AC0410 ANNEX 1: LCAD METHODOLOGY
(David Styles, James Gibbons, Prysor Williams)

1. Baseline farm descriptions

Large dairy farm
Key features:









250 ha
481 milking cows producing 8626 L milk each
131 dairy heifers
131 dairy calves
Annual replacement rate for dairy cows is 30.5%.
991 t imported concentrate and hay feed
8 weeks outdoor grazing, remaining time indoors
All excreta generated indoors sent to liquid slurry (tank, with crust is default option)

Total solids and N excretion are calculated from feed input minus retention in Farm Adapt based on
IPCC (2006) Tier 2 equations, and feed into housing and storage emissions described below.
Key land management parameters are provided in Table 1.1 based on RB209 recommendations
(DEFRA, 2010). Total N application to grass and maize includes all N contained in applied slurries
(after storage losses accounted for). Plant available N, volatilisation and leaching losses are
calculated using MANNER-NPK, assuming either splash-plate or trailing shoe application (MANNER
NPK run with sandy-clay-loam top- and sub- soil, and postcode EX31 – Barnstable, Devon). Slurry is
applied to grazing and silage grass in February and September at a rate of 30 m3/ha, and to maize
area in April at a rate of 60 m3/ha. In addition, for IPCC FCR estimates for forage maize, it was
assumed that 5% of peak above ground biomass is incorporated into the soil each year along with
below-ground biomass calculated as a proportion of above-ground biomass using ratios given in
Table 11.2 of IPCC (2006). FCR N inputs were also calculated for reseeding of grass leys every five
years.
Table 1.1. Features of the large dairy baseline farm

Crop

Area

N

Grazing grass
13
290
Silage grass
41.8
340*
Fodder maize
195.2
100*
*Fertiliser plus manure available nutrients
Net yield after silage loss of 10% in default scenario

P2O5
kg/ha
20
80*
85*

K2O
0
250*
205*

Net yield
t/ha (t DM/ha)
40 (10)
45 (13.5)

According to the British Survey of Fertiliser Practice for 2010 (DEFRA, 2011), 2.7% of grassland
receives lime at 3.4 t/ha, equivalent to approximately 1 t every 10 yrs. This value appears low, and
may reflect under-application and lower productivity grasslands. An average lime application rate of
2.5 tonnes every 10 years was assumed for grassland, and 2.5 tonnes every 5 years for maize (as per
arable tillage land). For grassland and tillage land, agrochemical application rates were assumed to
be 1 and 2 kg ha yr active ingredient, respectively.
Electricity consumption for milking and housing operations of 910 kWh primary energy (350 kWh
electricity) per dairy cow per year were taken from the DEFRA project AC0401 report (Warwick HRI,
2007). Diesel consumption is calculated based on field operations in Farm Adapt, and is similar to the
548.7 kWh per milking cow per year specified in Warwick RHI (2007). However, the Warwick report
does not contain data for stationary oil use for heating, but assumes this is included in electricity
generation. The authors refer to considerably higher (factor 2.5) mobile diesel consumption
measured on Irish dairy farms compared with modelled estimates. Heating of water for parlour
washing is unlikely to use expensive electricity, so we have assumed that heating oil consumption is
equivalent to 50% of electricity kWh (i.e. 175 kWh per milking cow).
In addition, the farmhouse is assumed to use the average heating load of a UK home of 160
kWh/m2yr, and represent twice the average UK home floor area (so totalling 250 m 2), leading to a
heating demand of 40,000 kWh per year supplied by an oil boiler (this is the minimum amount of
heat displaced in the AD scenarios).

Average dairy farm
Key features:









85 ha
125 milking cows producing 7124 L milk each
36 dairy heifers
36 dairy calves
Annual replacement rate for dairy cows is 26.5%.
179 tonnes imported concentrate and hay feed
6 months outdoor grazing, 6 months indoors
All excreta generated indoors sent to liquid slurry

Key land management parameters are provided in Table 1.2 based on RB209 recommendations
(DEFRA, 2010). Other management details are as per the large dairy farm, above.
Table 1.2. Features of the average dairy baseline farm

Crop

Area
N
ha
Grazing grass
37
290
Silage grass
15.7
340*
Fodder
32.3
100*
*Fertiliser plus manure available nutrients.

P2O5
kg/ha
20
80*
85*

K2O
0
250*
205*

Yield
t/ha (t DM/ha)
40 (10)
45 (13.5)

Beef and energy farm
Although described alongside other baseline farm descriptions, this farm is a bioenergy scenario
farm, based on a scenario outlined by Spackman (2011) where an average sized dairy farm converts
to a beef and AD enterprise growing maize and grass to feed an AD unit of approximately 100 kWe
capacity. Key features are:






85 ha
40 beef cattle
15,492 kg live weight exported per year
28 tonnes imported concentrate and hay feed
All indoor-excreta sent straight to the AD unit

Key land management parameters are provided in Table 1.3 based on RB209 recommendations
(DEFRA, 2010). Other management details are as per the average dairy farm, above.
Table 1.3. Features of the large dairy baseline farm

Crop

Area
ha
Grazing grass
0
Silage grass
53
Fodder
32
*Fertiliser plus manure available-N.

N
290*
340*
100*

P2O5
kg/ha
20
80
85

K2O
0
250
205

Yield
t/ha (t DM/ha)
40 (10)
45 (13.5)

Of the above areas, 45.9 ha of grassland and 20.1 ha of fodder maize are dedicated to AD feedstock
production. Depending on user-defined options in the LCAD scenario tool, indirect LUC may be
attributed to the area of maize grown for the AD unit (see LUC calculations in the bioenergy
feedstock descriptions, below).

Arable farm (mineral fertiliser only)
Both arable baseline arable farms are assumed to be located in E England. For MANNER-NPK model
runs, a hypothetical location close to Dereham, Norfolk, was assumed (post code NR20 xxx). The
large arable farm covers an area of 400 ha, divided according to Table 1.4. Key land management
parameters are summarised in Table 1.4, based on RB209 recommendations (DEFRA, 2010) and
average yields (Nix, 2010). Fertiliser-N applications are split accordingly:





Winter wheat, 40 kg N applied 1st March, 75 kg N applied 15th April and again 15th May
(latter application rates increase to 90 kg N for second winter wheat in rotation).
Spring barley, all fertiliser N applied on 15th April
Oil seed rape, 50% all fertiliser-N applied in early March, 50% in early April
For forage maize, all fertiliser-N application on 15th April

Lime application rates of 2.5 tonnes every 5 years (modelled as 500 kg per year across all crops)
were assumed, rounded up from UK statistics for lime application in DEFRA (2011) that indicate 10%
of tillage land receives lime at an average rate of 4 t/ha every year.
Table 1.4. Land use parameters for the baseline large arable farm

Crop

N

P2O5

K2O

kg/ha

Grain yield

Straw yield

t/ha (t DM/ha)

Exported straw
yield
t/ha (t DM/ha)
3.03 (2.43)**

Winter wheat 1

190

60

45

8.75 (7.43)

t/ha (t DM/ha)
4.52 (3.62)*

Winter wheat 2

220

90

75

7.88 (6.70)

