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A major methodological issue for life cycle assessment, commonly used to quantify greenhouse gas
emissions from livestock systems, is allocation from multifunctional processes. When a process produces
more than one output, the environmental burden has to be assigned between the outputs, such as milk
and meat from a dairy cow. In the absence of an objective function for choosing an allocation method, a
decision must be made considering a range of factors, one of which is the availability and quality of
necessary data. The objective of this study was to evaluate allocation methods to calculate the climate
change impact of the economically average (€/ha) dairy farm in Ireland considering both milk and meat
outputs, focusing specifically on the pedigree of the available data for each method. The methods were:
economic, energy, protein, emergy, mass of liveweight, mass of carcass weight and physical causality. The
data quality for each method was expressed using a pedigree score based on reliability of the source,
completeness, temporal applicability, geographical alignment and technological appropriateness. Sce-
nario analysis was used to compare the normalised impact per functional unit (FU) from the different
allocation methods, between the best and worst third of farms (in economic terms, €/ha) in the national
farm survey. For the average farm, the allocation factors for milk ranged from 75% (physical causality) to
89% (mass of carcass weight), which in turn resulted in an impact per FU, from 1.04 to 1.22 kg CO-eq/kg
(fat and protein corrected milk). Pedigree scores ranged from 6.0 to 17.1 with protein and economic
allocation having the best pedigree. It was concluded that when making the choice of allocation method,
the quality of the data available (pedigree) should be given greater emphasis during the decision making
process because the effect of allocation on the results. A range of allocation methods could be deployed to
understand the uncertainty associated with the decision.
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1. Introduction

With the global human population predicted to increase to over
9 billion by 2050 (Gerber et al., 2013), an increase in consumption of
bovine milk and meat products is likely (FAO, 2009). Increasing
primary production from large ruminant systems to meet demand
will increase greenhouse gas (GHG) emissions. To tackle this
problem, European Union (EU) nations have agreed measures to
reduce GHG emissions from non-emission trading sectors,
including agriculture. The EU aims to reduce these emissions by
10% by 2020 relative to 2005 levels, with Ireland required to
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achieve a 20% reduction as its contribution to this target (European
and Council, 2009).

Life cycle assessment (LCA), an internationally excepted
approach (ISO, 2006), is the preferred method to simulate GHG
emissions from agricultural systems (IDF, 2010; Thomassen and De
Boer, 2005). Many LCA studies focus on farm systems' impact to the
point that the primary product is sold from the farm i.e., ‘cradle to
gate’ (Cederberg and Mattsson, 2000; Haas et al., 2001; O'Brien
et al., 2010). A single impact LCA considering GHG emissions
interpreted in terms of climate change impact is commonly
referred to as a carbon footprint. A major methodological issue for
LCA is allocation of the environmental burden between multiple
outputs of a process. To maintain relatively simple attributional
models, when a system or process produces more than one output,
the environmental burden has to be allocated between the outputs.

The British Standards Institute (BSI) and the International Dairy
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Federation (IDF) advise that when considering the allocation of
GHG emissions to co-products, the appropriate approach is to refer
to the hierarchy as detailed within their specification (BSI, 2011;
IDF, 2013), which is based on the ISO standard (ISO, 2006). Both
suggest that allocation should be avoided if possible, but when it is
not possible, allocation based on a physical relationship between
both products is preferred to other relationships such as economic
value (BSI, 2011; IDF, 2015).

As there is no accepted objective function that properly reflects
allocation for dairy systems, studies have used different methods
including physical causal relationships (Basset-Mens et al., 2009;
Ledgard et al., 2009), protein content (Gerber et al.,, 2010) and
economic value (Arsenault et al.,, 2009; Casey and Holden, 2005;
Cederberg and Flysjo, 2004; Hospido and Sonesson, 2005; van
der Werf et al., 2009). Some studies have applied system expan-
sion (Cederberg and Stadig, 2003; Hospido and Sonesson, 2005;
Thomassen et al., 2008), but most dairy LCA studies use economic
allocation for upstream and downstream processes, in the absence
of detailed process data (De Vries and De Boer, 2010). More
recently, Kiefer et al. (2015) used a variation on economic allocation
that incorporated ecosystem services based on the proportion of
farm income derived from payments for sustainable practices,
while Dalgaard et al. (2014 ) used cut-off criteria to define ‘switches’
for including specific components in each part of the model cal-
culations. Nguyen et al. (2013) examined co-product handling using
protein content on a live weight basis of culled cows and surplus
calves.

Another method available is emergy allocation, but to our
knowledge, this method has not been used for dairy systems. The
emergy concept, expressed as solar emjoules (se]) was created by
Odum (1983) to account for the energy requirements for producing
a product capturing those sources not accounted for by conven-
tional energy measurement (e.g., kcal or kWh). The emergy
approach calculates the energy required to transform sunlight en-
ergy into a higher quality or more usable energy such as grass.
Emergy can be used for allocation because it can be defined as the

Table 1

The data quality pedigree matrix of Weidema and Wesnaes (1996) used for this study.

available energy (exergy) that is used in transformations to directly
and indirectly to make a product (Odum, 1996), thus it is possible to
calculate the emergy for each co-product (Brown and Herendeen,
1996).

It is well documented that data quality influences the uncer-
tainty and robustness of LCA results (Henriksson et al., 2011; May
and Brennan, 2003; Weidema, 1998). ISO standards recommend
that data quality be reported, but this is not that common. Conse-
quently, it is necessary to make judgement with respect to the
accuracy of LCA outcomes. While a data quality scoring/judgement
matrix has been developed (Rousseaux et al. (2001); Wrisberg et al.
(1997); Weidema and Wesnaes, 1996), the concept has never been
applied in the context of allocation and the choice of method.

Rousseaux et al. (2001) proposed the data generation method be
examined regarding the degree to which it had the capacity to
provide accurate data (justness), the extent of the inclusion of the
whole population (completeness), the extent to which the whole
population is represented (representativeness) and the potential to
repeat an outcome (repeatability). These indicators were used to
assess flows, processes, and the system. Rousseaux et al. (2001)
suggested the ‘justness’ of the life cycle inventory should be eval-
uated at the flow level, while the assessment of geographical
representativeness is sufficient at the process level due to the
uniformity of geographical conditions describing each process.
They scored each from 1 (best) to 5 (worst) and the approach was
derived from Weidema and Wesnaes (1996; Table 1). and Wrisberg
et al. (1997). The use of ‘repeatability’ by Rousseaux et al. (2001)
was novel and innovative.

