mean that # = 0.2. The value of is calculated as the weighted
average of soil type and agro-climatic specific monthly values, for each cropping period.
Furthermore, a drought sensitivity factor is assigned to permanent and annual crops (#7pem and
Nann) that varies from 0 (no effect of any drought) to 1 (full effect of any drought). The
potlential harvestable yield of an annual crop product when N is unlimited (YNmax,cp.r.q; kg€ DM
ha™) is:

meaX,C,p,r,q = nannnymax,c,p,r,q (020)

For a permanent crop, #ann is replaced by #perm.

The N stress is calculated by comparing the crop N uptake when DM production at its
potential value (Nmax uptake,crq; K& ha'l) with the mineral N available in the soil (Nmincrq; kg
ha']) see equation (0.34)). When calculating Npax uptake,c,r,q 1t 1S necessary to account for both
above and below ground DM production:

P.
: cp.Y
BG © BG,c
Nmax_uptake,c,r,q = Z meax,c,p,r,q [nc,p (1 + lI]AG,C + c,p.r.q ) + } (02 1)

p=0 ClpG .
If Nmax_uptake,c,rq €Xc€€dS Nmincrq then crop production will be limited by the availability of
mineral N. The value of ymodelted,cp,r.q 1S then:

_ Nmin,c,r,qumax,c,p,r,q (0 22)

ymodelled,c,p,",‘{ - N
max_ uptake,c,r,q

Otherwise, ymodelled,c,p,r,q = meax,c,p,r,q-

6.1 Soil C and N dynamics

The simple dynamic C-Tool model is used to assess the C sequestration in the soil (Petersen
et al., 2002). This model considers three C pools; fresh, humic and resilient. C is input
primarily into the fresh pool, although some C from manure may be input into the humic
pool, if the manure has undergone decomposition in storage. The C flows from the fresh to
humic to resilient pools with associated temperature-dependent rate constants and emissions
of CO,. The inputs to this model are thus the fresh and humic C, and the air temperature.
Since the model is dynamic, the C sequestered in the soil may change with time. This change
will be particularly great if the management imposed differs markedly from that which has
hitherto been the case, as a new equilibrium between C inputs, storage and losses is
established. It is therefore necessary to initialise the C-Tool model to account for the previous
land use. This procedure is described in Appendix III.

It 1s assumed here that the medium to long-term storage of organic matter in the soil is
determined by the dynamics of C and that the C:N ratios of the stable and resistant organic
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matter in the soil are constants. Consequently, changes in the N storage in the soil are driven
by the C dynamics.

Fixation of

CO, and N,
_ l , Atmospheric
Fertiliser N Crop deposition

residues

NH;,N,0,N,
Manure N
Co,
sequestration
\ 4
NO,
Figure 7 Inputs, outputs and losses from crops and soil

The modelling of the C and N in the soil is complicated by two factors. Firstly, most
processes are simulated using static modelling (e.g. simple proportions or emission factors)
whereas changes in C and N storage in the soil are simulated using dynamic modelling.
Secondly, the system contains feedbacks e.g. a proportion of the mineral N available for crop
uptake has its origins in plant residues input to the soil from the crop itself, yet the amount of
those residues depends itself on the crop growth. This means it is necessary to iterate within
the crop and soil models.

The iteration system used to estimate crop DM production is shown in Fig 8 below. The
initial estimate of DM production is equated to the water-limited production (yp.). Based on
this estimate, the crop residues input to the soil are calculated. The soil C and N model is then
run for the duration of the crop, yielding an estimate of the mineralisation of soil N. The fixed
N inputs are then calculated (i.e. fertiliser, manure, atmospheric N deposition etc). The losses
of N from the soil are then calculated (i.e. ammonia volatilisation, nitrate leaching etc),
allowing the calculation of crop-available N. The N-limited DM production (ymodelted) 18 then
calculated using Equation (0.22) and compared with the original estimate. If the to equate to
one another (within a small error margin), the iteration is complete. Otherwise, a new
estimate of DM production is calculated and the iterations continue.
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Estimate DM production <

v

Calculate crop residues
input to soil

!
Run soi1l CN model
(soil N mineralisation)

|
Calculate N losses +— Calculate fixed
N inputs

!

Calculate crop-available N

!

Calculate
DM production

| Calculated production

= estimated production?

1 Yes
Finish

No

Figure 8 Iteration to find crop dry matter production

6.1.1 Carbon

Carbon is added to the field in crop residues (senescent or stubble stem and leaf material,
senescent roots and root exudates) and in animal manure (including excreta) and mineral N
fertiliser containing urea.