4.34 (3.39)*

2.84 (2.27)**

Spring barley

170

90

65

5.75 (4.90)

3.68 (2.94)

2.46 (1.97)**

Oil seed rape

190

80

70

3.3

NA

NA

*Straw data based on biomass ratios from HGCA (2012)
**Assume 67% harvestable straw from WW and SB actually harvested

An average agrochemical application rate of 2 kg/ha/yr active ingredient was assumed,
approximating with Biograce Model assumptions. Seed application rates of 170 kg/ha for winter
wheat and spring barley and 5 kg/ha for oil seed rape were taken from Teagasc (2013). Diesel
consumption for field operations is calculated in Farm Adapt based on estimated time taken to
complete each operation (Nix, 2009) and average hourly fuel consumption data for tractor
operations.
For IPCC FCR estimates of N losses, it was assumed that all non-harvested above-ground biomass was
incorporated into the soil each year along with below-ground biomass calculated as a proportion of
above-ground biomass using ratios in Table 11.2 of IPCC (2006). Above-ground residues (Table 1.5)
and harvestable straw (Table 1.4) were taken from Stoddart and Watts (2012). Soil N inputs
associated with soil incorporation of biomass N were allocated to the subsequent crop in the
rotation.
Table 1.5. Above and below- ground biomass quantities incorporated into the soil following the harvest of
each crop in the arable rotation

Crop

AG residues

Incorporated AG
residues
DM t/ha/yr

Incorporated BG
residues

Winter wheat 1

7.14

4.71

3.21

Winter wheat 2

6.44

4.17

2.89

Spring barley

5.53

3.56

2.43

Oil seed rape

6.13

6.13

2.08

Source: Stoddart and Watts (2012) and IPCC (2006).

Large arable farm + pig slurry
This scenario is identical to the large arable farm scenario above, except that some mineral fertiliser
is substituted with pig slurry from a nearby indoor pig farm. It was assumed that 19,934 kg N was
imported to the farm in 5098 m3 of pig slurry, based on N excretion in a typical indoor pig farm of
25,100 kg N (Newell Price et al., 2011). Slurry is transported 5 miles in a tractor tanker and applied to
the first winter wheat in the rotation on September 15th at a rate of 22 t/ha and to the spring barley
crop on April 15th at a rate of 30 t/ha.
Because pig slurry is often regarded as a waste from intensive pig farms, burdens associated with
storage emissions were attributed to the pig farm and not the arable farm using it as a fertiliser.
However, in the AP-SF scenario, avoided pig slurry storage emissions are accounted for as an AD
credit.
Storage CH4 emissions are based on IPCC (2006) EFs for liquid slurry/pit storage of fattener/market
pig slurry: 6 kg per head (Table 10.14 IPCC 2006). NH3 emissions are from Misselbrook et al. (2012)
for housing and storage assuming Nex 0.51 kg N per 1000 kg animal mass per day (Table 10.19 IPCC
2006), of which 70% in TAN (Webb and Misselbrook, 2004). Slatted floor housing emissions are
29.4% TAN, and tank storage emissions 13% TAN (Misselbrook et al., 2012). Thus, based on Nex in a
typical indoor pig farm of 25,100 kg N (Newell Price et al., 2011), counterfactual avoided storage NH3
emissions are 1958 kg NH3 per year. Assuming an average pig weight of 50 kg, each pig excretes 9.3
kg N per year so there are 25100/9.3 = 2699 pigs on the farm. Thus, counterfactual storage CH4
emissions equate to 2699 x 6 = 16,194 kg per year.
After housing losses, 19,934 kg N is exported in slurry to the AD unit. Based on DEFRA (2010) pig
slurry TN content (corrected for avoided storage loss) this equates to 5098 tonnes slurry at a TN
content of 3.91 kg/tonne (i.e. relatively dilute pig slurry).
For every kg Nex on the pig farm, export to AD immediately after housing avoids 0.078 kg NH3 and
0.645 kg CH4 from storage.

2. Upstream and energy-related processes
Ecoinvent v2.2 data were extracted as burdens calculated using the CML LCIA method and for RER
system processes excluding infrastructure.

Animal feed production
For LCA data simplicity, concentrate animal feed is assumed to be 100% winter wheat by default,
with burden data for processed winter wheat concentrate feed taken from Ecoinvent v2.2 (in reality
feed composition will vary but the winter wheat environmental burdens applied may be taken as
representative of the range of environmental burdens from different feed types). Where additional
feed is imported to the farm in bioenergy scenarios, the LCAD tool user may define SBME or winter
wheat as the marginal imported feed type (to reflect the net increase in global concentrate feed
demand represented by this management change). SBME replaces WW in the ratio of 0.83 kg/kg on
the basis of energy content (13.6 vs 11.3 MJ/kg) (DairyCo, 2013).
The SBME burden of production, processing and transport is calculated using BioGrace activity data
(cultivation inputs, processing electricity and natural gas inputs, and transport requirements) for
soybeans to produce both SBME and biodiesel (glycerine treated as biodiesel for simplicity).
Transport burdens are calculated based on BioGrace transport distances and Ecoinvent v2.2
transport emission factors. Biodiesel produced as a co-product of SBME is assumed to replace diesel,
and avoided upstream (and direct GWP) burdens are subtracted from the overall soybean cultivation
and processing burdens. This results in the following net burdens for SBME when LUC effects are
excluded (Table 2.1).
Table 2.1. SBME environmental burdens following a consequential LCA approach that accounts for replaced
diesel

Reference flow
1 kg SBME

kg CO2e
1.45E-01

kg PO4e
4.90E-03

kg SO2e
2.75E-03

MJe
-2.93E+00

kg Sbe
-1.41E-03

Although Hortenhuber et al. (2011) attribute LUC to standard SBME using an approach that could be
applied to attributional LCA, for consistency with the LCAD tool methodology, no LUC effects are
considered if the user selects “Ignore” iLUC. To consider indirect LUC according to LCAD tool userdefined scenarios, winter wheat feed is attributed burdens based on conversion of grassland to
arable land within the UK, whilst SBME is attributed additional CO2e and PO4 burdens based on land
use change from forest to arable in Brazil and grassland to arable in Argentina according to the
proportions of feed exported from those countries (FAO Stat, 2013) and assuming that most UK
SBME originates from Argentina and Brazil. The fractions calculated to originate from each source
country (Table 2.2) correspond closely with data on sources of SBME imported to the EU27 reported
in a Netherlands Friends of the Earth (2008) report. The final LUC CO2e value in Table 2.2 is calculated
based on multiplication of cultivation area by LUC factors in PAS 2050 (BSI, 2011).