The semi quantitative approach of Wrisberg et al. (1997) was
designed to provide an indication of the quality of data used in an
LCA and identification of hotspots of poor data quality. The method
is also implemented at flow, process, and system levels with scores
from 1 to 5. The assessment is subjective but transparent using
reliability, completeness and representativeness. The mean score is
taken as indicative of data quality. A distinction is made between
environmental flows and economic flows as a result of aggregating

Indicator Indicator Score
1 2 3 4 5
Independent of the study in which the data are applied:
Reliability of the source Verified data based on Verified data partly Non-verified data Qualified estimate (e.g. Non — qualified

Completeness

measurements

Representative data
from a sufficient sample
of sites over an
adequate period to
even out normal
fluctuations

Dependent on the goal and scope of the study:

Temporal correlation

Geographical correlation

Technological correlation

Less than 3 years of
difference to year of
study

Data from area under
study

Data from enterprises,
processes and materials
under study

based on assumptions
or non-verified data
based on
measurements
Representative data
from a smaller number
of sites but for adequate
periods

Less than 6 years of
difference to year of
study

Average data from
larger area in which the
area under study is
included

Data from processes
and materials under
study but from different
enterprises

partly based on
assumptions

Representative data
from an adequate
number of sites but for
shorter periods

Less than 10years of
difference to year of
study

Data from area with
similar production
conditions

Data from processes
and materials under
study but from different
technology

by and industrial
expert)

Representative data
from a smaller number
of sites and shorter
periods, or incomplete
data from an adequate
number of sites and
periods

Less than 15 years of
difference to year of
study

Data from area with
slightly similar
production conditions

Data on related
processes and materials
but from same
technology

estimate or unknown
origin

Representativeness
unknown or
incomplete data from a
smaller number of sites
and/or from shorter
periods

Age unknown or more
than 15 years of
difference to year of
study

Data from an unknown
area or with very
different production
conditions

Unknown technology
or data on related
processes or materials
but from different
technology
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the reliability parameters.

The pedigree matrix of Weidema and Wesnaes (1996) was used
in this research for three reasons: (i) it is within the Society of
Environmental Toxicology and Chemistry (SETAC) framework for
determining data uncertainty, based on ‘data inaccuracy’ and ‘lack
of specific data’ (i.e. data gaps and unrepresentative data) (May and
Brennan, 2003); (ii) the methods of Rousseaux et al. (2001) and
Wrisberg et al. (1997) were derived from Weidema and Wesnaes
(1996); but (iii) the indicators used by Weidema and Wesnaes
(1996) are at the data level only, unlike those of Rousseaux et al.
(2001) and Wrisberg et al. (1997), which consider indicators
across many levels. Thus the original method was considered most
suitable for this work.

The objective of this study was to evaluate and assess seven
allocation methods applied to grass based dairy production in
terms of data quality. The methods of allocation assessed were:
economic, energy, emergy, protein, mass of liveweight (LW), mass
of carcass weight (CW) and physical causality. The use of emergy to
allocate from a dairy system between milk and meat was novel. The
data quality (pedigree) was assessed using (1) reliability of the
source and completeness; (2) temporal correlation; (3) geograph-
ical correlation; and (4) technological correlation, which is in
keeping with the data quality requirement stipulations set out by
the ISO (2006).

2. Material and methods
2.1. Dairy farming system and data acquisition

The data (Table 2) were derived from the 2012 Irish National
Farm Survey (Hennessy et al., 2012) as described by O'Brien et al.
(2015). The survey was carried out on 256 dairy farms in 2012
and was weighted according to farm area to represent the national
population of specialized dairy farms (15,600). All the dairy farms
in the survey used grass-based spring calving with seasonal milk
supply matched to grass growth (Shalloo et al., 2014) to maximise
grazed grass intake (Dillon et al., 1995; Kennedy et al., 2005).

2.2. Life cycle assessment

The LCA methodology was applied according to the ISO (2006)
guidelines. The goal was to evaluate allocation between milk and

Table 2

Key technical measures collected by Hennessy et al. (2012) for the bottom, mean and
top third of a sample of 221 Irish dairy farms ranked in terms of gross margin/ha. The
sample was weighted to represent a national population of 11,563 farms.

Item Bottom third Mean Top third
Dairy farm area, ha 36 35 34
Milking cows, number 58 67 75
Culled cows, % 19 17 15
Stocking rate, cows/ha 1.59 1.89 2.24
Soil class 1¢ 48% 59% 71%
FPCM yield, kg/cow 4541 5181 5822
Fat, % 3.9 3.94 3.97
Protein, % 3.37 34 343
FPCM" yield, kg/ha 7288 9776 13031
Milk solids yield®,kg/cow 339 387 436
Concentrates, kg DM/cow 929 898 929
Grazing days 221 239 249
N fertilizer, kg/ha 149 196 253
Purchased fuel, 1/ha 114 110 113
Electricity, kWh/cow 184 182 188
Gross margin, €/ha 1030 1758 2666

2 Soil Class 1 = Free draining soil.
b Fat and protein corrected milk.
¢ Total combined fat and protein in kilograms, kg.

meat using seven allocation methods for an economically average
(€/ha) Irish dairy farm. The system boundary was ‘cradle to farm
gate’, including foreground processes of milk production and
background processes for production and transportation of mineral
fertilizer, cultivation, processing and transportation of concentrate
feed. Infrastructure (animal housing, slurry storage facilities, and
roads), machinery (tractor, milk cooling system)(following
Frischknecht et al., 2007), medicines, pesticides, and disposal of
silage plastic (following O'Brien et al., 2014) were not included due
to their known small influences (Frischknecht et al., 2007). The
functional unit was 1 kg of fat and protein corrected milk (FPCM)
normalised to 4% fat and 3.3% protein (Yan et al., 2011), where FPCM
(kg/yr) = Production (kg/yr) x (0.1226 x Fat % + 0.0776 x True
Protein % + 0.2534).

The emissions of methane (CHy), nitrous oxide (N;O), carbon
dioxide (CO,) and halocarbons (F-gases) were calculated using the
model of O'Brien et al. (2014) that was certified by the Carbon Trust
(Carbon Trust, 2010). On-farm emissions from N fertilizer were
estimated using Intergovernmental Panel on Climate Change (IPCC)
guidelines (IPCC, 2006a, p11.5 — p11.13). Enteric CH4 emissions
were calculated according to the Irish GHG national inventory
methods (Duffy et al., 2012). CO, from fossil fuels (IPCC, 2006b,
p.2.15 and p2.22) lime (IPCC, 20064, p11.29 — p11.33) and fertilizer
(IPCC, 20063, p11.34 — p11.38) used on-farm were estimated using
the IPCC (20064, b) guidelines.

Animals, crops and manure, as short-term biogenic sources and
sinks of CO, were considered GHG neutral because the [PCC (2006a,
b) state that all C absorbed by animals, crops and manure is quickly
released back to the atmosphere through respiration, burning and
decomposition (IPCC, 2006b, p10.7). Permanent pasture was
assumed by O'Brien et al. (2014) not to sequester C because the [PCC
(2006a, b) guidelines recommend that soils under permanent
pasture do not lose or store C after 20 years (IPCC, 2006b, p2.13 and
p.2.30). The review of Soussana et al. (2010) questioned the
guidelines for permanent pasture and the rate of C sequestration by
permanent Irish grassland was estimated as 1.36 t COy/ha/yr
(Soussana et al., 2010), which was used in this research. Off-farm
emissions from imported inputs such as diesel, were calculated
with emission factors from the Carbon Trust (2013) except where
Irish data were available e.g., electricity generation (Howley et al.,
2011). For imported feeds that generate emissions from land use
change such as Malaysian palm kernel, emissions were estimated
from average land use change emissions for country of origin
(Carbon Trust, 2010). All other data were taken from Ecoinvent
(2010).