Some of the above-ground DM production is not harvested (see above) and apart from
harvested storage organs, none of the below-ground DM production from roots, senescent
roots and root exudates is harvested. The C added to the soil in residues from crop c in the rth
crop sequence (Cresidue.c.rs Kg yr'l) is simulated as follows:

o

Cresidue,q,c,r = z (Aryq,c,p,r (cc,p (lPAG,c,hv + IBc,p,r ) + CBGlPBG,c )) (0.22)

where ypg, 1s the below-ground residue DM relative to DM yield (kg (kg DM) ™), cpg is the
concentration of C in below-ground DM production ( kg (kg DM)™") and Pepr 1s 1 1f the
product remains on the field and zero otherwise. wgg, 1s a crop-specific parameter and .,
is an input. If some or all the crop residues are burnt, ygg, is assumed to be zero and f,, - is
evaluated as before. All the C from crop residues is added to the FOM pool in C-Tool.

The amount of C added in livestock excreta during grazing of crop ¢ in the rth crop sequence
is (Cexcreta,q,c,r; kg yr'l):
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C G
exueta ,q,¢,r Z Z( 5 q.c.r ( urine,g + Cfaeces,g ))

c=l =0 (0.22)
where yg4cr 15 the proportion of the year that livestock group g spends grazing crop ¢ in

period g in crop sequence r. y, .. 1s obtained as follows:
0, L F P,
2P 2 A e 2Hrlis 2 s
_ p=l f=1 p=l

]/g,c,r - R Qy P, D
Z (Dq,c,r Z Aryq,c,p,r nhe
=gl pal (0.22)

where @, is the proportion of DM from crop ¢ in period g in crop sequence r that is

q=

consumed in the field. The first quotient describes the proportion of DM from crop ¢ in crop
sequence 7 that is consumed at pasture whilst the second term describes the proportion of that
DM that is consumed by livestock category g.

The C in excreta added to the FOM pool in C-Tool.

The FOM C added to the gth crop of the rth crop sequence in manure (Cmanrom,q,r; kg yr')is:

C
C m A manFOM ,sg,s (023)

manFOM ,q,r — Mg s ¢ V:é‘

where mg, 4 15 the volume of manure from species group sg in manure store type s that is
applied in period ¢ (m ha™') and is a model input. C in excreta added to the HUM pool in C-
Tool (Cuums; kg yr') is calculated as in Equation (0.23), replacing FOM with HUM. The
additions of fresh and humic C in manure removed from manure storage (Cmanrom,ghs and
Cmantum,ghs Tespectively) are calculated in Equations (0.16) and (0.17). Some or all of the
manure of a particular type may be imported. The C composition of imported manure is a
model input and if manure of the same type is produced on the farm, the C composition is a
volume-weighted average of the two sources.

Note that for all the manure storage the following must be true:

R O . —m
tmp,sg,s exp,sg,s
Z Z(CmanFOM,q,r manHUM ,q,r ) Z Z man,sg,s V (024)
5g,8

r=1 g=1 sg=1 s=1

where SG and S are respectively the total number of species groups and manure storage types
present on the farm and Mimpsgs and Mexp s s are the masses of manure from species group sg
imported or exported from manure store s (m’ yr'). This formulation assumes that the
concentration of C in manure imported is the same as that which is produced on the farm.
The C added in urea fertiliser to the gth crop of crop sequence 7 (Crert,qr; kg yr'') is:
12
fert,q,r = 2_8 Arnz:urea,q,r
(0.24)
where n,-urea,qr 1S the mass of urea N applied in period g of crop sequence r (kg ha™', N). This

C is assumed to be lost immediately.

The outputs of the C-Tool model are the changes in the amount of C in the fresh organic
matter, humic and resilient pools for each crop sequence (ACrom,qr » AChumic,qr a0d ACresit g

kg).
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The change in soil C in period g of the rth crop sequence (Casoilr; kg) s then:
C =C +C +C

Asoil ,q,r AFOM ,q,r Ahumic,q,r Aresil ,q,r

(0.25)

6.1.2 Nitrogen

The sources of N input to soil are N fixation, atmospheric N deposition, manure N and
fertiliser N. Changes in the amount of N stored in organic matter in the soil can either be a
source or sink of N. Losses occur via the emission of NH; from N applied in fertilisers and
manure, N, and N,O emissions from the soil and the leaching of NO;. The model
distinguishes between mineral and organic N, with crop uptake and losses to the environment
only occurring from the mineral N pool.

The C-Tool model only considers C. For this model, the C:N ratios of the humic and resistant
pools are considered to be constant. For the fresh organic matter pool, the N is made a

variable (Nrom,; kg).