Table 2.2. SBME feed originating in Brazil or Argentina, and associated iLUC CO2e burden, expressed per kg
additional SBME consumed in the UK

Country

SBME
Mass soy
consumed in beans
UK
required

Brazil
Argentina
Total

0.605
0.395

0.747
0.488

Average
yield (Mg
ha-1 yr-1)
FAO
3.124
2.648

Area
required

2.4 x 10-4
1.8 x 10-4

Forest to
arable
CO2e (kg yr1
)
8.85

Grass to
arable
CO2e (kg yr1
)
0.405
9.255

Fertiliser manufacture
For simplicity, fertiliser use in the LCAD tool is assumed to be 100% Ammonium Nitrate. Ammonium
nitrate production GHG emissions are taken from Cool farm Tool for GWP and from Ecoinvent for
AP, EP and RD (European average 1990s). The latter impacts were not scaled down according to
CO2e reduction because the latter reduction primarily reflects the abatement of N2O emissions in
nitric acid production rather than energy efficiency measures.
P2O5 was assumed to be applied as triple superphosphate, and Ecoinvent v2.2 burdens used. K2O
was assumed to be applied in the form of potassium chloride (Ecoinvent v2.2). Agrochemical
applications were represented by “unspecified pesticides” in Ecoinvent v2.2, expressed per kg active
ingredient applied.

Energy carriers
All energy density data were taken from DEFRA (2012) and BioGrace (2012). Farm-Adapt reports
total farm diesel consumption, which was allocated to different grass/crop areas in the LCAD tool in
proportion to harvested yield and slurry spreading requirements. For digestate spreading, diesel
consumption of 0.5 L/tonne (Dalgaard, 2001) was multiplied by total digestate application for each
crop type.
In order to ensure the latest UK specific data were used for energy carriers, CO2e burdens were
taken from DEFRA (2012) for electricity (and also upstream CO2 burden for diesel), whilst other
burdens were taken from Ecoinvent v2.2, scaled down according to reported DEFRA:Ecoinvent CO2e
ratio. According to DEFRA (2012), UK electricity has a lifecycle (Scope 3) CO2e burden of 0.590 kg per
kWh consumed.
For in-field diesel combustion in tractors, NOx emissions were estimated based on EURO III emission
standards for ≥ 75 ≤ 130 kW off-road vehicles (new vehicles sold after Jan 2007), equating to 4 g NOx
per kWh output (assuming output = 30% diesel input) (Dieselnet, 2013). These emissions are
insignificant relative to NH3. Minor SOx emissions were calculated based on the S content of red
diesel, now limited to 10 mg per kg fuel (DfT, 2010).

3. Animal husbandry

Enteric fermentation
Enteric fermentation CH4 was calculated from equation 10.21 of IPCC (2006), based on feed intake
and using a methane conversion factor (Ym) value of 6.5%.

Slurry storage
Slurry storage on dairy farms can be varied in the LCAD tool according to two options: Tank (assumes
crust cover); Lagoon. The former represents a typical (default) situation.
Methane emissions are calculated using IPCC (2006) Tier 2 calculations: Eq. 10.23 using volatile solid
excretion calculated from Eq. 10.24 in turn based on dry matter intake modelled in Farm Adapt.
Methane conversion factors are taken from Table 10.17 of IPCC (2006): 0.11 for storage with crust;
0.68 for lagoon storage.
Housing NH3 emissions were calculated per livestock unit (LU: 500 kg body mass) per day housed for
dairy cows and per calf as per Misselbrook et al. (2012). It was assumed that all indoor-excreted
manure on baseline farms is stored as slurry in either a tank with crust or in a lagoon, with the
former system being the default. The volume of manure generated and total N excretion (Nex)
indoors and outdoors were calculated using an IPCC Tier 2 approach from feed intake and gross
energy (GE) requirements in farm-Adapt. Slurry storage EFs of 0.05 and 0.515 total ammonical N
(TAN) for tanks (crusted) and lagoons were taken from Misselbrook et al. (2012), assuming 60% of
Nex is TAN (Webb and Misselbrook, 2004).

4. Soil emissions

Manure and digestate applications
All direct N2O emissions are calculated as a proportion of inputs, as per IPCC (2006). However,
volatilisation and leaching (and thus indirect N2O calculations calculated as fractions of NH3-N and
NO3-N as per IPCC 2006) are based on UK-specific data when the LCAD tool user specifies “MANNERNPK” in methods section.
MANNER-NPK outputs for various application methods and times are applied to slurry and digestate
applications, as previously referred to.
For animal grazing N deposition 6% of TAN was assumed to be volatilised as NH3 (Misselbrook et al.,
2012). A grazing Nex N2O-N emission factor of 0.02 was applied (IPCC, 2006).
Phosphorus losses were estimated as fixed fractions of P additions to surface soils for grasslands in
the west of England (3%) and arable land in the east of England (1%) based on Withers (pers. comm.
2013) and Johnes et al. (1996).

Fertiliser applications
According to Misselbrook et al. (2012): “Ammonium nitrate (and ‘other N’ category) – a fixed
emission factor of 1.8% N applied is now used as there was no consistent evidence of temperature,
rainfall, land-use or crop height effects on emission”. Thus, a 1.8% N loss factor is applied to all
ammonium nitrate N applied.
Fertiliser-N leaching losses are approximated to 10% of all fertiliser-, crop residue- and grazing- N
applied across dairy and arable farms (unless IPCC factors selected by LCAD tool users). Indirect N2ON emissions are calculated as per IPCC EFs for NH3-N and NO3-N (i.e. 0.01 and 0.0075).
Post-application CO2 emissions from lime are calculated based on IPCC (2006).

Crop residues
For residue-incorporated N, NO3 leaching was based on the 0.1 factor referred to above.
In addition, depletion in SOC and SON following LUC is accounted for as described in the following
section for LUC effects.

5. Bioenergy feedstock production and digestate application

Maize and grass AD feedstocks (dairy and arable)
As per fodder maize and cut-grass management (same management practices and yields assumed),
except:
Grass incurs a direct LUC effect on the arable farm that involves biomass and soil C sequestration
(negative values = sequestration):





Biomass C change per ha: [(10.0 t DM x 0.5 t C/t DM) – (13.6 t DM x 0.5 t C/t DM)] / 20 yr = –
65 kg C/yr (Eq. 2.15 and 2.16 IPCC, 2006)
SOC under grassland: SOCREF = 95 t C/ha for cold temperate high activity clay soils (Table 2.3
IPCC, 2006)
SOC under arable: 95 x 0.69 FLU x 1 FMG x 1 FI (full tillage, medium input) = 65.55 t C/ha
IPCC Tier 1 SOC change: (65.55 – 95 t C) / 20 yr = –1.473 t C ha/yr (Eq.2.25 IPCC, 2006)

Grass and maize on the arable farm incur an indirect land use change effect (depending on LCAD tool
setting defined by user), equivalent to conversion of grassland to cropland somewhere in the UK,
that involves biomass and soil C loss, crop residue N incorporation and soil organic N mineralisation
(coupled with SOC mineralisation):







Biomass C change per ha: [(13.6 t DM x 0.5 t C/t DM) – (10.0 t DM x 0.5 t C/t DM) –] / 20 yr =
65 kg C/yr (Eq. 2.15 and 2.16 IPCC, 2006)
SOC under grassland: SOCREF = 95 t C/ha for cold temperate high activity clay soils (Table 2.3
IPCC, 2006)
SOC under arable: 95 x 0.69 FLU x 1 FMG x 1 FI (full tillage, medium input) = 65.55 t C/ha(
IPCC Tier 1 SOC change: (95 t C – 95 t C) / 20 yr = 1.473 t C ha/yr (Eq.2.25 IPCC, 2006)
FCRN = 2400 kg x 0.015 + 10200 kg (Table 6.4 IPCC, 2006) x 0.012 (Table 11.2 IPCC, 2006) =
272 kg N/ha. Over 20 year default transition period = 13.6 kg N/ha/yr
FSOM = 1.473 x 1/15 x 1000 = 98.2 kg N/ha/yr (Eq. 11.18 IPCC, 2006).