GHG emissions were converted to CO,-equivalents (CO»-eq)
using the IPCC (2007) revised guidelines for global warming po-
tential to establish the farm CO,-eq emissions. The potentials used
were 1 for CO,, 25 for CH4 and 298 for N0, assuming a 100 year
time horizon (IPCC, 2007, p.212). The CF of both milk and meat were
estimated by allocating the GHG emissions between milk and meat.

2.3. Allocation methods

Emergy allocation was based on ‘embodied energy’ (se]) in milk
and meat from culled cows and surplus calves, where Emergy
(se]) = Energy (J) * Transformity (seJ/]) (Brown and Herendeen,
1996) (SI Eq. #1 and 2). Allocation was then expressed as se]/kg
FPCM and se]/kg total meat (carcass weight). Allocation by physical
causality was based on the IDF (2015) guidelines and reflected the
underlying use of feed energy by the dairy animals to produce milk
and meat. The allocation factors for milk and meat were calculated
using equations from Thoma et al. (2013a) (SI Eq. # 3 and 4). Eco-
nomic allocation was based on sales receipts for milk and animals
from culled cows and surplus calves at the farm gate (SI Eq. # 5—9).
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Individual pedigree component scores for contributors to allocation calculations regarding meat.

Scored components Indicator

Total Method of allocation where used

Reliability Completeness Temporal Geographical Technological Mass of Mass of Protein Energy Emergy Economic Physical
Liveweight carcass content content causality
weight

Number of culled cows 1 1 1 1 1 5 x? X X X X X X
Culled cow KgLW/hd 1 1 1 2 1 6 x X X X X X X
Culled cow KO% 1 4 4 3 3 15 X X X X X
Culled cow KgCW/hd 1 1 1 2 1 6 X X X X
Culled.cow carcass 1 5 2 5 1 14 X X X X

protein %
Culled.cow carcass fat% 1 5 2 4 5 17 X X X
Number of surplus calves 1 1 1 1 1 5 x X X X X X X
Surplus calf kgLW/hd 2 2 3 1 1 9 x X X X X X X
Surplus calf Ko% 1 4 4 3 4 16 X X X X X
Surplus calf kgCW/hd 1 1 1 2 1 6 X X X X
Surp.calf carcass 1 4 5 4 5 19 X X X X

protein%
Surp.calf carcass fat% 1 5 2 4 5 17 X X X
Prot.Energy(]) 1 5 4 5 5 20 X X X
Fat energy(J) 1 5 4 4 5 19 X X X
Beef emergy (se]/]) 1 5 4 4 5 19 X X
Culled cow €/kgCW 1 5 1 2 1 10 X
Surplus male dairy 3 5 1 2 1 12 X

calf (€/hd)
Surplus female beef 3 5 1 2 1 12 X

calf (€/hd)
¢ Indicates inclusion of scored component in the allocation method algorithm.

Mass allocation was based on the weight of milk and weight of 3. Results

culled dairy cows and surplus calves. The mass of animals was
calculated in terms of liveweight and carcass weight (SI Eq. #
10—17). Allocation by protein was expressed in kg of protein and
based on the edible protein in milk and meat from culled cows and
surplus calves (SI Eq. # 18—21). Energy allocation was expressed in
joules (J) of energy and based on edible energy in milk and meat
from culled cows and surplus calves (SI Eq. # 22—26).

2.4. Scenario analysis

Parameters, activity data and assumptions affect LCA results. For
each allocation method it is unknown whether the specifics of the
system and the quantity of meat and milk produced affects the
allocation calculations. To test this, the model was run with two
additional scenarios: (i) the mean of the top third (€/ha) of NFS
2012 farms and (ii) the mean of the bottom third (€/ha) of NFS 2012
and all allocation methods were applied. For each scenario the
calculated carbon footprint of milk was normalised by dividing the
scenario/allocation method value by the mean NFS 2012 farm value
for that allocation method (thus the normalised carbon footprint
for the mean was 1 for all allocation methods). It was then possible
to compare allocation methods by whether they amplified or
attenuated differences between scenarios.

2.5. Pedigree matrix

The quality of the data was assessed by the pedigree matrix of
Weidema and Wesnaes (1996; Table 1) for each allocation method.
The overall pedigree score was calculated for each allocation
method (SI Table # 1 and 2), based on the sum of the component
scores weighted by proportional contribution to the calculation
where this could be assessed (e.g. proportional mass of milk and
meat) (Tables 3 and 4). The methods were then ranked based on
pedigree score. For each allocation method the highest possible
score was 25 and the lowest was 5 (Table 1) and a lower score
represented a better data pedigree.

3.1. Influence of allocation method on carbon footprint

The carbon footprint of milk from grass based milk production
depended on allocation method (Table 5). For the economically
average Irish dairy farm, the allocation factors ranged from 75% for
physical causality to 89% for mass of carcass weight, which in turn
resulted in a 17% difference in the carbon footprint ranging from
1.04 to 1.22 kg CO;-eq/kg FPCM. The carbon footprint of milk was
lowest for the physical causality method followed by the economic
and energy methods. The allocation method that yielded the
greatest carbon footprint of milk was mass of carcass weight, fol-
lowed by the mass of liveweight, protein and emergy methods.

The different allocation methods caused greater differences in
the carbon footprint of the meat co-product than the CF of milk. The
carbon footprint of meat was estimated to range from 0.61 to
7.49 kg CO,.eq/kg meat, which is a >12-fold difference (Table 5).
The allocation method that resulted in the lowest carbon footprint
of meat was mass of carcass weight followed by mass of liveweight,
emergy and protein content. Allocation according to physical cau-
sality generated the greatest carbon footprint of meat, followed by
economic and then energy content.

3.2. Pedigree of the allocation methods

The pedigree matrix results showed that a varying degree of
qualitative uncertainty around component data existed (SI Table #
1 and 2). With regards to FPCM, data uncertainty was greatest for
the energy content and emergy allocation methods (Table 5;
score = 14.3 and 15.0 respectively), whilst with regards to meat,
both of these methods were shown to have similar qualitative
uncertainty, having pedigree score of 12.4 and 12.9, respectively
(Table 5). With regards to both FPCM and meat, all other allocation
methods had a matrix score of less than 10. Also, with regards to
FPCM and meat, mass liveweight was shown to have the least
qualitative uncertainty around its component data, having a matrix
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Individual pedigree component scores for contributors to allocation calculations regarding milk.

