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Executive Summary 

The Australian pork industry is highly efficient with a history of ongoing productivity and environmental 
improvement. With the introduction of economy-wide environmental targets, delivering and tracking 
performance improvement is a requirement. This study tracked improvements and identified 
opportunities for low-impact pork from farm to retail shelf.  
 
This study determined carbon footprint (kg CO2-e), fossil energy (MJ), freshwater consumption (L), 
water stress (L H2O-e), land occupation (m2) and eutrophication potential (kg N and kg P) for 
Australian pork production for 2020 and 2022. Hotspots and variability between housing types, 
manure management systems, and regions were identified, and low-impact production systems 
analysed to determine new options for low-carbon pork.  
 
In the largest Australian study of its kind, data were collected for ~70% of pigs produced using a 
stratified design. Using attributional life cycle assessment (aLCA), impacts were reported as different 
points in the supply chain per kilogram of liveweight (LW), post-processed, retail, and boneless, fat-
corrected pork. Uncertainty was assessed through Monte Carlo analysis.  
 
The weighted average results for Australia across the two assessment years were 3.0±0.1 and 3.0±0.1 
kg CO2-e GHG emissions, 0.4±0.07 and 0.3±0.03 kg CO2-e LU & dLUC emissions, 
12.9±0.5 and 13.4±0.5 MJ, 93.8±9.6 and 52.5±3.6 L, 68.4±6.7 and 43.2±3.3 L H2O-e, and 
12.0±0.9 and 12.7±0.9 m2/kg LW in 2020 and 2022 respectively. Due to industry growth, total 
emissions were higher in 2022.  
 
Eutrophication potential for Australian pork (2.2E-04±3.0E-05 kg P/kg LW and 8.7E-03±3.5E-04 kg 
N/kg LW), reported for the first time, was low compared with meat produced from grazing systems 
and European pork production.  
 
Longer term trends showed 74%, 61%, and 90% reductions in GHG emissions (excl. LU and dLUC), 
fossil energy use, and freshwater consumption per kilogram of liveweight over 42 years to 2022.  
 
The industry has demonstrated long-term performance improvement, though the rate of improvement 
slowed in the most recent analysis period. Ongoing interventions and strategies are required to return 
to trend environmental improvement. Importantly, systems with covered ponds, deep litter and 
outdoor housing produce pork with lower GHG emissions and can provide other environmental 
benefits from renewable energy, and reduced fossil energy demand. Already a relatively low impact 
meat production system, Australian pork has significant potential to further reduce environmental 
impacts through practice change. 
 
Further investment and proactive policy settings are required to overcome barriers to the adoption 
of existing technology and support the techno-economic case for novel strategies if industry is to meet 
formal targets.  
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1 Introduction  

The Australian pork industry has experienced substantial growth over the past four decades, resulting 
in a national herd of approximately 2.25 million pigs in 2019-20 (ABS 2021a). The pork industry makes 
a significant contribution to the Australian economy, valued at $5.3 billion in 2020-21 (Australian Pork 
Limited 2023). Production occurs in each state in Australia, with the eastern seaboard (Queensland, 
New South Wales, and Victoria) responsible for two-thirds of the national herd.  
 
Pork is typically a lower environmental impact protein (de Vries and de Boer 2010; Wiedemann 2018) 
but life cycle assessments (LCAs) in Australia have focused most strongly on greenhouse gas (GHG) 
emissions, energy and water (Wiedemann et al. 2016, 2017, in preparation) and not on other relevant 
impacts such as nutrient losses. Environmental impacts arise within the farm boundary and from 
upstream feed production. Most feed production occurs outside the operational boundary of the 
piggery, where there is less control over reducing impacts. It is important for industry to understand 
both the direct impacts (within operational control) and indirect impacts (outside operational control) 
when developing environmental improvement plans.   
 