Winter wheat and Oil Seed Rape for biofuels
As per winter wheat (1st crop) and oil seed rape management, except indirect land use change effect
(depending on LCAD tool setting defined by user), equivalent to conversion of grassland to cropland
somewhere in the UK (calculations as per above see above).

Miscanthus (dairy and arable)
Fertiliser application rates are based on RB209 recommendations. Small crop off-takes of 6 kg N per
t DM can be compensated by soil mineralisable N, but an N application rate of 60-80 kg N/ha is
recommended from yr 3 onwards.
Harvested crop off-take of P2O5 is approximately 1 kg per t DM, with a soil at P index of 1 required.
P2O5 was assumed to be applied at a replenishment rate of 14 kg/ha from yr 3 onwards.

Harvested crop off-take of K2O is approximately 8.5 kg K2O per t DM, variable depending on weather
and harvest time. A replenishment application rate of 120 kg/ha/yr was assumed to be applied from
year 3 onwards. These values are summarised in Table 5.1.
Table 5.1. Miscanthus nutrient application rates

Nutrient

Max application rate
N
P2O5
K2O

70
14
120

Average 20-yr application rate
kg ha-1 yr-1
63
12.6
108

Two lime applications of 5 t/ha were assumed over 20 years, averaging 0.5 t/ha/yr as per grass.
Crop-residue N incorporation from the previous crop, FCRN, is calculated as per grassland reseeding in
the dairy scenario, or the second winter wheat crop in the arable, to reflect preceding grassland or
first winter wheat crops, then divided by the 20-year miscanthus crop rotation.
Agrochemical use averages 0.42 kg active ingredient per ha per year (herbicide application preplanting, first two years, grubbing up) (Styles and Jones, 2007).
Harvesting occurs in late winter/spring with a moisture content below 40% after leaf senescence
(DEFRA, 2001). Mowing consumes 8 L ha-1, baling and handling 1.6 L/t (Dalgaard et al., 2001),
equating to 58.4 L diesel per ha.
Maintenance operations (fertiliser application) add another 9.5 L diesel consumption per ha per year
(Styles and Jones, 2007).
Where grassland is converted to miscanthus, it is assumed that below ground biomass and SOC
remain constant, whilst crop residue N incorporation and above-ground biomass C changes are
accounted for using IPCC (2006) equations:



FCRN (kg N) per ha: (2400 x 1 x 0.015 + 10200 x 0.012) / 20 yr = 7.9 kg N/yr (Table 11.2 IPCC
2006)
AG biomass C change per ha: [(12.8 t DM x 0.5 t C/t DM) – (2.4 t DM x 0.5 t C/t DM)] / 20 yr =
+260 kg C/yr

Indirect LUC is ignored where miscanthus replaces grassland, as this is most likely to be rough
grassland converted to improved grassland, with possible increases or decreases in soil and biomass
C depending on specific management practices.
Where arable land is converted to miscanthus, crop residue N incorporation, above-ground biomass
C change, below-ground biomass C change and SOC change and N mineralisation are accounted for
using IPCC (2006):



Biomass C change per ha: [(10 t DM x 0.5 t C/t DM) –(12.8 t DM x 0.5 t C/t DM) – (11.2 t DM
x 0.5 t C/ t)] / 20 yr = –350 kg C/yr (Eq. 2.15 and 2.16 IPCC, 2006)
SOC under Miscanthus: SOCREF = 95 t C/ha for cold temperate high activity clay soils (Table
3.3.3 IPCC, 2006)




SOC under arable: 95 x 0.69 FLU x 1 FMG x 1 FI (full tillage, high input) = 65.55 t C/ha
IPCC Tier 1 SOC change: (95 – 65.55 t C) / 20 yr = –1.473 t C ha/yr (Eq.2.25 IPCC, 2006)

Miscanthus displacement of arable crops incurs an indirect LUC effect (depending on LCAD tool
setting defined by user), equivalent to conversion of grassland to cropland somewhere in the UK,
that involves biomass and soil C loss, crop residue N incorporation and soil organic N mineralisation
(coupled with SOC mineralisation):




Biomass C change per ha: [(13.6 t DM x 0.5 t C/t DM) – (10.0 t DM x 0.5 t C/t DM)] / 20 yr =
65 kg C/yr (Eq. 2.15 and 2.16 IPCC, 2006)
FCRN = 2400 kg x 0.015 + 10200 kg (Table 6.4 IPCC, 2006) x 0.012 (Table 11.2 IPCC, 2006) =
272 kg N/ha. Over 20 year default transition period = 13.6 kg N/ha/yr
FSOM = 1.112 x 1/15 x 1000 = 74 kg N/ha/yr (Eq. 11.18 IPCC, 2006).

N.B: Some scenarios result in a reduction in maize area on the dairy farms owing to changed diet and
economic factors as determined by Farm-Adapt optimisation solutions. Where a reduction in maize
area occurs, a direct LUC effect involving conversion of cropland to grassland is attributed to
bioenergy-induced changes.

AD waste feedstock
There are conflicting data on average food waste composition. The scenario tool used food waste
characteristics taken from WRAP (2010), representing extensive sampling specifically of food waste
in Wales. It is assumed these characteristics will be representative of the entire UK. An annual
average was taken, to even out the significant seasonal variability reflected in the results below. The
nutrient concentrations in the table below correspond closely with those reported in Bernstad et al.
(2012), when corrected for dry matter content, and are also similar to Rintalla (2011). They differ
from values used in MANNER-NPK for P and K.
Table 5.2. Characteristics of food waste in Wales, based on average summer and winter representative
samples from across all Welsh local authorities.

Dry matter Volatile solids
%
Summer
24.2
210.0
Winter
27.7
257.0
AVERAGE
26.0
233.0
Source: Based on data from WRAP (2010).