The change in soil N storage for gth crop in the rth crop sequence (ANqoiiqr; Kg) 1s:

+ AC'humic,q,r + AC'resil ,q,T 0 26
FOM,q,r ( . )
Cnhumic cn

AN

soil,q,r
resil

where AChumic,qr and ACreist q,r are the changes in the humic and resistant soil C pools during
the period of crop ¢ in crop sequence 7. Chnymic and Chyesist are the C:N ratios of the humic and
resistant pools respectively (model parameters). The change in ANgom (kg) is calculated as:

AC N
ANFOM o — FOM,q,r* ' FOM,q,r (027)
v CFOM,q—l,r

The TAN added in period g of the rth crop sequence in manure from species group sg and
storage 5 (NTaNapp.sg.s.qrs kg yr') is:
NTANOu store,sg,s
NTANapp,sg,s,q,r = msg,s,q,rAr ey (028)
Vvsg,s
If some or all of the manure of a particular type is imported, the TAN composition of
imported manure is a model input and if manure of the same type is produced on the farm,

the TAN composition is a volume-weighted average of the two sources.

The masses of degradable and humic organic N applied to the same crop (Naegorgapp,sg,s,q.,r and
NhumOrgapp.sg.s.qr; K yr ) are calculated as in Equation (0.28), replacing NrtaNoutstore With
N Orgoutstore-

The addition of N in animal excreta (Nexcreta,q,r; Kg) 18:

cC G
Lxcrgta .q,r le Z(:) <7g q,c,r ( urine,g + Nfaeces,g )) (029)
The input of N in fertiliser type z to crop c in period ¢ in crop sequence 7 (Nrert,z,qr; K yr') is:
Nfert,z,q,r = nz,qAr (030)

where n,4; 1s the rate of application of fertiliser type z in period g in crop sequence r (kg ha’

l)'
The input of N via atmospheric deposition in period g in crop sequence 7 (Nam.c.; kg yr'') is:

Natm,q,r = ndepAr (tend,q,r - txtart,q,r) (03 1)
where ngep 1s the rate of atmospheric deposition (kg ha yr'"), a parameter.
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The NH; emission from fertilisers applied in period g of crop sequence r (Nnusferqr; Kg yr')
is:
N

NH 3 fert,q,r = gfert,a

EF,

NH 3 fert,z

Nfert,z,q,r (032)

where eferq 18 a reduction factor (<1) for application technique a and EFnmsfert, 1S an emission
factor for fertiliser type z. EFNmsfetz 1S calculated using Equation (0.14), replacing
EF; NH3house,h,ref with EF; NH3fert,z,ref - EF; NH3fert,z,ref and Efert,a AIC parametefs.

The NHj3 emission from manure from species group sg and storage s applied in period g of
crop sequence 7 (NmanNH3 sgs.q.r; KE yr')is
N e EF,

manNH 3,sg,s,q,r = man,a NH3man,sg,sNTAN,sg,s,q,r (033)

where &mana 1S a reduction factor (<1) for application technique a and EFiiNnH3mansgs 1S an
emission factor for manure type sg and storage type s. EFNu3mansgs 1S calculated using
qulatlon (014)7 replaculg EF NH3house,h,ref Wlth EF NH3man,sg,s,ref - EF; NH3man,sg,s,ref and Eman,a are
parameters. Equation (0.33) is additionally used to calculate the NH; emissions from excreta

deposited during grazing.

The N added to the soil in crop residues in the gth period in the rth crop sequence (Nresidue,q.r;
kg yr') is simulated as follows:

& ¥ 5o
Nresidue,q,r = Z Z Aryq,c,p,r nC,P (\PAGvC + q,p,r ) + (033)

=1 p=0 ChlpG .

where cnpg, 1s the C:N ratio of below-ground organic matter inputs for crop ¢ (a parameter).

The emission of N>O from the soils (Nsoin20,q,r; kg yr'l) are calculated as:

NmilNZO,q,r = EFN2O,_/érthert,q,r + EFNZO,man (NTAN,Sg,S,q,r + NOrg,sg,s,q,r) (O 34)
+EFN20,re.vidNresid,q,r + EFN20,S0[INAvoil,r

where EFnoo fert » EFN20.man » EFN20resia and EFnoo soit are emission factors (kg kg'1 yr'l) for
fertiliser (including atmospheric deposition), manure (including excreta), crop residues and
changes in soil N storage.

The emission of N, from soil (Nx2qr; kg yr'') is calculated as:

NsoilNZ,q,r = ﬂ'stoilNZO,q,r (034)

where 4 is a parameter .

