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Greenhouse gas emissions from beef production are a
significant part of Australia’s total contribution to climate
change. For the first time an environmental life cycle assessment
(LCA) hybridizing detailed on-site process modeling and
input-output analysis is used to describe Australian red meat
production. In this paper we report the carbon footprint and
total energy consumption of three supply chains in three different
regions in Australia over two years. The greenhouse gas
(GHG) emissions and energy use data are compared to those
from international studies on red meat production, and the
Australian results are either average or below average. The
increasing proportion of lot-fed beef in Australia is favorable,
since this production system generates lower total GHG emissions
than grass-fed production; the additional effort in producing
and transporting feeds is effectively offset by the increased
efficiency of meat production in feedlots. In addition to these two
common LCA indicators, in this paper we also quantify solid
waste generation and a soil erosion indicator on a common basis.

Introduction
On the basis of high-level estimates, greenhouse gas (GHG)
emissions from agriculture constituted 16% of Australia’s
total GHG emissions in 2006 (1). Australia’s livestock
industries are considered responsible for about 70% of the
agriculture sector’s emissions and 11% of the national total
emissions. These data highlight both the significant contribution of livestock industries to Australia’s GHG emissions
profile and the correspondingly significant opportunity to
enhance the environmental performance of the Australian
economy through industry-targeted measures. To achieve
optimal environmental outcomes and target management
interventions, managers and policy-makers need performance information that takes a holistic “life cycle” perspective
and is based on best practice data acquisition and analysis.
Life cycle assessment (LCA) is a form of cradle-to-grave
systems analysis that attempts to quantify the important
environmental impacts of all processes involved in a production system. The importance of quantitative environ* Corresponding author e-mail: m.schulz@unsw.edu.au; phone:
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mental data and LCA for meat products is recognized
worldwide, with LCAs having been conducted on pork (2, 3),
lamb (4, 5), and beef (4-15). Related LCAs on leather (16)
and particularly milk and dairy products (6, 8, 13, 17-23)
have also been the subject of intense investigation during
the past decade. Northern European beef is primarily sourced
from dairy cattle, and many studies grapple with the
complexity of allocating environmental impacts to milk, meat,
and other coproducts such as leather. Feed choice (and
related enteric methane emissions) and feed production
systems are the major contributors to the environmental
impact in all cases.
When examining modern red meat production, including
the grain used in the lot-feeding sector is essential. While
most grain is produced from dryland (no irrigation) crops in
Australia, pesticides and herbicides used during production
and storage must be considered in LCA (24). Oilseeds and
protein meals are important feedstuffs in the lot-feeding
sector and are also commonly used in drought feeding
situations on grazing properties. Detailed multiorder process
life cycle inventory (LCI) data for wheat and canola production have been compiled for Australian cropping systems
(25).
Wood et al. (26) primarily used first-order process data
and an input-output analysis (IOA) approach for higher
orders to examine organic and conventional farming practices
in Australia in a hybrid input-output LCA. Their examination
of meat, grain, fruit, and vegetable production showed that
while the direct on-site use of energy and materials of organic
farms is higher than at the conventional farms, organic
farming performs better when the entire supply chain is
considered, except in the case of sheep and wheat production.
Their calculations, however, excluded enteric methanesthe
principal system GHG.
A recent Swiss study (7) compared pasture and feedlot
beef production systems and concluded that the differences
between the two systems are relatively minor, except for the
considerably greater ecotoxicity impacts for the feedlot
system resulting from greater fertilizer use. Various other
studies have been published to enhance the LCI analysis of
water use (27-30) as well as energy use and GHG emissions
(31-35) on cattle grazing properties and feedlots.
The aim of this work was to examine red meat production
to improve the accuracy of some previous research in two
ways. First, we used detailed process analysis focusing on
three particular supply chains in two operating years (2002
and 2004), including the use of measured animal growth
rates, rather than relying on regional averages as per the
standard method (32). Second, we removed the system
boundary problem afflicting some studies by applying a tiered
hybrid input-output LCA. We examined the systems for
primary energy consumption, GHG emissions (“carbon
footprint”), solid waste production, soil erosion potential,
nutrient balance, soil acidification potential, eutrophication
potential, and water use. In this paper we focus on the first
four of these indicators.