Scored components Indicator

Total Method of allocation where used

Reliability Completeness Temporal Geographical Technological

Mass of Mass of Protein Energy Emergy Economic Physical

Liveweight carcass content content causality
weight
Parameter 1 1 3 4 3 12 X
(Thoma et al., 2013a)
Non corrected milk,kg 1 2 1 1 1 6 X*° X X X X X X
Total protein 1 2 1 1 2 7 X X X
produced, kg
Total fat produced,kg 1 2 1 1 4 9 X X
Total Lactose 1 3 3 3 2 12 X X
produced (kg)
Prot.Energy(J) 1 5 4 5 5 20 X X
Fat energy(J) 1 5 4 4 5 19 X X
Carbohydrate 1 5 4 4 5 19 X X
energy (J)
Milk emergy (seJ/]) 1 5 4 4 5 19 X
Fat, kg sold 1 2 1 1 4 9 X
Protein, kg sold 1 2 1 1 2 7 X
Revenue milk fat (€) 1 1 1 2 2 7 X
Revenue milk 1 1 1 2 2 7 X
protein (€)
C parameter 1 1 1 2 2 7 X

2 Indicates inclusion of scored component in the allocation method algorithm.

score of 6 and 6.3 respectively (Table 5).

With regards to milk, and in relation to mass of liveweight, mass
of carcass weight, protein and economic allocation methods, the
component making greatest contribution to the pedigree score was
that of ‘non-corrected milk kg’ (SI Table # 1), under the
completeness indicator (Table 4). In relation to energy content and
emergy allocation methods (SI Table # 1) the components making
greatest contribution to the pedigree score were those of ‘fat energy
(J)y and ‘protein energy (J)’, and in that order (Table 4). For energy
content, the geographical and temporal indicators score (Table 4)
contributed most towards its pedigree score, whilst for emergy
both the completeness and technological indicator scores contrib-
uted most (Table 4). In relation to physical causality, the compo-
nents making greatest contribution to the pedigree score (Table 5)
were those of ‘culled cow kg LW/hd’, followed by ‘surplus calf kg
LW/hd’ (SI Table # 2), under the geographical and technological
indicators (Table 4).

Table 5

With regards to meat and in relation to mass of liveweight (SI
Table # 2), mass of carcass weight, and protein allocation
methods, the components making greatest contribution to the
pedigree score (Table 5) were those of ‘culled cow kg LIW/hd’ and
‘surplus calf kg LW/hd’, in that order, under the geographical in-
dicator for the culled cow, and under the temporal indicator for the
surplus calf (Table 3). In relation to energy content and emergy
allocation methods the components making greatest contribution
to the pedigree score (Table 5) were those of ‘fat energy (J)' and
‘protein energy (J)', and in that order (Table 3). For energy content,
the completeness and technological indicators scores (Table 3)
contributed most towards its pedigree score, whilst for emergy
both the completeness, geographical and technological indicator
scores contributed most (Table 3). In relation to economic alloca-
tion, the ‘culled cow kg LW/hd’ and ‘surplus female beef calf (€/hd)’
components (SI Table # 2) contributed most to the pedigree score
(Table 5) under the geographical indicator for culled cow and under

The effect of method of allocating greenhouse gas (GHG) emissions between milk and meat on the carbon footprint  of both products for the bottom third, mean and top third

of Irish dairy farms in terms of gross margin/ha.

Method of allocation

Farm category Mass of Mass of carcass Protein Energy Emergy Economic Physical
Liveweight weight content content causality
GHG allocated to milk Bottom 85% 87% 80% 80% 83% 75% 70%
Average 88% 89% 83% 81% 84% 77% 75%
Top 90% 91% 86% 86% 88% 81% 79%
kg CO2-eq/kg FPCM ° Bottom 1.34 1.36 1.26 1.26 1.30 1.17 1.10
Average 1.21 1.22 1.15 1.11 1.15 1.06 1.04
Top 1.14 1.15 1.09 1.09 1.11 1.02 1.00
kg CO2-eq/kg meat Bottom 134 0.68 3.61 3.74 2.57 6.23 8.34
Average 1.21 0.61 3.28 4.60 3.18 6.52 7.49
Top 1.14 0.57 3.10 3.23 2.20 6.33 7.01
Bottom deviation from Ave. 0.11 0.11 0.10 0.13 0.12 0.10 0.06
Top deviation from Ave. 0.06 0.06 0.05 0.02 0.04 0.04 0.03
Bottom deviation: 2 2 2 5 3 2 2
Top deviation
Pedigree score FPCM 6.0 6.0 6.5 143 15.0 7.2 7.2
Pedigree score meat 6.3 9.3 10.1 124 129 8.4 7.2

@ Carbon footprint of products was calculated according to cradle to farm gate life cycle assessment using the model of O'Brien et al. (2014).

b kg CO,-eq/kg FPCM = kg CO, equivalent/kg of fat and protein corrected milk.
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the completeness and reliability indicators for the surplus female
beef calf (Table 3).

3.3. Scenario analysis

The ranking order of the carbon footprint of milk and meat for
the different allocation methods was the same for all three sce-
narios (Table 5). Energy content, followed by emergy appeared to
have an amplifying effect by widening the range across scenarios
(Table 5). The other allocation methods had a similar effect on the
range over scenarios. The effect of allocation method across sce-
narios was mirrored by the final pedigree score, except for the
physical causality methodology (Table 5), but there is no obvious
causal relationship.

4. Discussion

As carbon footprint is now such an important tool for analysing
and communicating the environmental impact of GHG emissions
from dairy systems it is important to understand the ramifications
of method choice. The results of this study showed the influence of
allocation method on the carbon footprint for raw milk (and
associated meat co-product), but these were achieved with data of
widely varying pedigree. The pedigree method was not very sen-
sitive to operator assigned score for each of the indicators as
changing any indicator score by 1 made no difference to the total
pedigree score for the allocation method. The results reported are
not universal, but specific to the case of Ireland and the data
available for this specific study. If the same methods were applied
in a different situation different pedigree scores would be found,
and thus a different ranking of allocation methods based on the
pedigree. The discussion will focus on an analysis of why each
allocation method was scored as it was and the implications of
source data quality.

4.1. Mass methods (liveweight and carcass weight)

The good pedigree score for liveweight and carcass weight
(Table 5) arose because obtaining current, site-specific data on milk
output (SI Table # 1) and the liveweight of culled cows was rela-
tively easy at the national scale (SI Table # 2). Farm level sales re-
ceipts and farm management databases are available in Ireland, and
in many countries, and the life of all animals is recorded in national
breeding and animal identification databases. For this specific
study (at national scale) national average data could be used that
were consistent with the activity data for the life cycle inventory.
The Irish Cattle Breeding Federation (ICBF) data on animal
slaughter included carcass weight and kill out percentage (KO%)
were used to estimate an average animal liveweight. If conducted at
a farm scale, the data would still be of good pedigree because the
ICBF has data on each individual animal that has been slaughtered
throughout Ireland (ICBF, 2015). Liveweight data for live calves (<3
weeks of age) are not commonly recorded so representative data
from other studies or surveys had to be used. As the calf data
represent a small proportion (=34% on a liveweight basis) of the
total mass output of the system, its data quality had little effect on
the overall pedigree score (Table 5). The data for milk (SI Table # 1),
liveweight and carcass weight (SI Table # 2), were Irish, i.e. country
specific and for the same year as the activity data i.e. temporally
specific (Table 4). An advantage of the mass allocation methods is
that they can be applied in situations where markets are absent or
very localized, and therefore not comparable across regions and
they are relatively stable over time.