The total of the losses of N from the soil in gaseous form (Ngasq,r; kg) is:

7 SG S
Ngasﬂq,r = NsoilNZO,q,r + NsoilNZ,q,r + Z NNH3fert,z,q,r + Z Z NmanNH&Sg,s,q,r
z=1

sg=1l s=1

(0.34)
The mineral N in the soil, after gaseous emissions (NVminqr; kg) can now be calculated:

Z SG S cC G
Nmin,q,r = ANsoil,r + Z Nfe‘rt,z,q,r + Z Z NTANapp,Sg,s,q,r + Z z (7g,q,c,rNurine,g )
z=1

sg=1 s=1 c=1 g=0
+Natm,q,r - gas,q,r
(0.34)
Note that AN,uiiqr can be either positive or negative, depending on whether mineral N is

created by the net mineralisation of soil N or is immobilised in soil organic matter.
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The loss of N via the leaching of nitrate occurs when there is NO3-N in the soil and there is
drainage of soil water. Whilst in the absence of drainage, there will be no NO; leaching
during the period a given crop is growing, the crop may leave NO3-N, NH;"-N that can be
later be nitrified and manure or residues that can later be mineralised and then nitrified. These
can all be considered to be the residual leaching potential for the crop. Wishing to avoid
having to simulate the mineralisation of organic N, nitrification and the soil water balance,
we here identify a nitrate leaching factor for each period (NO3fact), which is calculated as
follows:

tcnd,q J

D My
NO3fact = —war (0.35)

tend,q,r - tstan,q,r
* . . . .
where 77, .18 0 if 77, >0, otherwise is 1.

The nitrate N leached (NMno3 g kg yr'l) 1s then:

Nyosgr = NO3 factN, (0.36)

min,q,r

The mineral N potentially available for uptake by the crop (Navaitqr; kg) is then calculated:

N

avail ,q,r = ijn,q,r _(Ngas,q,r + NNOS,q,r) (037)
If Navailqr €xceeds the maximum crop N uptake (Nmax uptakecr,q), the excess mineral N is made
available to the following crop.

6.1 Mitigation and adaptation measures

The mitigation and adaptation measures available in the field are:

e increasing (adaptation) or decreasing (mitigation) the amount of N fertiliser or
manure,

e the introduction of N fixing crops to increase the N fixed from the atmosphere or of
winter cover crops to reduce nitrate leaching,

e the use of irrigation,

e the use of low-emission fertiliser and manure application methods (e.g. rapid
incorporation, injection),

o the field acidification of slurry,

e the use of multispecies cropping and

e the suspension of crop residue burning.

The changes to the amount of N fertiliser or manure, the use of irrigation and the introduction
of N fixing and cover crops are implemented solely on the basis of changes made by the user
to the model inputs. The effect of the use of low-emission application methods and the field
acidification of slurry are achieved by modifying either of the emission factors Nnpsman (for
manure) or Nnpsrer (for fertiliser).
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To simulate the suspension of crop residue burning, it was first necessary to incorporate the
facility to burn such residues. The burning of crop residues leads to the emission of black
carbon (soot; Cyumpc), carbon monoxide (CO; Cyounco), CO2 (Courncoz), NH3 (Noumnnus), N2O
(Npurmn20),  NOx (Nournnox) and Na (Npumnz), all units are kg yr'. The emissions are simulated
using the emission factors for black carbon (EFyympc), carbon monoxide (EFuumco), NH3
(EFpumnm3), N2O (EFpumn20) and NOy (EFpumNox):

P
CburnBC,q,c,r = bumB Z (A yq c,p,r ( c, (\PAG,c,hv + ﬁc,p,r )))

p=1

P
CbumCO,q,c,r = hurnCOZ(A yq c,p,r ( c,p (\PAG,c,hv + ﬁc,p,r )))

p=

P,
CburnCOZ,q,c,r = (1 - (EF}JumBC + EE)urnCO ))Z (Aryq,c,p,r (Cc,p (‘PAG,c,hv + ﬂc,p,r )))
p=1

P,
N, = Z A L 6o
burnNH3,q,r bumNH3 yq c,p.r AG c q p.r
e=1 p=0 ClpG e
N _ Z y N oY 6
burnN20,q,r burnN20 yq c,p,r AG c q p.r
=1 p=0 ChG
c P
- cp'V
— BG © BG,c
NNZ,q,r _(1_(EFburnNH3 +EFburnN20 )ZZA chpr c,p (\PAG,C +ﬂq,p,)‘)+
=1 p=0 Chpg .

The values of all emission factors are available from (European Environment, 2013). Burning
is assumed to be complete, with no above-ground residue C entering the soil.

7 Farm balances

7.1 C balance

The principle source of C input to the farm will normally be via crop C fixation from the
atmosphere, with the import of C in animal feed as a secondary major source on intensive
livestock farms. There may also be minor imports of C in urea, animal manure and lime (for
soil amendment). C is exported from the farm in agricultural products. The soil may be a
source or sink for C.

7.1.1 C inputs
The input of C in crops (Cerop; kg yr')is:

crop z z crop,c,p (038)

c=1 p=1

The input of C in imported manure (Crman,imp; kg yr'')is:

SG S
Cman,imp = Z Z mimp,sg,scman,sg,s

sl s=l (0.38)
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where Cman,sg, : is the concentration of C in imported manure from species group sg and storage
type s (kg m™). ¢man sg,s 1S @ parameter.