C

N
kg/tonne (wet)
115.6
6.9
136.6
7.3
125.9
7.1

P2O5

K2O

1.3
1.3
1.3

3.4
3.3
3.3

Digestate application
For the dairy scenarios, Farm Adapt modelling was performed for fixed-output and non-fixed output
scenarios. As the results were similar, fixed output was assumed to avoid consequential LCA scenario
assumptions.
It is assumed that digestate is separated in all cases. For NMP and modelling simplicity, for the dairy
bioenergy scenarios it is assumed that solid fraction contains all P and K, and is spread on maize
area, whilst N in the liquid fraction is divided across maize and grass in proportion to N

requirements. It is assumed that the liquid fraction has a dry matter content of 2% (MANNER-NPK
for digestate liquids). NH4-N content is based on feedstock characterisation (including Farm Adapt
diet-related cattle slurry N content) and AD module outputs. Low NH4-N concentrations in silage
grass and maize digestate concur with results published in AFBI (2012) for silage grass digestate
(0.52 kg NH4-N per tonne out of 4.95 kg total N per tonne).
For arable bioenergy scenarios, the liquid fraction of food waste digestate is applied across the four
crops in rotation in proportion to their N requirements whilst the solid fraction applied to crops in
proportion to their P2O5 requirement. Liquid digestate is applied in September, April and February
for WW1, WW2, SB and OSR, respectively.
Total food waste digestation is limited by K2O excess for the arable farm to 10,000 t/yr in the A-F
scenario (to conservatively maintain K2O surplus below 10 kg/ha/yr).
It was difficult to obtain reliable data on the K2O content of AD feedstocks, especially silage maize
and grass. Values for P2O5 and K2O concentrations in silage grass and maize were calculated from a
modelling approach, as equal to soil applications of these nutrients divided by yield. Still, K2O was
the first nutrient to exceed crop requirements with digestate returns from grass, maize and food
waste inputs. Although K2O is not associated with major environmental impacts and is not the focus
of nutrient surplus concerns, it was assumed that significant surpluses should be avoided: therefore,
the quantities of food waste digested in relevant scenarios was constrained by crop K 2O
requirements. Had N requirements been used, considerably greater quantities of food waste could
be imported onto on-farm AD units.

6. Bioenergy processing and conversion

AD module
See the description of AD modelling undertaken by the Thünen Institute in Annex 2. In addition, for
the heat only SD-S scenario, the electricity demand for operating feeder pumps and mixers was
calculated based on a 2.2 kW draw over 33% of the year based on data in RASE (2011) for a similar
sized heat only case study. For food waste scenarios, in addition to the 20% parasitc heat demand
for digester heating, a further 30% of residual default scenario heat output was assumed to be
required for food pasteurisation (based on working group feedback).
For all fuels, lower heating values (net calorific values) were taken from DEFRA (2012) and BioGrace
(2012). Specifically for methane, a LHV of 35.9 MJ/m3 was applied.

Biofuel processing
See the description of biofuel cultivation (for comparison with LCAD tool cultivation data) and
processing modelling undertaken by the Thünen Institute in Annex 2.

Miscanthus pellet heating
For every tonne DM, 240 kWh electricity is required for pelleting, and 300 kWh of heating is required
for drying (personal communication with UK pellet industry representative). This is on the high side
(conservative) side given that miscanthus may not require drying depending on the time of harvest.
Miscanthus bales are assumed to be transported 50 km to the pelleting plant, and pellets a further
50 km to end users. Transport emissions were based on >32 t EURO 4 lorry (Ecoinvent v2.2).
1 t DM miscanthus = 18 GJ NCV, so @90% boiler efficiency, 1 kWhth requires 0.222 kg DM
miscanthus as harvested. Boiler combustion emissions of NOx and SOx were calculated based on
thresholds reported by Biomass Energy Centre (2013): 120 mg NOx per MJ and 20 mg SOx per MJ.
Note that PM10 and PM2.5 and PAH emissions could be higher from biomass boilers compared with
oil and gas boilers, but this effect is not captured by the impact categories used.

7. Counterfactual energy and waste streams

Energy counterfactuals
Replaced electricity = electricity from combined cycle gas turbine power stations operating at 50%
conversion efficiency, using Ecoinvent data for gas combustion in power stations. However, the first
electricity output from the AD CHP unit replaces imported electricity for milking operations, avoiding
grid-average electricity burdens based on Ecoinvent for the UK scale to most recent UK electricity
CO2 emission factor (DEFRA, 2012).
Replaced oil and gas heat from Ecoinvent, differentiated according to smaller <100 kW and larger
(>100 kW) boilers. Systems burdens (RER S) were selected to account for upstream fuel supply.
Heating oil = 9.79 kWh/L NCV (DEFRA, 2012). Assume condensing oil boilers 90% efficient so that 1 L
= 8.811 kWh useful heat
Natural gas = 9.282 kWh m-3 NCV. Assume condensing gas boilers 90% efficient so that 1 m3 = 8.354
kWh useful heat.

Waste counterfactual scenarios
Two counterfactual waste management options were considered for food waste in the LCA scenario
tool: in-vessel composting and landfilling. For composting, environmental burdens were calculated
for composting and subsequent land spreading of compost as a soil conditioner based on the
following factors:









Diesel and electricity consumption requirements of 0.84 litres (including spreading) and 40
kWh per tonne wet waste (EC, 2010)
Methane emissions derived from an MCF of 0.05 for composted animal manure (Table
10.17, IPCC, 2006)
Ammonia volatilisation from composting operations – 9% of compost N (EC, 2010)
Ammonia volatilisation following land spreading (MANNER NPK)
Soil N2O emissions of 1% of applied N (Tier 1, IPCC, 2006)
Nitrate leaching based on MANNER-NPK for food/green compost
Avoided fertiliser manufacture and application emissions based on fertiliser replacement
calculated in MANNER-NPK for food/green compost.
A small SOC credit equivalent to 4% of C in the compost, to reflect this additional source of
soil organic matter input (EC, 2010).

For landfilling, methane emissions and electricity generation from captured methane were taken
from WRAP (Keith James, pers. comm.), calculated based on IPCC (2006) guidelines using average UK
methane capture of 71%, of which 70% is used for electricity generation at 35% generating
efficiency. Emissions of NOx and SOx were calculated from fixed ratios to (biogenic) CO2 emitted
from electricity generation provided in EC (2010). Diesel consumption of 1.65 litres per tonne, and
electricity consumption of 1% of electricity generated, were taken from EC (2010). Electricity fed into
the grid was multiplied by the average UK grid electricity burden as used elsewhere in the LCA tool,

and subtracted as a credit that somewhat offset the environmental burden of other landfill
processes. Ammonia emissions per tonne of food waste sent to landfill were estimated based on the
ratio of ammonia to methane emitted from landfills nationally, as reported in Dragosits and Sutton
(2011) and Brown et al. (2012).
It was not possible to find representative data on the net eutrophication burden for landfill. On the
one hand, a credit can be calculated according to avoided electricity minus direct NH3 and NOx
emissions. But on the other hand it is difficult to obtain representative data on the quantity and fate
of eutrophying compounds in landfill leachate. Therefore, net EP was set to zero for landfill. The net
impact of acidification potential from landfill was estimated to be negligible and set to zero - direct
emissions of NH3, plus NOx and SOX from biomethane and diesel combustion are similar to avoided
emissions from electricity generated.
Environmental burdens arising from waste collection were not explicitly calculated, as it was
assumed these would be similar across the different waste management options employed.
Table 7.1. Net environmental burdens per tonne food waste going to composting and landfill, used to
calculate avoided burdens in counterfactual waste management options

Landfill
waste
Compost
waste

Reference flow

kg CO2e

kg PO4e

kg SO2e

MJe

kg Sbe

tonne wet waste

517

0.14

0.42

-1563

-0.75

tonne wet waste

170

0.83

1.81

500

0.24

The calculated waste emission factor for composting CO2e is significantly higher than that specified
in the Zero Waste Scotland model (-39 kg CO2e per tonne: Zero Waste Scotland, 2013). This is in part
the result of using MANNER-NPK two-year N availability for compost (c.11%) which may
underestimate long-term availability and thus fertiliser replacement.