There were some shortcomings in the data that will apply to
many dairy LCA studies: not differentiating between 1 kg of hide

and 1 kg of liveweight; ignoring stomach contents, offal and
products for rendering; properly capturing replacement rates; and
the fact that culled cows (end of life) and calves (co-product input
to a beef production supply chain) are treated as being at the same
life cycle stage. Using liveweight and carcass weight for allocation
did not have an attenuating effect on range of carbon footprints
across the scenarios compared to the other methods (Table 5).
While there is no objective method of selecting an allocation
method, one that attenuates differences between types of farm
within a production system category is perhaps less desirable for
communicating continuous improvement messages to farmers and
consumers. Based on scenario analysis and pedigree, mass alloca-
tion by liveweight or carcass weight would be a robust option for
studies using the types of data available for Ireland at a national
scale.

4.2. Protein content

For milk the pedigree of the protein content allocation was
similar to that of mass allocation. However, for meat, the pedigree
of available data to calculate protein content allocation was not as
good as either of the mass allocation methods (Table 5). Milk pro-
tein content is recorded for each farm and is used for quality pre-
mium payments to farmers so obtaining data on the protein
content of milk from the computer sales receipts of the milk pro-
cessor, and overview data from NFS means good pedigree data are
possible. A similar situation applies in most countries with a
developed milk market. Obtaining data on the protein content of
culled cows and surplus calves (SI Table # 2) tends to be more
difficult because it is not common practice to record protein con-
tent per kg of meat by the primary processor. The low pedigree
score for protein allocation was because data were predominantly
recent and Irish (geographical and temporal specificity; Table 3)
except for calf carcass data taken from Kirton et al. (1972) (SI
Table # 2), which had a very small weighted contribution to the
overall score.

Gerber et al. (2010) used a protein-based allocation because it
was believed to best relate to the respective functionality of milk
and beef. As the primary function of dairy production is to provide
humans with high value edible protein (Schau and Fet, 2008; van
Beek et al., 2010) and the possibility of using protein for direct
comparison with other food products (Flysjo et al., 2011; Gerber
et al., 2011; Roy et al., 2009), there is a case to support using this
allocation method. In addition, protein content can be used when
markets are absent or very localized and it is relatively stable over
time. However, as the meat co-product at the dairy farm gate has
not (calf) or cannot (culled cow in some enterprises) achieve the
function of supplying food chain beef meat without further live
stages it can be argued that the different life cycle stage of milk,
calves and culled cows makes such a functional comparison un-
necessary. It can also be argued that milk and beef are important for
supplying calcium, potassium and fat (Thoma et al., 2013b) and not
all proteins are equal (milk has greater mg amino acid per g protein
than beef), so amino acid profile should be considered.

Protein allocation had a small effect (equal to the mean range of
0.15) on the normalised CF across scenarios so appeared to slightly
attenuate scenario difference compared to the mass allocation
methods (Table 5). Use of protein allocation is reasonable regarding
pedigree provided suitable quality data exist that do not attenuate
system differences.

4.3. Economic

The pedigree of economic data for milk was similar to that for
protein and mass allocation but was poorer for meat (Table 5). Data
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on culled cows and surplus calves can be obtained at farm level
from sales receipts and at national scale from databases and media
summaries (SI Table # 2). Regarding meat, for CF, the economic
allocation effect was the same as that of mass liveweight and mass
carcass weight (Table 5), whilst having different pedigree scores
(Table 5), contributed to by the same indicators (Table 3). However,
for non-corrected milk, the indicator with most influence on the
final pedigree score was completeness, with a score of 2 (Table 4).
The indicators scores (Table 4) reflected the fact that the economic
value of the milk was based on its average national market value,
coupled with the fact that this market price was applied to the
different dairy production enterprises sampled within the NFS.

Economic allocation is consistent with ISO (2006) guidelines as
the relationship is causal. The guidelines suggest that where
physical relationship alone cannot be established as the basis for
allocation, then inputs should be allocated to reflect other re-
lationships. Economic allocation is the recommended method for
PAS 2050 (BSI, 2011), but is subject to uncertainty because of price
fluctuation, which is not related to actual emissions and impacts
(Pelletier and Tyedmers, 2011). It can only be used when there is a
market for all co-products (usually the case for agricultural pro-
duction), but this can mean that the price ratio does not really
reflect either proportional contribution to the biophysical system
function or consumer demand.

In the case of both milk and meat products produced in Ireland,
it is not possible to link economic payments to farmers to local
consumer demand because prices reflect global trade in the prod-
ucts. Furthermore, economic allocation does not necessarily
consider the other functions of a product such as nutritional or
cultural value, but in the case of Irish milk at least, there is a quality
(protein content) supplement earned for better quality milk that
might be used to capture other functions.

Economic allocation had a small effect (equal to the mean range
0f 0.15) (Table 5) on the normalised CF across scenarios so appeared
to slightly attenuate scenario difference compared to the mass
allocation methods. Use of economic allocation is reasonable
regarding pedigree provided suitable quality data exist that do not
attenuate system differences, but use of national average values at
farm scale would seem to be a poor choice because the resultant
allocation would not necessarily reflect farmer efforts to improve
quality and reduce environmental impact.

4.4. Physical causality

The pedigree of data used for physical causality allocation
was poorer than mass, protein and economic methods. The main
reason for this was a lack of Irish data for the calculations, and the
reliance on an algorithm (SI Eq. # 3) developed using US data
(Thoma et al., 2013a) (SI Table # 1 and # 2). This meant that
geographical (source data from 5 regions of the USA), technological
(a mix of production systems) and temporal (calculations for feed
energy required for milk and meat, were based on NRC (2001) as
cited in Thoma et al., (2013a), i.e. 11 years old) indicators were poor
(Tables 3 and 4). While data are available in Ireland (and elsewhere)
that can be used to calculate cow efficiency for converting feed to
milk and meat (O'Mara, 1996), the relationships are not widely
available to undertake this type of calculation, and specifically to
parameterise at anything other than national scale.

Physical causality allocation can avoid the shortcomings of
economic allocation because it does not suffer market fluctuation,
but this also means its parameterisation cannot reflect changes in
animal breeding, nutritional management and management effi-
ciency. It is theoretically preferred in the ISO hierarchy and has
been adopted by the International Dairy Federation to ensure
consistency between studies (Thoma et al., 2013a). However, this is

open to question because cows less than two years old cannot
produce milk but allocating their growth emissions to meat pro-
duction does not seem appropriate.

Physical causality allocation caused the most attenuation in
normalised carbon footprint between the maximum and minimum
scenarios (Table 5) so it will tend to minimise differences within the
production system making the results less useful for farmer
communication and continuous improvement schemes. It also
places greater impact on the meat co-product, which for most
intensive dairy systems is unreasonable because milk is the over-
whelming reason for their existence and management functions.
Given the poor pedigree of the data generally available to imple-
ment physical causality allocation it is difficult to see why it should
be preferred over the simpler mass allocation methods.