The import of C in bedding is calculated by summing the demand for bedding from all
livestock species groups (Coeddingreq; Kg YT ) and subtracting the bedding available on the
farm i.e. the productlon of bedding material minus any bedding sold (Coedding prod; kg yr~ )

Chedding,req = chedding Z z Dhedding,g,h

gt il (0.38)

C P
beddmg prod z Z Zbeddmg c,p ( crop,c,p (CsoldCrop,c,p + Creturn,c,p ))
e (0.38)
where Crewum,cp 1s the annual amount of C in product p of crop c that is chopped and returned
to the soil (kg yr':

Cretum,c,p = z Ac,ryc,p,rcc,pﬂc,p,r
r=1

(0.38)
and Csolacrop,cp 18 the C in crop sold:
CsoldCrop c,p DsoldCrop c pcc P (03 8)

where Dol p (kg yr ) is an input.
The annual amount of product p of crop c that is sold (Dsold.cp; kg DM yr ) 1S:

D, =p  Zer (0.39)

sold ,c,p crop,c,p 100

where o, 1s the proportion of product p from crop c that is sold. The value of o, 1s an input.
The C in imported bedding is then:

if Cbedding,req>Cbedding,prod
Cbedding,imp = Cbedding,req - Cbedding, prod

(0.39)
The C imported in animal feed is calculated by first summing the C intake of each feed item

by all livestock (Creed req; kg yr'l):

G F
Cfeed,req = dzl[zg;[g,fch
g&= I=

(0.39)
The C imported in feed (Creed,imp; kg yr'l) 18 then:
Cfeed LJimp = Cfeed Jreq + led + Creturn + Cbeddlng Ccrop (0 39)

where Cirenrm 1s the annual amount of C in crop products chopped and returned to the soil (kg
yr') is:
CcC P
rcturn Z Z Creturn,c,p

o1 pol (0.39)
and Csolacrop 18 the amount of C exported from the farm in crop products (kg yr')

C

soldCrop,c,p

M-
M~

CsoldCrop
c

LK
<
L

(0.39)
If Cfeed,imp <0, Cfeed,imp =0.
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The total input of C to the farm (Cinpu; kg yr'') is then:
c, .=C. +C +C +C

input crop bedding ,imp feed ,imp man,imp

(0.39)

7.1.2  C outputs

C 1s exported from the farm in crop products (Csoldcrop; €€ Equation (0.39)), milk (Cuin; kg
yr'h), the net liveweight gain of livestock (Cpeas; kg yr'') and manure exported (Cran,exp; kg yr’

G
Cmilk = Z Cmilk,g
o
(0.39)
>
Cmeat = Cmeat
g=l *
(0.39)
SG S C
man ,exp Z Z gV o
e s (0.39)

The total export of C (Cexport; kg yr'l) 18:

Cexp ort = CsoldCrop + Cmtlk + Cmeat + Cm(m ,exp
(0.39)
The C balance of the farm (Cpa;; kg yr'') is then:
Cbal = (jimpart Cexport + CAsozl
(0.39)
where Casoil (kg yr'l) is the change in soil C storage:
R
CAmil = Z (CAmil,r )
! (0.39)

7.1.3 Other C flows

The C consumed in animal feed grown on the farm is (Creed home; kg yr'l) iS:

Cfeed,home = C/eed req Cfeed,imp (039)

The total C lost as CO; and CHy from livestock (Criveco2 and Crivecns respectively; kg yr'l)

arc:

G
leeCOZ Z CLiveCOZ,g
g=I (0.39)

G
Clivecria = Z CuveCH4,g
¢ (0.39)
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The C entering animal housing as excreta, bedding and feed waste (respectively Cinnouse excretas

-1 .
C'mhouse ,bedding and Clnhouse ,wastes kg yr ) arc:

Connouse.excrea = ZZ (1= 7 (e + Cornee) (0.39)

g=1 h=l

G
mhnme ,bedding Z

g=l

G H
mhnme waste z z CWan@,gah (039)

g=1 h=l

Cbedding,g,h (039)

Mm

=
Il
—_

The C in manure ex storage (Cman; kg yr') is:

SG S
=22 Counsen (0.39)

sg=1 s=1

The C in CO,, CH4 and runoff from housing and manure storage (Cymsco2, Cvmscrs and

Crunoft; kg yr'l) are:
G H
MMSC02 z z CO2house,g,h + Z Z CCOZSt 1588
gt = el el (0.39)
SG
MMSCH4 z z CCH4St 58,8
swtedt (0.39)

The C lost during the processing or spoilage of crop products is assume to occur as CO;