8. Life cycle impact assessment method
Table 8.1 displays the life cycle inventory characterisation of environmental interventions in the LCA

scenario tool, based on CML (2010). LCAD tool data were multiplied by the following factors, and the
CML LCIA method was selected in SimaPro to extract relevant burden data (excluding infrastructure)
from the Ecoinvent v.2.2 database. .
Table 8.1. Environmental interventions and indicators considered in this study for four impact categories,
based on CML (2010)

Impact category

Interventions (characterisation factors for indicator
loading; kg per kg intervention)

Indicator

Global warming
potential

CO2 (1);
N2O (298);
CH4 (25)
NO3 (1 x 10-1);
P (3.06);
NH3 (3.5 x 10-1);
NOx (1.3 x 10-1);
N (4.2 x 10-1)
NH3 (1.6);
NOx (5 x 10-1);
SOx (1.2)
Hard coal (27.91);
Soft coal (13.96);
Natural gas (38.84 per m3);
Crude oil (41.87)
P (5.52 x 10-6)

CO2e

Eutrophication (RER)

Acidification (RER)

Resource depletion
(fossil fuels)

Resource depletion
(elements)

PO4e

SO2e

MJe

Sbe

9. Economics

LCAD economics
Farm-Adapt is an established farm economic optimisation tool, and its functionality is described
elsewhere. A brief description is provided in the main report. Farm-Adapt was used to calculate farm
level net margin changes in AD scenarios based on additional feed imports where relevant, and
assuming 100% mineral fertiliser (all slurry exported to AD unit), and no income for feedstock
cultivated for the AD unit. To this net margin change, the following income and cost streams were
added in the LCAD tool based on AD scenario parameters:








Fertiliser replacement value of digestate (minus spreading costs)
Annualised capital investment costs (6% interest rate)
Annual operating and maintenance costs
Feedstock and digestate transport costs (for arable scenarios with centralised AD unit,
assuming average 5 miles each way)
Electricity income (avoided imported, export, FITs)
Heat income (avoided oil heating, RHI)
Food waste gate fee

The same approach was used for miscanthus and liquid biofuel scenarios. However, rather than
calculate transport and processing costs (few reliable commercial data), the net return for the supply
chain was calculated as the farm net margin change plus the difference in end-user energy costs,
excluding and including subsidies.
Net effects, excluding subsidies, were used to calculate the CO2 mitigation cost (where life cycle GHG
emissions were reduced): i.e. the annual cost of subsidising the overall bioenergy scenario (based on
current market structure) so that it breaks even with the baseline farm and energy assumptions was
divided by the annual lifecycle GHG mitigation potential of the bioenergy scenario.
This simplification ignores large intermediate economic flows associated with bioenergy transport
and processing likely to be associated with various GDP multipliers and that could be regarded as
positive returns on bioenergy subsidies at the national level (relative to baseline energy supplies
dominated by imported fossil fuels involving few multiplier effects and revenue export to fossil fuel
producing countries). Similarly, co-benefits or costs of other environmental burden changes are not
considered in the marginal abatement cost. Thus the approach used is a gross simplification but
compatible with typical mitigation cost calculations.

AD capital investment and operation and maintenance costs
Dairy AD unit capital investment costs were calculated at a fixed cost of £530 m-3 digester capacity
(capacities calculated according to feedstock mixes using NNFCC model). Fixed proportions of capital
expenditure were allocated to buildings and machinery, with depreciation lifetimes of 20 and 10
years, respectively. Capital investments were converted into annual capital repayments based on
loan repayment over building/machinery lifetimes plus accrued interest at a rate of 6%. For the dairy

scenarios, NNFCC model costs corresponded closely with guide values provided by Fre-Energy (FreEnergy, pers. comm. 2013) and with Spack (2011).
Arable AD capital investment costs were underestimated using the “thumb in the air” calculation
method of the NNFCC model scaled according to digester capacity. Instead, data from existing or
proposed AD plants was used (Future Biogas, pers. comm. 2013; Fre-Energy, pers. comm. 2013).
Operating and maintenance costs were adapted from NNFCC model costs according to the following
equation: O&M cost = £4000 (licenses, admin) + £7.99 x m3 digester capacity (digester maintenance)
+ £87.58 x kWe CHP capacity (CHP maintenance).
For the heat-only scenario, electricity used for mixing was estimated as a 2.2 kW draw over 33% of
the year (RASE, 2011) and costed as an additional O&M cost.
Capital investment and O&M costs are fixed for the various scenarios, and do not vary according to
AD design and management scenario settings within the LCAD tool. This reflects the high level of
uncertainty associated with these data and a lack of more detailed data for specific components.
Instead, the LCAD tool user can apply a scalar function to the default capital costs.

AD income
Electricity export to grid was valued at £0.05 kWh-1. Avoided electricity import (dairy farm scenarios)
was valued at £0.15 kWh-1.
In addition, all electricity generated is eligible for FITs at the rates below (Feed in Tariffs Ltd, 2013),
plus exemption from the climate change levy worth £0.0047 kWh-1 (AEA, 2011).




≤250kW: £0.1516/kWh
>250–500 kWe: £0.1402/kWh
>500 kWe: £0.0924/kWh

The Renewable Heat Incentive (RHI) currently applies to commercially used renewable heat sourced
from a generator < 200 kWth capacity, though the rules are under discussion with a decision on
granting a domestic RHI postponed. The LCAD tool has functions for the user to specify whether
domestic and larger (> 200 kWth) renewable heat sources are eligible for RHI at the current rate for
biogas (£0.073 kWh-1) (Ofgem, 2013). Otherwise, only the animal housing heat used in the LD-S and
SD-S is eligible for the RHI incentive in the default situation, based on non-domestic and capacity
restrictions.
Avoided heating oil is costed at £0.07/kWh (£0.70/L) including all taxes and delivery (EU Energy
Portal, 2013).
The net economic effect of the miscanthus scenarios was calculated as the sum of farm net margin
difference plus end-user heating cost difference, both excluding and including subsidies.