4.5. Energy and emergy

The energy and emergy allocation methods had the poorest data
pedigree. The energy content data scored poorly for representa-
tiveness (unknown), geographical specificity (US data) and tem-
poral specificity (data was from 2002) (Tables 3 and 4) which also
applied to the emergy calculation, with the additional uncertainty
of relying on statistical data from Florida (Fluck et al., 1992) and
unknown technology for estimating se] per ] or kg (Brandt
Williams, 2002) (SI Table # 1 and 2).

The emergy approach was difficult to reliably implement
because of its complexity. The calculation of solar energy (se]) (SI
Eq. # 1 and 2) for various imported feeds, fertilizers, pasture,
conserved forage, infrastructure and energy stored in the animal
and its products required transformity data. These are dependent
on location, aspect, height above sea level and climate of a given
farm, grass species and cow breed, so obtaining high quality data
specific to a given LCA study will always be difficult and probably
not worth the time investment required to achieve a good pedigree.

It has been argued by Ayer et al., (2007) that in the context of
food production systems, gross chemical energy content represents
a common physical property of food co — products both within and
between production systems. A similar argument could be made for
emergy, and both are value neutral factor, and did not attenuate
differences in CF between scenarios, so energy or emergy should be
sound approaches to allocation. However, the difficulty in obtaining
good pedigree data means the theoretical value is negated by the
practical reality of implementing the methods.

5. Conclusion

Based on pedigree score and factoring in attenuation of differ-
ences between systems, the simple mass allocation methods by
liveweight or carcass weight were the best options for handling co-
products. However, protein content with its low pedigree score
could also be viewed as best for solely milk. Energy and Emergy
were the least desirable and the others fitted in between. In most
cases it was only the scores for one or two indicators that domi-
nated the final pedigree score for each method. This was also
observed by Weidema and Wesnaes (1996) so we can conclude that
if a particular method is to be used for theoretical reasons, then
focused effort will be required to ensure the best possible data
pedigree in order to justify a method other than the most simple
ones. A further reason to be careful with the more complex
methods is that they are built on a foundation of the simple
methods with a cascade of additional data. This study showed the
importance of using country, technology and temporally specific
data so the goal and scope specification for the study should be
consistent with the time that can be committed to the allocation
calculations. There is no reason to use a complex method if time
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cannot be committed to obtaining good pedigree data. It was also
noted that when assessing meat co-products the method chosen
can be used to bias the study. From the data presented here it seems
that physical causality will be biased in favour of milk, and in the
case of physical causality, obtaining good pedigree data to justify
such an approach is difficult.

Acknowledgements

The authors acknowledge the financial support of the Research
Stimulus Fund (Department of Agriculture, Food and Marine,
Dublin, Ireland; RSF-06-353).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jenvman.2017.06.071

References

Arsenault, N., Tyedmers, P., Fredeen, A., 2009. Comparing the environmental im-
pacts of pasture-based and confinement-based dairy systems in Nova Scotia
(Canada) using life cycle assessment. Int. ]. Agric. Sustain 7, 19—41.

Ayer, N.\W.,, Tyedmers, P.H., Pelletier, N.L., Sonesson, U., Scholz, A., 2007. Co-product
allocation in life cycle assessments of seafood production systems: review of
problems and strategies. Int. J. Life Cycle Assess. 12, 480—487.

Basset-Mens, C., Ledgard, S., Boyes, B., 2009. Eco-efficiency of intensification sce-
narios for milk production in New Zealand. Ecol. Econ. 68, 1615—1625.

Brandt-Williams, S., 2002. Handbook of Emergy Evaluation: a Compendium of Data
for Emergy Computation Issued in a Series of Folios. Folio# 4. Emergy of Florida
Agriculture, pp. 32611-36450.

Brown, M.T., Herendeen, R.A., 1996. Embodied energy analysis and EMERGY anal-
ysis: a comparative view. Ecol. Econ. 19, 219—235.

British Standards Institute (BSI), 2011. Specification for the assessment of the life
cycle greenhouse gas emissions of goods and services. BSI British standards.
ISBN 978 (0), 580.

Carbon Trust, 2013. Carbon-Footprinting Software — Footprint Expert. The Carbon
Trust, Dorset House, Stamford Street, London. http://www.carbontrust.com/
software.

Carbon Trust, 2010. Guidelines for the Carbon Footprinting of Dairy Products in the
UK. http://www.dairyuk.org/ (Accessed 15 May 2014).

Casey, J.W., Holden, N.M., 2005. The relationship between greenhouse gas emis-
sions and the intensity of milk production in Ireland. ]J. Environ. Qual. 34,
429—-436.

Cederberg, C., Flysjo, A., 2004. Life Cycle Inventory of 23 Dairy Farms in South-
western Sweden.

Cederberg, C., Stadig, M., 2003. System expansion and allocation in life cycle
assessment of milk and beef production. Int. J. Life Cycle Assess. 8, 350—356.

Cederberg, C., Mattsson, B., 2000. Life cycle assessment of milk production — a
comparison of conventional and organic farming. J. Clean. Prod. 8, 49—60.

Dalgaard, R., Schmidt, ], Flysjo, A., 2014. Generic model for calculating carbon
footprint of milk using four different life cycle assessment modelling ap-
proaches. J. Clean. Prod. 73, 146—153.

De Vries, M., De Boer, 1.J.M., 2010. Comparing environmental impacts for livestock
products: a review of life cycle assessments. Livest. Sci. 128, 1-11.

Dillon, P, Crosse, S., Stakelum, G., Flynn, F, 1995. The effect of calving date and
stocking rate on the performance of springcalving dairy cows. Grass Forage Sci.
50, 286—299.

Duffy, P, Hanley, E., Hyde, B., O'Brien, P., Ponzi, J., Cotter, E., Black, K., 2012. Ireland
national Inventory Report 2012. Greenhouse Gas Emissions 1990—2010 Re-
ported to the United Nations Framework Convention on Climate Change.
Environmental Protection Agency, Johnstown Castle Estate, Co, Wexford,
Ireland.

Ecoinvent, 2010. Ecoinvent Centre. Ecoinvent 2.0 Database. Swiss Centre for Life
Cycle Inventories, Diibendorf, Switzerland. http://www.ecoinvent.ch (Accessed
30 November 2012).

European and Council, 2009. Decision No 406/2009/EC of the European Parliament
and of the Council on the Effort of Member States to Reduce Their Greenhouse
Gas Emissions to Meet the Community's Greenhouse Gas Emission Reduction
Commitments up to 2020. Official Journal of the European Union L140,
pp. 136—148.

FAO, 2009. The State of Food and Agriculture — Livestock in the Balance. Food and
Agriculture Organization, Rome, Italy.

Fluck, R.C,, Panesar, B.S., Baird, C.D., Sweet, R., 1992. Florida Agricultural Energy
Consumption Model. Final Report. Agr. Eng. Dept. University of Florida, Gain-
esville, FL.

Flysjo, A., Cederberg, C., Henriksson, M., Ledgard, S., 2011. How does co-product
handling affect the carbon footprint of milk? Case study of milk production
in New Zealand and Sweden. Int. J. Life Cycle Assess. 16, 420—430.