Materials and Methods
System Description. The red meat production systems under
consideration are (1) a sheepmeat supply chain in Western
Australia (WA), (2) a beef supply chain in Victoria (VIC)
producing organic beef, and (3) a premium export beef supply
chain in New South Wales (NSW). The majority of cattle from
the NSW supply chain spend 110-120 days at a feedlot before
being sent to the meat processing plant. Data were collected
for the 2002 and 2004 calendar years for each supply chain.
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The basis for this study, called the “functional unit” (FU)
(36), is “the delivery of 1 kg of hot standard carcass weight
(HSCW) at the exit gate of the meat processing plant”. The
system boundary encompasses all on-site and upstream
processes at the farm, feedlot, and whole processing plant,
including transport between these sites. Environmental
emissions associated with transport after the meat processing
plant and other processing, retailing, or consumption activities are outside the system boundary of this study.
Inventory Data. LCI data for the three grazing properties
and the NSW feedlot operation include all recurrent energy
use (electricity and fuels), material inputs (e.g., feeds,
fertilizers, pesticides, soil modifiers), water use, and solid
waste production. To quantify each grazing property’s
production in terms of the FU, data on stock purchases, sales,
transfers, births, and deaths and liveweights, growth rates,
and dressing percentages were collected. Quantitative LCI
data for a typical meat processing plant were obtained from
published industry data (37). For all three supply chains, the
regional differences in the environmental profile of electricity
production were considered. For fuel and transport processes,
Australian data sets were used. Data for wheat, barley, canola
(25), hay, and mineral supplement (38) production were taken
from previous LCI work. In the absence of specific LCI data
for triticale, lupins, and unspecified grain, production was
modeled as being identical to that of wheat. For remaining
feed materials such as fluffy cottonseed and tallow and for
some pesticides and other chemical inputs for which LCI
data were not readily available, an IOA approach was applied.
Regarding molasses, fertilizers, and soil modifiers, Australian
data setssor if unavailable international data setsswere used
and modeled in the LCA software GaBi, version 4.2 (39).
To assess the environmental impacts of the extended
supply chain, which is difficult using a process-based LCA
approach, IOA was used. IOA involves constructing a
mathematical model of the national economy and the
environmental impacts of industries (40). In the first step,
the expenditure data are assigned to industry sectors defined
by the Australian Bureau of Statistics (41). Second, to avoid
the potential for double-counting, the location of the interface
between the process-based and IOA parts of the model is
defined (40). Finally, the environmental interventions (e.g.,
extractions and emissions) are linked to the industry sectors
under consideration (40) and in accordance with the respective expenditure data.
Life Cycle Impact Assessment. GHG emissions were
estimated including all aspects of red meat production such
as on-farm energy consumption, enteric processes, manure
management, livestock transport, commodity delivery, water
supply, and administration. Regarding GHG emissions from
livestock on grazing properties and feedlots, calculations were
based on the methodology described by the National
Greenhouse Gas Inventory Committee (NGGIC) (42) enhanced by primary farm animal growth rate and mass data.
The relative contribution of each GHG to the carbon footprint
were estimated by using equivalence factors set in the most
recent publication by the Australian Government (43), which
uses factors agreed upon for the Kyoto Protocol.
Energy consumption was estimated from data supplied
by individual producers. Factors provided by the Australian
Greenhouse Office were used to convert raw energy data
(e.g., liters of diesel) into primary energy consumption (e.g.,
megajoules of primary energy) (34). Primary energy is also
referred to as “full cycle” energy and means, for example,
that electricity consumption is related back to both the coal