Miscanthus
The gross margin for miscanthus cultivation is based on an establishment cost of £1,660 ha-1
(annualised assuming repayment over 20 yrs at 6% interest), 2012 farm input prices for fertilisers,
diesel and other inputs as described for Farm-Adapt and an income of £60 DM t-1 miscanthus at the

farm gate (excluding subsidies), resulting in a gross margin of £267 ha-1 yr-1 at an average yield of
12.6 t DM ha-1 yr-1. Including available establishment and maintenance subsidies results in a gross
margin of £352 ha-1 yr-1. These margins are added to the Farm-Adapt margins calculated for the
residual dairy/arable enterprises to generate the net farm margin change in the LD-M, SD-M and AM scenarios within the LCAD tool.
Capital investment is calculated as a premium per kWhth delivered by msicanthus pellets. Based on
Styles and Jones (2007), installation of a small commercial scale miscanthus pellet boiler (100 kW) +
pellet storage costs = €30,000, compared with €10,000 for an equivalent sized oil boiler with
storage. Difference of €20,000 = £17,000. Amortised at 6% over 20 years, equates to £1,482/yr.
Assuming average 50% load factor (438,000 kWh/yr), equates to 0.34 p/kWh “premium” for
miscanthus pellet heating.
The miscanthus pellet heating market is not well established, and prices are based on relatively small
scale processing. A sale price of £263 per tonne miscanthus pellets (including all taxes and delivery)
was taken from Agripellets (2013). This price was converted to a kWhth fuel heating cost and added
to the “capital investment premium” for comparison with the cost of heating based on oil including
all taxes and charges.
The RHI for biomas boilers < 200 kWth capacity is applied, at the Tier 1 rate of £0.086/kWh for 25%
of output and the Tier 2 rate of £0.022/kWh for 75% of output. NB. Tier 1 applies to first 15% rated
capacity (RHI co.uk, 2013). If running at an average 60% load factor throughout year (assume
represents small commercial premises such as hotel with constant hot water demand and seasonal
heating), then 15% capacity = 25% output. Explained at:
The net economic effect of the miscanthus scenarios was calculated as the sum of farm net margin
difference plus end-user heating cost difference, both excluding and including subsidies.

Transport biofuels
Data were sought from numerous sources on biofuel processing costs, but were regarded as too
commercially sensitive to divulge. Instead, the approach outlined above based on the net difference
between fossil- and bio- fuel energy prices was applied.
For the net biofuel cost minus subsidies, wholesale biofuels prices were compared with current
(2013) prices for petrol and diesel (crude oil plus margin that includes refining and transport costs)
taken from the EU Energy Portal (2013) and converted to GBP at an exchange rate of 0.85 £/€: these
were 0.53 and 0.57 £/L for petrol and diesel, respectively. These prices translate into £0.053 and
£0.063 per kWh fuel energy content based on BioGrace LHVs.
Wholesale EU price data for bioethanol and biodiesel were taken from a recent report (IISD, 2013),
and converted to GBP: £0.536 and £0.765 per L, respectively, equating to £0.091 and 0.083 per kWh
biofuel based on BioGrace LHVs.
To calculate the economic returns including subsidies, IISD (2013) data were again used. That report
estimated the total subsidy effect for biofuels in the EU to be between €0.48 and €0.54 per litre for
bioethanol and between €0.44 and €0.51 per litre for biodiesel, respectively. Mid estimate values
translated into subsidies equivalent to £0.073 and £0.044 per kWh bioethanol and biodiesel,
respectively, and were added to subsidies revenues in the LCAD tool.

10. Scenario schematics of LCA boundaries
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Figure 10.1. Boundaries, flows and processes considered in the LD-S, slurry-only AD scenario
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Figure 10.2. Boundaries, flows and processes considered in the MD-S, slurry-only AD scenario
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Figure 10.3. Boundaries, flows and processes considered in the LD-SG, slurry and grass AD scenario
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Figure 10.4. Boundaries, flows and processes considered in the LD-SMZ, slurry and maize AD scenario
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Figure 10.5. Boundaries, flows and processes considered in the LD-SF, slurry and food waste AD scenario
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Figure 10.6. Boundaries, flows and processes considered in the BAD-SGMZ, beef plus AD scenario
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Figure 10.7. Boundaries, flows and processes considered in the LD- and MD-M, miscanthus scenarios
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Figure 10.8. Boundaries, flows and processes considered in the A-F, food waste AD scenario
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Figure 10.9. Boundaries, flows and processes considered in the AP-SF, pig slurry plus food waste AD
scenario
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Figure 10.10. Boundaries, flows and processes considered in the A-MZ, maize in rotation AD scenario
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Figure 10.11. Boundaries, flows and processes considered in the A-MZ100, maize monoculture AD
scenario
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Figure 10.12. Boundaries, flows and processes considered in the A-G, grass AD scenario
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Figure 10.13. Boundaries, flows and processes considered in the A-Bd, oil seed rape for biodiesel scenario
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Figure 10.14. Boundaries, flows and processes considered in the A-Et, winter wheat for bioethanol
scenario
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Figure 10.15. Boundaries, flows and processes considered in the A-M, miscanthus for pellet heating
scenario

References
ADAS (2013). Planet webpage (MANNER-NPK downloaded May 2013):
http://www.planet4farmers.co.uk/Manner
ADBA (2013). Projections for the UK AD and biogas market in 2013/14. Website last accessed June
2013: http://www.adbiogas.co.uk/2013/05/17/whats-in-store-for-the-uk-ad-market-in-2013143/
AEA (2011a). Implementation of AD in E&W Balancing optimal outputs with minimal environmental
impacts (AEAT/ENV/R/3162 April 2011).
AEA (2011b). Implementation of AD in England & Wales: Balancing optimal outputs with minimal
environmental impacts - Impact of using purpose grown crops (AEAT/ENV/R/3220, November,
2011).
AFBI (2012). Performance summary for anaerobic digestion of dairy cow slurry and grass silage at
AFBI, Hillsborough August 2011 - December 2012. AFBI, Hillsborough.
Agri-pellets (2013). Miscanthus pellets webpage, accessed July 2013:
http://buypellets.co.uk/epages/www_buypellets_co_uk.sf/en_GB/?ObjectPath=/Shops/www_bu
ypellets_co_uk/Categories/Agripellets/%22Harvest%20Pellets%22
Bernstad, A., Jansen, J.L. (2012). Separate collection of household food waste for anaerobic
degradation – Comparison of different techniques from a systems perspective. Waste
Management 32, 806–815.
Bernstad, A., Jansen, J.L. (2012). Review of comparative LCAs of food waste management systems –
Current status and potential improvements. Waste Management 32, 2439–2455.
Biomass Energy Centre (2013). Web portal accessed June 2013:
http://www.biomassenergycentre.org.uk/portal/page?_pageid=77,109191&_dad=portal&_sche
ma=PORTAL
BioGrace (2012). BioGrace Excel tool version 4b, downloaded from the BioGrace website July 2012:
www.biograce.net
Brown. K, Cardenas. L., MacCarthy, J., Murrells, T., Pang, Y., Passant, N., Thistlethwaite, G., Thomson,
A., Webb, N., Dore, C., Gilhespy, S., Goodwin, J., Hallsworth, S., Hobson, M., Manning, A.,
Martinez, C., Matthews, R., Misselbrook, T., Thomas, J., Walker, C., Walker, H., Watterson,
J.D. (2012). UK Greenhouse Gas Inventory, 1990 to 2010. Didcot: AEA technology plc.
BSI (2011). PAS 2050:2011 Specification for the assessment of the life cycle greenhouse gas emissions
of goods and services. London: BSI. ISBN 978 0 580 71382 8.
CML (2002). Abiotic Resource Depletion in LCA. CML, Leiden.
CML (2010), in JRC-IES (2010). ILCD Handbook: Analysing of existing Environmental Impact
Assessment methodologies for use in Life Cycle Assessment (First edition). Ispra, 2010.
Available to download at:
http://lct.jrc.ec.europa.eu/assessment/assessment/publications#indicators
Cool Farm Tool (2012). Cool farm Tool homepage (tool downloaded June 2012):
http://www.coolfarmtool.org/
DairyCo (2013). Feed ration ingredients webpage, accessed June 2013:
http://www.dairyco.org.uk/technical-information/feeding/common-ration-ingredients/