Frischknecht, R., Althaus, H.J., Bauer, C., Doka, G., Heck, T., Jungbluth, N.
Nemecek, T., 2007. The environmental relevance of capital goods in life cycle
assessments of products and services. Int. J. Life Cycle Assess. 12, 7—17.

Gerber, P, Vellinga, T,, Opio, C.,, Henderson, B., Steinfeld, H., 2010. Greenhouse Gas
Emissions from the Dairy Sector. A Life Cycle Assessment. Food and Agricultural
Organization of the United Nations: Animal Production and Health Division,
Viale delle Terme di Caracalla, 00153 Rome, Italy.

Gerber, P, Vellinga, T., Opio, C., Steinfeld, H., 2011. Productivity gains and green-
house gas emissions intensity in dairy systems. Livest. Sci. 139, 100—108.

Gerber, PJ., Steinfeld, H., Henderson, B., Mottet, A., Opio, C., Dijkman, ]., Falcucci, A.,
Tempio, G., 2013. Tackling Climate Change through Livestock — a Global
Assessment of Emissions and Mitigation Opportunities. Food and Agriculture
Organization of the United Nations (FAO), Rome, Italy.

Haas, G., Wetterich, F., Kopke, U., 2001. Comparing intensive, extensified and
organic grassland farming in southern Germany by process life cycle assess-
ment. Agric. Ecosyst. Environ. 83, 43—53.

Henriksson, M., Flysjo, A., Cederberg, C., Swensson, C., 2011. Variation in carbon
footprint of milk due to management differences between Swedish dairy farms.
Animal 5, 1474—1484.

Hospido, A., Sonesson, U., 2005. The environmental impact of mastitis: a case study
of dairy herds. Sci. Total Environ. 343, 71-82.

Howley, M., Dennehy, E., Holland, M., O'Gallachoir, B., 2011. Energy in Ireland 1990-
2010. Energy Policy Statistical Support Unit. Sustainable Energy Authority of
Ireland. http://www.seai.ie/Publications/Statistics_Publications/Energy_in_
Ireland/Energy_In_Ireland_1990_2010.PDF (Accessed 10 October 2012).

Hennessy, T., Kinsella, A., Quinlan, G., Moran, B., 2012. National Farm Survey 2012
Estimates. Teagasc agricultural economics and farm surveys department,
Athenry, Co. Galway.

ICBF, 2015. Irish Cattle Breeding Federation. Available at: http://www.icbf.com/?
page_id=56 (Accessed 18 July 2015).

International Dairy Federation (IDF), 2015. A Common Carbon Footprint Approach
for the Dairy Sector. The IDF Guide to Standard Lifecycle Assessment Method-
ology. Bull. Int. Dairy Fed, p. 479, 2015.

IDF, A, 2010. Common Carbon Footprint Approach for Dairy. The IDF Guide to
Standard Lifecycle Assessment Methodology for the Dairy Sector. Bull. Int. Dairy
Fed, p. 445.

IPCC, 2006a. In: Eggleston, H.S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K. (Eds.),
Intergovernmental Panel on Climate Change Guidelines for National Green-
house Inventories. Vol. 4. Agriculture, Forestry and Other Land Use. Institute for
Global Environmental Strategies (IGES), Hayama, Japan.

IPCC, 2006b. Intergovernmental Panel on Climate Change guidelines for national
greenhouse inventories. Energy 2. http://www.ipccnggip.iges.or.jp/public/
2006gl/vol2.html (Accessed 20 July 2015).

IPCC, 2007. Changes in atmospheric constituents and in radiative forcing. In:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M.,
Miller, H.L. (Eds.), Climate Change 2007: the Physical Science Basis. Contribution
of Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge.

Kennedy, E., 0O'Donovan, M., Murphy, J.P., Delaby, L., O'Mara, E.P., 2005. The effect of
early and delayed spring grazing on the milk production, grazing management
and grass intake of dairy cows. In: Utilisation of Grazed Temperate Animal
Systems. XXth International Grassland Congress, Cork Satellite Meeting,
pp. 3-5.

Kiefer, LR., Menzel, F,, Bahrs, E., 2015. Integration of ecosystem services into the
carbon footprint of milk of South German dairy farms. J. Environ. Manage 152,
11-18.

Kirton, A.H., Paterson, D.J., Duganzich, D.M., 1972. Effect of pre-slaughter starvation
in cattle. J. Anim. Sci. 34, 555—559.

Ledgard, S., Schils, R., Eriksen, ]., Luo, J., 2009. Environmental impacts of grazed
clover/grass pastures. Ir. ]. Agric. Food Res. 48, 209—226.

May, J.R., Brennan, DJ., 2003. Life cycle assessment of Australian fossil energy op-
tions. Process Saf. Environ. 81, 317—330.

Nguyen, T.T.H., Doreau, M., Corson, M.S., Eugene, M., Delaby, L., Chesneau, G.,
Gallard, Y., Van der Werf, H.M.G., 2013. Effect of dairy production system, breed
and co-product handling methods on environmental impacts at farm level.
J. Environ. Manage 120, 127-137.

O'Brien, D., Shalloo, L., Grainger, C., Buckley, F., Horan, B., Wallace, M., 2010. The
influence of strain of Holstein—Friesian cow and feeding system on greenhouse
gas emissions from pastoral dairy farms. J. Dairy Sci. 93, 3390—3402.

O'Brien, D., Brennan, P., Humphreys, ]J., Ruane, E., Shalloo, L., 2014. An appraisal of
carbon footprint of milk from commercial grass-based dairy farms in Ireland
according to a certified life cycle assessment methodology. Int. J. Life Cycle
Assess. http://dx.doi.org/10.1007/s11367-014-0755-9.

O'Brien, D., Hennessy, T., Moran, B., Shalloo, L., 2015. Relating the carbon footprint of
milk from Irish dairy farms to economic performance. ]J. Dairy Sci. 98,
7394-7407.

Odum, H.T,, 1983. Systems Ecology; an Introduction.

Odum, H.T., 1996. Environmental Accounting: EMERGY and Environmental Decision
Making.

O'Mara, F, 1996. A Net Energy System for Cattle and Sheep. University College
Dublin. Department of Animal Science and Production.

Organizacion Internacional de Normalizacion, 2006. 1S014044: Environmental
Management, Life Cycle Assessment, Requirements and Guidelines. ISO.