burned to generate it and the energy involved in obtaining
the coal.
Solid wastes generated on livestock grazing properties
include tires, chemical containers and drums, end-of-life
vehicles and equipment, and organic waste (e.g., mortalities,
1328
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spoiled feed). Solid wastes are often disposed of in on-farm
tips. Waste production by goods and services providers is
also included in the overall analysis. Feedlot manure is not
considered a waste since it is spread on paddocks as a fertilizer
substitute and does not leave the LCA system boundary. The
data set for the meat processing plant excludes the paunch
and yard manure as wastes since these are recycled for soil
improvement additives.
Soil erosion is a natural resource management issue of
particular concern to the Australian red meat industry. Soil
erosion by water was assessed using broad-scale erosion
mapping (44), which takes into account the erosion gully
density and the annual hillslope erosion rate. This mapping
was ground-truthed by a qualitative assessment of the
topography and management system used on each property.
To avoid attributing natural erosion processes to red meat
production, erosion rates were compared to natural or preEuropean erosion rates. The estimates presented in this paper
indicate the erosion risk on land used for red meat production
in different regions of Australia. We estimate this on the basis
of a second FU: “1 ha of land used for production”, to avoid
attributing the soil erosion impact solely to red meat
production when it is related to many extraneous factors.
For further details on soil erosion data sources and assumptions, refer to the Supporting Information.
Quantifying Production. For the lot-feeding property,
net HSCW gain is readily modeled as the difference between
outgoing and incoming HSCW; however, in the context of a
grazing property, the “production cycle” exceeds the annual
study period and stocking rates can vary widely. For example,
a grazier may choose to hold off selling or buying stock due
to market price fluctuations or environmental factors such
as feed availability. Hence, there was a need to consider
production of carcass weight not sold during the study years.
To that end, growth rates for different cohorts and classes
of livestock were identified. All livestock were distributed
into these categories, and the final weight gain from the
property data was determined using a livestock production
model that considers the growth rate of the animals and the
number of days the animal spends in that group on the farm
or feedlot. The mass of livestock imported to the properties
is excluded from the calculation of the system’s productivity
since the growth of purchased stock occurs in various
locations for which detailed, energy, GHG, or soil erosion
data are unavailable or unavailable in the study years and
for which individual property production data would be
needed to partition emissions such as enteric and petrochemical GHGs. Consequently, the red meat produced
outside the defined system and the environmental burdens
associated with this production are consistently excluded
from the model.
Allocation. Whenever systems under study generate more
than one saleable output, allocation is needed to assign the
environmental impacts to the FU. Mass-based and economic
allocations were applied at the scale of individual process
units (e.g., grazing property, feedlot, processing) because
relative production rates vary between the process units.
The grazing properties under study produced HSCW and
non-HSCW liveweight products as well as other products
such as wool and grain. Data collected from each property
on the relative mass and economic value of outputs produced
were used to assign an appropriate proportion of the LCI to
the HSCW production system. Year-adjusted commodity
prices supplemented these data where economic values were
unavailable. In the case of the grazing property in the WA
supply chain, which produces a large mass of grain for sale
as well as livestock, 100% of the on-farm GHG emissions
were allocated to the livestock production system (and then
further allocated to HSCW). In the feedlot, the cattle produced
for the premium export market exhibited 73% of the total