(Cstores kg yrh)

vtore ZA ZZ(Za)store c,pc pyq c,p, r] (040)

r=1 g=1 c=1 \_p=0

The crop C entering the soil from roots (Cgg; kg yr™') is:

R
CBG = Z Cresidue,r - Crelurn
r=1

(0.40)
C added to the soil in excreta from grazing animals (Cexcreta; kg yr'l) 1s:
R
Cexcrela = Z Cexcreta,r
! (0.40)
C added to the soil in urea fertiliser (Cyrea; kg yr'l) 1S:
(0.40)
The C lost in CO; from decomposition of organic matter in the soil is:
R
CCOZ.S‘oiI = Z (CmanFOM,r + CmanHUM,r + C_fért,r + Cexcrela,r + Cresidue,r ) - CAsoil
! (0.40)
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7.2 N balance

7.2.1 N inputs

N is input to the farm via N fixation, deposition from the atmosphere, fertilisers, imported
manure, animal feed and bedding.
The annual N fixation for the whole farm (Ngy; kg yr™') is calculated as:

R 0 C [ R CBGLPBG .
Nﬁx = zArzz qu,c,p,r n., (\PAG,C +1)+—’ _UcNmin,r

r=1 g=1 c=1\ p=0 anG,c

(0.40)
where v, is a crop-specific parameter with value <1 that allows for the uptake of non-fixed
mineral N by the crop to increase with increasing mineral N availability. If Equation (0.40)
would return a negative value, Nsx = 0.

The annual N deposition (Nam; kg) is calculated as:

R O
Nmm = Z zNatm,q,r

r=1 g=l1 (040)
The import of N in N fertiliser (Ngr; kg yr'') is:

R 49 Z
N =222 Ny (0.40)

r=1 g=1 z=1

The import of N in manure (Nman imp; kg yr'l) 1S:

SG S
Nman,imp = Z Z mimp,sg,snman,sg,s
sg=1 s=1 (040)

where fmansgs 1S the concentration of N in imported manure from species group sg and
storage type s (kg m™).

The amount of N imported in bedding (Noeddingimp; K& yr'") is calculated using Equations
(0.38) to (0.39), replacing the concentration of C with the concentration of N where
appropriate.

Likewise, the amount of N imported animal feed (Nfeedimp; kg yr'l) are calculated using
Equations (0.39) to (0.39), replacing C with N where appropriate. Note that the calculation of
the N yield of crops (Nyiela; kg yr')is:

R O C
Nyield = Z Z z Ncrop,q,c,r

r=1 g=1 c=1 (040)

7.2.2 N export

N is exported in crop products (Nsolacrop), Milk (Nmin; kg yr'l), the net liveweight gain of
livestock (NVmeat; kg yr']) and exported manure (Nmanexp; Kg yr'l). These values are calculated
as in Equations (0.39), (0.39), (0.39) and (0.39) respectively, replacing C by N where
appropriate.

7.2.3 N balance
The farm N balance (Nya; kg yr'l) 1S:
Ny =Ny + Ny, + N, +N, +N, +N

atm fert man,imp bedding feed ,imp - (
(0.41)

Where the farm owns or manages cropland, it is common to calculate a N surplus (Nsurp; kg
ha™' yr™).

N

soldCrop

+N, i +N, .. tN, )

meat man,exp
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S (0.42)

R
Z Arot,r

r=1

surp

7.2.4 Other N flows
The N consumed in animal feed grown on the farm is (Ngedhome; kg yr'') is calculated using

Equation (0.39), replacing C by N.

The N entering animal housing as excreta bedding and feed waste (respectively Ninhouse excretas
Ninhouse,bedding ANd Ninhouse,waste; K& yr'l) are calculated using Equations (0.39) to (0.39),
replacing C by N.

The N in manure ex storage (Nman; kg yr™') is:

SG S
Nman = Z Z (NTANOutstore,g,s + NOrgoutsmre,sg,s ) (0 42)

sg=1 s=1

The N in NH; from housing (Nxm3housing; Kg yr'l) 1S:

G H
NNH3hnuse = Z z NNH3hause,g,h

g=1 h=1

The N in NHj, N,O and N, emitted from manure storage (NsioreNt3, NstoreN20 and Nyorenz; kg
yr'') are:

SG G
Nvmre)( = z z NvtoreX ,8g,8

erlel (0.42)
where X is NH3, N20O or N2 as appropriate.
The N input to fields (MVgeq; kg yr'l) 1S:

N field = N atm + N fix + N manapp + N excreta + N Sfert + N residues
(0.42)

where Nmanapp (kg yr'l) is the N added in manure:

R C
Nmanapp = (NTANapp,r,c + Nargapp,r,C )

r=1 c=1 (042)
N added to the soil in excreta from grazing animals (Nexcreta; kg yr'l) is:

R
N excreta = Z N excreta,r

! (0.42)
N added to the soil in crop residues (Nresidue; kg yr'l) is:

R
Nresidue = Z Nresidue,r

! (0.42)
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7.3 Greenhouse gas budget

The elements of the greenhouse gas budget are as follows. The direct emissions are of CHy
from enteric fermentation and manure storage, N,O emissions from manure storage and soils
and the change in C sequestered in soil. The indirect emissions are the N,O emission from
NOs; leaching from the farm and the NOj; leaching resulting from the deposition of NH;
emitted from animal housing, manure storage and field-applied fertiliser and manure.
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8 Appendix | Calculation of air temperature

The air temperature during a particular month m is estimated using a sinusoidal function,
based on the mean annual air temperature (Omean; K), an amplitude of deviation from the mean
(6, K), an offset parameter that determines the timing of the maximum deviation from the
mean (mofrser; month) and a parameter p, where p = 211/12:

0, = Oypn +0,sin( p(m+m, ) 111

mean

The midpoint of the grazing season is defined as mign,e (month) and is an input. The
proportion of the year during which the animals graze has previously been defined (y,). The
start and end of the grazing period (7t and meng; month) are then:

mstart = mgraze - 6}/g H2

M,y =My, +67, 113

end

The mean temperature during the grazing period is obtained by first integrating equation I11:
'[Gmm +6, sin(p(m + ))dm =0 m +$(sin (mome,p)sin(mp) —~ cos(moffse,p)cos(mp))
) P \ f

Expressing the right hand side of the above equation as being a function of m (¥(m)), the
mean temperature during the grazing period (Ggraze; K) is:
0 — F(mend) _F(mstart)

raze
gra m._, —m

end start

And the mean temperature during the housing period (Ghousing; K) 1s:
_ F(l 2) - (F(mend) - F(mstart ))

housing —
¢ 12 - (mend - mstart )

Example 1 - N Europe, grazing centred in the summer (month 6), mean temperature 8C,
amplitude 6C, offset 9 months:

14
121

10

Temperature |
(Celsius) —4—theta_graze

6 =li—theta_housing

0 0.2 0.4 0.6 0.8 1

Gamma (proportion of year grazing)
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Example 2 - S Europe, grazing centred in the winter (month 12) ), mean temperature 16C,
amplitude 6C, offset 9 months:

Temperature
(Celsius)

25

20

15

10

0

T T T T
0.2 0.4 06 0.8
Gamma (proportion of year grazing)

—#—theta_graze
={fli=theta_housing
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9 Appendix Il Derivation of the Tier 3 development of N in manure
storage

Organic N
The rate of change of degradable organic N (Npegorg; kg) 1s:
AN peeorg
—= - _(Q +c, |N, ..
dt ( K deg) DegOrg (042)

where Qo 15 the rate of loss of organic N in storage as surface runoff (d'l), Cdeg 18 the rate of
decomposition of easily-degraded organic matter in storage (d).

AN pyorg
# = _(Qorg,s + Cdeg )NDegOrg (O 42)
i =0, e )

DegOrg (042)
Integrating Equation (0.42) gives:
In (NDegOrg ) = _(Qorg,s t Caeg )t (0.42)
Or

— Qm,g‘s FCeg Jt

NDegOrg,t = NDegOVg,t=Oe ( ) (042)

The cumulative degradable organic N in runoff is:

Q
_ org,s *(Qm- ..v+cdeg)t
NRunajj"Org,t - LQ tc NDegOrg,t:O (1 —-e ‘ )
deg

org,s

A proportion of the degraded organic N is assumed to be partitioned to humic N. The amount
of total organic N present at any time is the sum of the remaining degradable N and the humic
N.

Humic N
Rate of change of humic N (Nyuwm; kg):
dN.
— = _Qor YNHIJM + cdeg L CDe Org,t

dt & g e (0.42)
dN, (O

L = _Qor YNHUM +Cdeg 2 CDe Or, l:Oe (QWN dcg)t

dt B My ) (0.42)
The general form:
d_y — _ky + qeax
dx (0.42)
On integration has the solution:

ge” q | &

xX)= +| v, — e

() a+k (yo a+kj (0.42)

In this case, yY=Nuum, Yo=Nuum.=0, X=t,

a=- (Qorg,s + cdeg )
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w
q = Cdeg ( n jCDegOrg,t—O

Clyong
k = Qorg,s
So
) Qg s+ aeg )t -0, a Qg 5t
_ org.,s g org,st org s
Ny, = [ J CDegOrg,tzOe + Ny 1-0€ CDegOrg,tzO e
HUM Nyun

w —(Q( < ,+cdcg)t -Q,, -Q .t
_ org s _ rg,s org s
Nuon, = ( J CDegOrg,t:O (e e + Ny =o€