Pelletier, N., Tyedmers, P., 2011. An ecological economic critique of the use of market
information in life cycle assessment research. J. Ind. Ecol. 15, 342—354.


http://dx.doi.org/10.1016/j.jenvman.2017.06.071
http://dx.doi.org/10.1016/j.jenvman.2017.06.071
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref1
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref1
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref1
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref1
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref2
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref2
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref2
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref2
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref3
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref3
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref3
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref4
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref4
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref4
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref4
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref5
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref5
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref5
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref6
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref6
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref6
http://www.carbontrust.com/software
http://www.carbontrust.com/software
http://www.dairyuk.org/
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref8
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref8
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref8
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref8
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref9
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref9
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref9
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref10
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref10
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref10
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref11
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref11
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref11
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref11
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref12
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref12
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref12
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref12
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref12
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref13
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref13
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref13
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref14
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref14
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref14
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref14
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref15
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref15
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref15
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref15
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref15
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref15
http://www.ecoinvent.ch
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref17
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref17
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref17
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref17
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref17
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref17
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref18
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref18
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref18
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref19
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref19
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref19
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref20
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref20
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref20
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref20
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref20
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref21
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref21
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref21
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref21
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref22
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref22
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref22
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref22
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref23
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref23
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref23
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref24
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref24
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref24
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref24
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref24
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref25
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref25
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref25
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref25
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref25
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref26
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref26
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref26
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref26
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref26
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref27
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref27
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref27
http://www.seai.ie/Publications/Statistics_Publications/Energy_in_Ireland/Energy_In_Ireland_1990_2010.PDF
http://www.seai.ie/Publications/Statistics_Publications/Energy_in_Ireland/Energy_In_Ireland_1990_2010.PDF
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref29
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref29
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref29
http://www.icbf.com/?page_id=56
http://www.icbf.com/?page_id=56
http://www.icbf.com/?page_id=56
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref31
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref31
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref31
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref32
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref32
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref32
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref33
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref33
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref33
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref33
http://www.ipccnggip.iges.or.jp/public/2006gl/vol2.html
http://www.ipccnggip.iges.or.jp/public/2006gl/vol2.html
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref35
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref35
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref35
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref35
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref35
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref36
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref36
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref36
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref36
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref36
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref36
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref37
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref37
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref37
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref37
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref38
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref38
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref38
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref39
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref39
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref39
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref40
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref40
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref40
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref41
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref41
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref41
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref41
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref41
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref41
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref42
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref42
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref42
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref42
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref42
http://dx.doi.org/10.1007/s11367-014-0755-9
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref44
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref44
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref44
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref44
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref45
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref46
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref46
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref47
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref47
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref64
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref64
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref64
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref64
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref48
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref48
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref48

P. Rice et al. / Journal of Environmental Management 202 (2017) 311-319 319

Rousseaux, P., Labouze, E., Suh, Y], Blanc, I, Gaveglia, V., Navarro, A., 2001. An
overall assessment of life cycle inventory quality. Int. ]. Life Cycle Assess. 6,
299-306.

Roy, P, Nei, D., Orikasa, T, Xu, Q., Okadome, H., Nakamura, N., Shiina, T., 2009.
A review of life cycle assessment (LCA) on some food products. J.Food Eng. 90,
1-10.

Schau, E.M,, Fet, A.M., 2008. LCA studies of food products as background for envi-
ronmental product declarations. Int. J. Life Cycle Assess. 13, 255—264.

Shalloo, L., Cromie, A., McHugh, N., 2014. Effect of fertility on the economics of
pasture-based dairy systems. Animal 8 (s1), 222—231.

Soussana, J.F, Tallec, T., Blanfort, V., 2010. Mitigating the greenhouse gas balance of
ruminant production systems through carbon sequestration in grasslands.
Animal 4, 334—-350.

Thoma, G., Jolliet, O., Wang, Y., 2013a. A biophysical approach to allocation of life
cycle environmental burdens for fluid milk supply chain analysis. Int. Dairy J. 31,
S41-S49.

Thoma, G., Popp, J., Shonnard, D., Nutter, D., Matlock, M., Ulrich, R., Kellogg, W.,
Kim, D.S., Neiderman, Z., Kemper, N., Adom, F, East, C., 2013b. Regional analysis
of greenhouse gas emissions from USA dairy farms: a cradle to farm-gate
assessment of the American dairy industry circa 2008. Int. Dairy ]. 31, S29—S40.

Thomassen, M.A., De Boer, [J.M., 2005. Evaluation of indicators to assess the

environmental impact of dairy production systems. Agric. Ecosyst. Environ. 111,
185—-199.

Thomassen, M., Dalgaard, R. Heijungs, R., de Boer, I, 2008. Attributional and
consequential LCA of milk production. Int. J. LCA 13, 339—349.

van Beek, C.L., Meerburg, B.G., Schils, R.L.,, Verhagen, J., Kuikman, PJ., 2010. Feeding
the world's increasing population while limiting climate change impacts:
linking N 2 O and CH 4 emissions from agriculture to population growth. En-
viron. Sci. policy 13, 89—-96.

van der Werf, H.M., Kanyarushoki, C., Corson, M.S., 2009. An operational method for
the evaluation of resource use and environmental impacts of dairy farms by life
cycle assessment. J. Environ. Manage 90, 3643—3652.

Weidema, B.P, Wesnaes, M.S., 1996. Data quality management for life cycle
inventories—an example of using data quality indicators. J. Clean. Prod. 4,
167—-174.

Weidema, B.P., 1998. Multi-user test of the data quality matrix for product life cycle
inventory data. Int. J. Life Cycle Assess. 3, 259—265.

Wrisberg, M.N., Lindeijer, E., Mulders, P., Ram, A., Van der Ven, B., Van der Wel, H.,
1997, April. A Semi-quantitative Approach for Assessing Data Quality in LCA.
Proceedings.

Yan, M.J., Humphreys, J., Holden, N.M., 2011. An evaluation of life cycle assessment
of European milk production. J. Environ. Manage. 92, 372—-379.


http://refhub.elsevier.com/S0301-4797(17)30662-X/sref49
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref49
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref49
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref49
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref50
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref50
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref50
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref50
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref51
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref51
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref51
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref52
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref52
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref52
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref53
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref53
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref53
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref53
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref54
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref54
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref54
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref54
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref55
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref55
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref55
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref55
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref55
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref56
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref56
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref56
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref56
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref57
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref57
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref57
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref58
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref58
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref58
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref58
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref58
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref59
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref59
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref59
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref59
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref60
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref60
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref60
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref60
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref60
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref61
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref61
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref61
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref62
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref62
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref62
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref65
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref65
http://refhub.elsevier.com/S0301-4797(17)30662-X/sref65

	Evaluation of allocation methods for calculation of carbon footprint of grass-based dairy production
	1. Introduction
	2. Material and methods
	2.1. Dairy farming system and data acquisition
	2.2. Life cycle assessment
	2.3. Allocation methods
	2.4. Scenario analysis
	2.5. Pedigree matrix

	3. Results
	3.1. Influence of allocation method on carbon footprint
	3.2. Pedigree of the allocation methods
	3.3. Scenario analysis

	4. Discussion
	4.1. Mass methods (liveweight and carcass weight)
	4.2. Protein content
	4.3. Economic
	4.4. Physical causality
	4.5. Energy and emergy

	5. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