FIGURE 1. Carbon footprint (CF), primary energy use (PE), and solid waste (SW) per kilogram of HSCW by supply chain and year.

TABLE 1. Comparison of Grain- and Grass-Finished Beef
calculation for NSW supply chain, 2004
HSCW gain per head at the grazing property
CF at the grazing property
HSCW gain per head at the feedlot
CF at the feedlot
total HSCW per head at the processor gate
CF at the grazing property per kilogram of HSCW at the processor
CF at the feedlot per kilogram of HSCW at the processor
CF per kilogram of HSCW at the processor
total CF per head
total CF per kilogram of HSCW

HSCW gain on the property but consumed 76% of the feed.
We assumed that the LCI would be proportional to feed
consumption and allocated accordingly and then further
allocated to HSCW production. Typically HSCW accounts
for 55-60% of the liveweight by mass and 86-89% of the
economic value. In this paper, all results are shown on a
mass-allocated basis unless otherwise stated.

Results
The results for three conventional LCIA categories are
presented in Figure 1. Besides the absolute result for each
supply chain, year, and indicator, the graphs show the relative
contribution of each meat production stage to the total impact
for the respective impact category.
Carbon Footprint (CF). As expected, and in line with all
other LCA work in this area, the main source of GHG
emissions in the supply chains is enteric methanogenesis
from the animals themselves. The data in Figure 1 show that
the sheepmeat supply chain in WA performs a little better
on average than the beef supply chains, although the enteric
methane data (the principal GHG emission) are similar for
beef and sheep when compared on the basis of HSCW gain.
For example, for 2002, the average daily emission rate in the
NSW supply chain was equivalent to 0.18 (kg of CH4/head)/
day for cattle that typically produce between 200 and 250 kg
of HSCW on slaughter. The corresponding figures for sheep
in the WA system that year were 0.02 (kg of CH4/head)/day
for animals yielding 18-21 kg of HSCW. Cattle generally stay
on the grazing property longer (up to 3 years) than sheep (up
to 1.5 years) before slaughter, which may partly account for
the superior performance of the WA supply chain.
Nitrous oxide emissions from leguminous pastures were
excluded from these calculations due to data uncertainty.
For example, the NGGIC method requires three year average
pasture production data which we did not have. The
alternative of using a broad average from the literature (e.g.,
ref 45) introduces a relatively uncertain datum: the mean
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kg
kg
kg
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of
of
of
of
of
of
of
of

HSCW/head
CO2 equiv/kg of
HSCW/head
CO2 equiv/kg of
HSCW/head
CO2 equiv/kg of
CO2 equiv/kg of
CO2 equiv/kg of
CO2 equiv/head
CO2 equiv/kg of

HSCW
HSCW
HSCW
HSCW
HSCW
HSCW

grain-finished

grass-finished

217
10.6
146
5.5
363
6.4
2.2
1.4
3602
9.9

280
10.6
0
0
280
10.6
1.4
3365
12.0

value calculated on the basis of the publicly available data
related to that reference is equal to its standard deviation.
Nevertheless, if 35 kg of N was fixed per hectare and year (the
median of those data), this suggests that the CF results for
the NSW and Victorian grazing properties underestimate the
total CF value by less than 10%.
In Table 1, we identify the CF from different stages of the
NSW supply chain when the grass-finished and grain-finished
components of that supply chain are considered separately.
The comparison reveals that although the total CF per head
of cattle is higher for the grain-finished beef, this is completely
offset by the more efficient weight gain of the grain-finished
cattle. The other main reason for the better performance of
grain-fed beef with regard to GHG emissions on a per
kilogram of HSCW basis is the superior digestibility of the
feed and the associated reduction in methane emissions.
While our results show a 38% reduction in enteric methane
emissions for grain-finished beef, other studies claim reductions as great as 70% (46). Many potential strategies have
been identified for methane abatement, and most of these
options are being investigated by researchers around the
world (47). They range from dietary manipulation (e.g.,
pasture and grazing management, breeding and genomics,
feed additives, etc.) and animal management (e.g., earlier
finishing through improved feeding or reducing unproductive
animal numbers through extended lactation) to rumen
manipulation (e.g., biological control and antibiotics).
It is interesting to note the interannual fluctuations in the
kind of agricultural business investigated in this study. The
Victorian supply chain operated as a finishing enterprise for
traded cattle purchased as weaners in 2002 but included
breeding activities in 2004. Consequently, the enteric methane emissions are 34% lower in 2004, but HSCW gain is 44%
lower, overall contributing to a 40% higher CF per kilogram
of HSCW. Similar effects are responsible for the better
performance of the WA supply chain in 2004. The results
also demonstrate the significance of a feedlot component in
VOL. 44, NO. 4, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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TABLE 2. Dressing Percentages and Saleable Meat Percentages from the Literature
param

estimate

min

max

ref (estimate)

ref (min, max)

dressing percentage (beef)
saleable meat percentage (beef)
dressing percentage (sheepmeat)
saleable meat percentage (sheepmeat)