HUM

Runoff of humic N

The formation of humic N (NhumicForm.; Kg) 1:
dN,

humicForm __ c a C
dt T “deg DegOrg t
CnHUM

dn, humicForm w C e‘(Qurg,s FCeg )t
dt T “deg DegOrg t=0
an UM

C (o) _(Q .
J— deg _ ‘org s +(‘deg )t
NhumicForm,t - [ j CDegOrg,t:O (1 e

Qarg,s + cdeg anUM

So the runoff of humic N (Nunoftrumic.r; Kg) 1s:
NmnoﬂHumic,t = Nmnoﬁ‘Form,t - NHUM,t

TAN
TAN is created by the mineralisation of organic N and is lost by gaseous emissions and

runoff.

dTAN:_( )TAN+ "
dt dt (0.42)

where TAN, is the TAN at time ¢, EFym 1s the sum of EFs for NHs, N>O and Na, Qran; 1s the

rate of loss of TAN in storage as surface runoff (d'l)and Nbegorg,: 1 the amount of organic N

at time t.

EF +Q AN iy

sum TAN ,s

The mineralised N (Nmin; kg) created via the degradation

dN ;. . 1 @ c
dt “\en cnyy,, ) P (0.42)

dN,

min

Substitute Equation (0.42) for @  in Equation (0.42):

dTAN 1 @
= _(EF;um + QTAN,S ) TAN + [Cdeg (_ - j) CDegOrg,t

dt cn Chyyy (0.42)
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Substitute Equation (0.42) for Npegore, in Equation (0.42):
dTAN 1 w —| Qarg,s+cdeg t
dt = _(EF;um + QTAN,S )TAN + [Cdeg (a - cn ]J CDegOrg,t:Oe ( )
HUM
Noting that the general form:
Y —ky +qe”

dx (0.42)
has the solution:

(0.42)

ax

qe

_ kx

= + -
y K ce (0.42)
When x=0:

q
atk € (0.42)

Yo =

SO

c=ym—— (0.42)
ge” qd ) &
= + —
Y=z (yo a+kje (0.42)

In this case, y=TAN;, yo=TAN), x=t and:

a= _(Qorg,s + Cdeg )

| @
q= [cdeg [; - My j} CDegOrg,tZO

k =(EF +Q

sum TAN,s )

Expanding Equation (0.42):

1 @
Cyo (— C,..
g org,t=0
Cn - Clyyy —(Qg +Caeg )t

(EF,, + Q. )- (Qé + Caeg ) :

sum

1 o
Cu. (— C,..
g org,t=0
cno Chyyy, e—(EF +Q, )t

(EF +Qrn ) - (Qorg,s F Cieg )

sum

TAN, =

+| TAN,_, —

(0.42)
Partitioning losses of TAN
N, ming N DegOrg 1=0 (N DegOrg t
Nrviosts = Nawing T TAN,_g —TAN,
QTAN

TANIlost ,t
TAN + EF;um
N _ EFNH3 N
NH3,;t — Q EF TANIlost t
TAN +

sum

+ Nrunq/Orgf,t )

NrunoﬁTAN,t = Q
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10 Appendix Il1 Adaptation and initialisation of C-Tool

10.1 Adaptation

The original C- Tool model only considers C. To account for N, the following assumptions
were made:

The C:N ratio of the HUM and ROM is assumed to be 10.

The N in the FOM material is known.

The degradation rate of N in FOM is identical to the degradation rate of the C.

The degradation of FOM leads to the mineralisation of organic N. A proportion of this N
becomes immobilised in new HUM material. Normally, more N is mineralised through the
degradation of FOM than is immobilised in new HUM material, and the excess contributes to
the mineral N available for crop growth. However, if large quantities of FOM with a high
C:N ratio are added (e.g. cereal straw), it is possible for the N immobilised in new HUM
material to exceed the amount mineralised from the FOM. In this instance, mineral N will be
removed from the soil. If the supply of mineral N from other sources (e.g. fertiliser, manure)
is insufficient to satisfy this demand, the model reports an error.

10.2 Initialisation
The model is initialised by starting the simulation 50 years before the period of interest. This
is to allow the state of the soil C and N pools to adapt to the prior land use. The historic farm
type (arable, pig, grassland) is an input to the model. Based on the historic farm type, the
following parameters are defined:
e The total initial C content of the soil (kg ha-1).
e The proportions of the total initial C present as humus (HUM) and resistant organic
matter (ROM).
The initial C:N ratio in the soil.
The annual input of fresh organic matter (FOM) to the soil (kg C ha-1 yr-1).
The C:N of this FOM.
The soil depth (m).
The thermal diffusivity of the soil (m2 s-1).

During the initialisation, the model uses the zone-specific climate data. The annual FOM and
FOM N is input to the soil evenly over the year.
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