Dalgaard, T., Halberg, N., Porter, J.R. (2001). A model for fossil energy use in Danish agriculture used
to compare organic and conventional farming. Agriculture, Ecosystems and Environment, 87, 5165.
DEFRA (2010). Fertiliser Manual RB209. UK: TSO. Retrievable at
http://www.defra.gov.uk/publications/2011/03/25/fertiliser-manual-rb209/
DEFRA (2011). The British Survey of Fertiliser Practice. DEFRA, London.
DEFRA (2012). 2012 Guidelines to Defra / DECC's GHG Conversion Factors for Company Reporting.
London: DEFRA.
DfT (2010). Web archive accessed may 2013:
http://webarchive.nationalarchives.gov.uk/20101007153548/http://www.dft.gov.uk/pgr/roads/e
nvironment/fuel-quality-directive/pdf/fuelquality.pdf
Dieselnet (2013). Webpage accessed May 2013:
http://www.dieselnet.com/standards/eu/nonroad.php
Dragosits, U., Sutton, M.A. (2011). Modelling and mapping UK emissions of ammonia, methane and
nitrous oxide from agriculture, nature, waste disposal and other miscellaneous sources for 2009.
CEH, Midlothian.
EC (2009). Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on
the promotion of the use of energy from renewable sources and amending and subsequently
repealing Directives 2001/77/EC and 2003/30/EC. OJEU: L 140/16.
EC (2010). Commission Staff Working Document Accompanying the Communication from the
Commission On future steps in bio-waste management in the European Union [COM(2010) 235
final]. EC, Brussels.
EU Energy Portal (2013). Energy prices page, last accessed July 2013: http://www.energy.eu/
FAO Stat (2013). Website last accessed June 2013: http://faostat.fao.org/site/339/default.aspx
Feed in Tariffs Ltd (2013). Tariffs payable per kWh of electricity produced. Webpage accessed July
2013: http://www.fitariffs.co.uk/eligible/levels/
FNR (2009) Biogas-Messprogramm II. (2nd Edition), Gülzow, Available from:
http://mediathek.fnr.de/broschuren/bioenergie/biogas/biogas-messprogramm-ii-61biogasanlagen-im-vergleich.html
FNR (2010). Leitfaden Biogas: Von der Gewinnung zur Nutzung (5th Edition). Gülzow, 2010. Available
to download from: http://mediathek.fnr.de/leitfaden-biogas.html
FNR (2013).Biogas data webpage. Last accessed October 2013:
http://mediathek.fnr.de/grafiken/daten-und-fakten/bioenergie/biogas.html
Hörtenhuber, S.J., Lindenthal, T., Zollistsch, W. (2011). Reduction of greenhouse gas emissions from
feed supply chains by utilising regionally produced protein sources: the case of Austrian
dairy production. Journal of the Science of Food and Agriculture, 91, 1118-1127.
IISD (2013). Biofuels—At What Cost? A review of costs and benefits of EU biofuel policies.
International Institute for Sustainable Development, London, UK. Available to download at:
http://www.iisd.org/gsi/sites/default/files/biofuels_subsidies_eu_review.pdf
IPCC (2006). 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Retrieved from
http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html

ISO (2006a). ISO 14040: Environmental management — Life cycle assessment — Principles and
framework (2nd ed.). Geneva: ISO.
ISO (2006b). ISO 14044: Environmental management — Life cycle assessment — Requirements and
guidelines. Geneva: ISO.
Johnes, P., Moss, B., Phillips, G. (1996). The determination of total nitrogen and total phosphorus
concentrations in freshwaters from land use, stock headage and population data: testing of
a model for use in conservation and water quality management. Freshwater Biology 36,
451–473.
Misselbrook, T.H., Gilhespy, S.L., Cardenas, L.M. (Eds.) (2012). Inventory of Ammonia Emissions from
UK Agriculture 2011. DEFRA, London.
Netherlands Friends of the Earth (2008). Soy consumption for feed and fuel in the European Union.
Profundo, Netherlands.
Newell Price, J.P., Harris, D., Taylor, M., Williams, J.R., Anthony, S.G., Duethmann, D., Gooday, R.D.,
Lord, E.I. and Chambers, B.J., Chadwick, D.R., Misselbrook, T.H. (2011). An Inventory of Mitigation
Methods and Guide to their Effects on Diffuse Water Pollution, Greenhouse Gas Emissions and
Ammonia Emissions from Agriculture. DEFRA, UK.
Nix, J. (2009). Farm Management Pocket Book (40th Edition). Agro Business Consultants Limited.
NNFCC (2013). Anaerobic digestion economic assessment tool (Version 2.5). Downloaded June 2013
from: http://www.nnfcc.co.uk/
Ofgem (2013). RHI tariffs and payments webpage, accessed July 2013: http://www.ofgem.gov.uk/eserve/RHI/tariffs-and-payments/Pages/index.aspx
RASE (2011). A Review of Anaerobic Digestion Plants on UK Farms - Barriers, Benefits and Case
Studies. RASE, UK.
RHI.co.uk (2013). RHI eligible levels webpage, accessed July 2013:
http://www.rhincentive.co.uk/eligible/levels/
Spackman, P. (2011). Small-scale AD worth a second look. Farmers Weekly, 09.09.2011.
Stoddart, H., Watts, J. (2012). Energy potential from UK arable agriculture: straw – what is it good
for? AHDB/HGCA, Warwickshire.
Styles, D., Jones, M.B. 2007. Energy crops in Ireland: quantifying potential reductions in greenhouse
gas emissions from the agriculture and electricity sectors. Biomass and Bioenergy 31, 759-772.
Teagasc (2013). Crops – winter cereals. Webpage last accessed July 2013:
http://www.teagasc.ie/crops/winter/sowing_varieties/
Thomson and Joseph LTD (2011). How does the mineral status of maize and whole crop compare to
grass silage? Thomson and Joseph LTD, accessed June 2013 at:
http://www.mvfeedsupplements.com/uploads/PDFs/Maize%20%20Whole%20Crop%20Comparis
on.pdf
Warwick HRI (2007). AC0401: Direct energy use in agriculture: opportunities for reducing fossil fuel
inputs. Warwick HRI.
Webb, J., Misselbrook, T.H., 2004. A mass-flow model ofammonia emissions from UK livestock
production. Atmospheric Environment 38, 2163–2176.
Withers, P. (2013). Personal communication April 2013.

WRAP (2010). Food Waste Chemical Analysis. Chemical characterisation of food wastes collected
from Welsh Local Authorities for supporting decisions related to anaerobic digestion process
design and operation. WRAP, UK.
WRAP (2013). Personal communication, February–July 2013.
Zero Waste Scotland (2013). Carbon Metric Calculator downloaded May 2013 at:
http://www.zerowastescotland.org.uk/search/apachesolr_search/carbon%20calculator?filters=ti
d:97