53
70
47
70

50
65
44

62
75
50

49
assumed from min and max
51
53

50
50
52, 49

a supply chain. For example, in the NSW supply chain, where
some cattle are finished on pasture and others go to a feedlot,
the feedlot can be responsible for about 22% of the total CF
of the whole supply chain despite the relatively short time
period in which the cattle are at the feedlot compared with
the grazing property.
Primary Energy Use (PE). In contrast to the GHG results,
the processing plants contribute most to the total PE, mainly
because of the large refrigeration equipment used. We found
that larger grazing properties used more on-site energy per
kilogram of HSCW produced. The other factor varying
considerably is the energy demand associated with the
extended supply chain. In NSW, significant expenditure on
services such as cattle selling and veterinary support and
materials such as fodder, medicines, and pesticides contributed to energy consumption in the extended supply chain,
which represents 13-14% of the total figure. This contribution
demonstrates the value of hybrid LCA compared to process
analysis, although the avoided truncation error is not as high
as suggested by some authors (e.g., ref 48). All three grazing
properties made significant expenditure on agricultural
services and on freight, and the Victorian grazing property
had significant agistment costs. In comparison to the GHG
results, feed processing represented a significant contribution
to the feedlot energy demand.
Solid Waste (SW). The overall SW production was
dominated by the meat processing plant. Systems for
collecting data on waste production at the three grazing
properties were very different and rudimentary. Therefore,
while the principal SW-generating activity appears to vary
from property to property, we are not certain whether this
reflects the underlying operations or data management in
relation to waste. In the case of the WA supply chain, the
principal waste-generating activity is a consequence of feed
processing; in the Victorian case, it is on-site waste generation;
and for the NSW supply chain, it is chemical production.
These data are not accurate enough to inform policy
initiatives in the area of waste minimization, but they indicate
potential for improved (continual) data collection.
Soil Erosion. The soil erosion indicator approach we
present is intended to enumerate environmental issues
related to grazing property soils, so it refers only to the grazing
property component of the red meat supply chains. The
results, while built on dialogue regarding farm management
practices with farmers, are enumerated using secondary
(literature) data and are, therefore, less certain than the
conventional LCA indicators.
The NSW property has much higher soil erosion potential,
i.e., 887 (kg/ha)/yr in 2002 and 923 (kg/ha)/yr in 2004 than
the WA property (13 (kg/ha)/yr in 2002; 23 (kg/ha)/yr in 2004),
with the estimate for the Victorian property equal to zero.
These estimates are based on the National Land and Water
Resources Audit (44) and consider the erosion gully density
and the estimated annual hillslope erosion rate. Whereas
the erosion gully density is rated “low” or “very low” for all
three supply chains, the hillslope erosion rate for the NSW
properties is rated “low” to “very high”. This reflects the soil
types and the topography of the area.
Comparison of the Results. The results presented above
were compared with red meat LCA results from 11 studies
published between 1999 and 2008 (4, 5, 7-15). These studies
1330
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were conducted in a range of different countries or regions
and covered different production systems for sheepmeat and
beef including conventional and organic farming principles,
feedlot and pastoral production, and intensive and extensive
livestock farming. Most studies’ system boundaries included
all farming processes, i.e., breeding, feed production and
related fertilizer production and transport, farm electricity
use, heating, farm field work, and waste management
(“cradle-to-farm gate”). Two studies also included the
environmental burdens associated with the processing and
distribution stages of the meat life cycle (4, 14). All studies
except for that of Verge et al. (10) exclude the environmental
impacts associated with capital goods.
CF is the most commonly evaluated impact category: 10
of the 11 studies provide this indicator. While PE is assessed
in 7 of the 11 studies, results for other impact categories
such as eutrophication or acidification potential are rarely
presented. Only one study considers different toxicity
potentials (7); another study relates to pesticide use and
abiotic resource consumption (5). In our comparisons we
focus on CF and PE since the characterization factors for the
other models represent an unknown variable.
Putting the results of different studies side-by-side, we
make comparisons on the basis of unallocated burdens,
except where allocation to grain and wool products occurs.
The sheep farms in the literature use economic allocation to
consider wool byproducts, so we present our results on the
same basis for comparison.
In addition, since various FUs are used in the different
studies, all had to be converted to the common basis of HSCW.
This is a critical step, and sensitivity analysis shows that
factors such as the dressing percentage are highly influential
on the final result. The liveweight of an animal is the body
mass of the animal immediately before slaughter. The carcass
weight, also referred to as HSCW or dressed weight, is the
liveweight multiplied by the dressing percentage, which takes
into account the body parts of an animal that does not
become saleable meat, i.e., the hide or fleece and the contents
of the gastrointestinal tract (49). Boneless, retail, or saleable
meat is the premium meat that is sold at the retail outlets
after other parts of the animal are removed, such as bones
and fat tissue. Dressing percentages and saleable meat
percentages vary between countries, ages, conditions, and
breeds of animals, etc. Table 2 shows the estimates we used,
as well as minimum and maximum values obtained from
the literature.
Table 3 illustrates the great variation in the results for
both CF and PE. It should be noted that the name of the
nation is used as an identifier for a particular study and does
not imply representativeness of red meat production for the
respective country. According to the data evaluated, beef
produced in Africa in a Sahelian pastoral system has the
lowest CF with 5.9 or 8.4 kg of CO2 equiv/kg of HSCW; it is
unclear whether the published result is retail or HSCW beef,
so the lower value optimistically assumes the former while
the higher value assumes the latter. Beef produced in Japan
is 4 times more GHG-intense.
One study reports that high PE demands arise from the
production of feed (grass or concentrate feeds) (5). This
observation is consistent with the relatively high energy
consumption of the WA farm examined in this study and its

TABLE 3. Comparison of CF and PE for Beef and Sheepmeat Production
carbon footprint
(kg of CO2 equiv/kg of HSCW)
area (production type)
WA, 2002
WA, 2004
Africa (pasture, assumed boneless)
Africa (pasture, assumed HSCW)
Belgium
U.S. (feedlot)
VIC, 2002 (organic)
NSW, 2002 (farm and feedlot)
U.K./Wales (conventional)
NSW, 2004 (farm and feedlot)
Sweden
U.K./Wales (organic)
VIC, 2004 (organic)
Canada
Ireland (organic)
Ireland (agrienvironmental)
Ireland (conventional)
Japan

beef

sheepmeat

primary energy
(MJ/kg of HSCW)
beef

sheepmeat

10.8
10.2
5.9
8.4
10.1
10.4
11.6
15.0
15.2
15.4
15.6
17.5
18.1
19.6
20.9
23.0
24.5
25.5

on-farm processing of feeds for final fattening of sheep and
lambs. The WA farm is, nevertheless, at the same order of
magnitude as the other sheepmeat farms and an order of
magnitude more efficient than the Japanese beef farm.
Another study also refers to the high fossil fuel energy demand
associated with ammonia production, which is the basis for
N-fertilizer (10).
Although converting the results to a common FU and
taking allocation issues into account should provide a
robust basis for comparison between beef and sheepmeat
production in different countries, these results must be
considered with great caution since many other variables
can play a major role. Our study, as well as the comparison
with literature, underlines the fact that varying farm
operations can significantly influence the environmental
performance of red meat production. For example, our
data suggest that organic production may use less energy
than conventional farming practices, but may result in a
higher CF. The type of animal feed can also influence the
results significantly. In general terms, because beef and
sheep can digest grain more easily than forage, feedlot
animals tend to emit less methane than animals of the
same weight on pasture (50). Whether the reduced enteric
methane emissions from a grain diet can provide greater
GHG savings than those caused by the production of the
grain feed, and whether other environmental impacts from
grain production such as ecotoxicity potentials will become
a concern, will depend on the production system. In
relation to that, the methods applied to determine enteric
methane emissions vary significantly in the studies under
investigation. Most studies either use IPCC standard values
or apply the corresponding methodology (36, 51). Another
study (9) follows a quadratic regression equation based
on the dry matter intake (52), whereas Casey and Holden
(12) used a nutrition software package, called RUMNUT,
that is based on protein systems (53). Other identified
variables that can affect the environmental performance
associated with red meat production are (1) the lifetime
of the animals (13-33 months), (2) the regime of manure
management, (3) varying IPCC conversion factors for
GHGs, (4) effects from the inclusion of land use change
(54), (5) country-specific impacts from energy production,
and (6) animal breed.
Considering this analysis of international studies and the
fact that our work is based on three farms and two years of

47.9
42.2
10
10
13
10

13.0

17.5

10.1

ref

10.1
24.4
26.8
20.0
18.1
17.4
20.2

118.3

23.1

4

18.4

12
4
9
11
11
11
8, 14

data, estimates of environmental consequences of red meat
production should not be reported as single figures. Instead,
we would advise media organizations to discuss data ranges,
which are more representative of available information. The
data collected in this study represent three farms in three
different locations in Australia producing beef and sheepmeat
over two years and can be considered a good starting point
for evaluating the environmental performance of red meat
production. However, further research is required to validate
this information and to enable further statements about the
significance and representativeness of the results of this study
to be made.
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