Baseline environmental impacts (GHG emissions, fossil energy use, freshwater consumption, stress-
weighted water use, and land occupation) for Australian pork production were determined previously 
for 2010-2011 (Wiedemann et al. 2016, 2017). The study covered fourteen farms in four major 
production regions, finding that impacts were strongly influenced by housing and manure management 
system (MMS) and feed systems. The study concluded that, particularly in conventional systems, 
improvement in feed conversion ratios (FCR) should result in lower impacts over time (Wiedemann 
et al. 2016). Compared with international production, baseline environmental impacts of Australian 
pork tended to be higher than northern hemisphere production for carbon footprint and land 
occupation (e.g., Dorca-Preda et al. 2021; Zira et al. 2021) but lower for fossil energy use (e.g., Noya 
et al. 2017; Bonesmo and Enger 2021). 
 
In 2022, the Australian Government legislated an economy-wide 43% emission reduction target (from 
a 2005 baseline) by 2030 and target for net zero emissions by 2050. To align with the 2030 target, the 
Australian pork industry requires an approximate 41% reduction in GHG emissions from its 2010 
baseline. Also in 2022, the Australian Government joined the Global Methane Pledge, committing to 
a minimum 30% reduction in methane emissions across all sectors of the economy by 2030 from a 
2020 baseline (Climate & Clean Air Coalition Secretariat 2022). The commitment has implications for 
pork production and its methane emissions from enteric fermentation, manure handling, and 
uncovered effluent ponds at both farms and processing plants.  
 
Under the Carbon Credits (Carbon Farming Initiative – Animal Effluent Management) Methodology 
Determination (2019) (Cth), methane destruction and avoidance at piggeries, such as covered 
anaerobic ponds (CAPs) and solids removal can be registered with the Clean Energy Regulator (CER) 
and earn Australian carbon credit units (ACCUs). The ACCUs can then be held, sold to the private 
market, or sold to the Australian Government. The implications around ACCU sales, when this 
abatement leaves one sector for another (for example, if ACCUs were generated by pig farms but 
sold to the mining sector to meet government requirements), have not been explored previously. In 
the context of publicly communicated targets and commitments, to avoid double counting abatement, 
these reductions need to be removed from the pig industry account when being traded out of the 
sector, but not where they are sold to the Federal Government (Sevenster et al., 2023). 
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In addition to GHG, other priority indicators for Australian agri-food production include fossil energy 
use, freshwater consumption, scarcity and stress, land occupation(Harris and Narayanaswamy 2009). 
In addition, nutrient losses are an area of concern for pig production but, although commonly assessed 
in overseas studies (Noya et al. 2017; Bonesmo and Enger 2021; Dorca-Preda et al. 2021; Zira et al. 
2021), eutrophication potential has not previously been assessed for pork using LCA in Australia. 
Although the pork industry is responsible for impacts across all these indicators, it is also exposed to 
impacts arising outside its operational control in other industries, most notably via feed grains. It is 
anticipated that, as industry continues to improve performance, the relative contribution of external 
sources, such as feed grain production, to environmental performance will increase over time unless 
substantial intervention is undertaken to achieve equivalent environmental improvement in other 
industries.  
 
The shift both in Australia and globally to public commitments to long-term environmental 
improvement targets necessitates ongoing monitoring and reanalysis or interpretation of past results 
to understand trends and countertrends. In response to this, recent studies of pork production have 
explored and reported on trends over time (see Bonesmo and Enger 2021; Dai et al. 2021; Dorca-
Preda et al. 2021). This study provides two updated benchmarks (FY20 and FY22) for the 
environmental performance of the Australian pork industry and discusses the short- and long-term 
performance of the industry drawing on past studies of Australian production (Wiedemann et al. 2016, 
2017, in preparation). The updated analysis is fundamental to reporting improvement trends, sustaining 
improvement by identifying priority areas for industry to address, and identifying and managing 
emerging countertrends.  
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2 Objectives of the Research Project 

The project aim was to provide an updated benchmark for key indicators (GHG, energy, water, land) 
and provide baseline data on nitrogen, phosphorous and feed waste. Tracking performance and 
promoting reductions is fundamental to shaping the industry's future, and will enable the industry to 
report progress since 2010 and compare this with other industries. As the industry moves towards 
more frequent reporting, and companies are increasingly required to provide this information to the 
market, there is a need for standardisation to reduce variation and mixed messaging, and to reduce 
costs for future reporting intervals. To communicate this with certainty and from a strong evidence 
base which stands up to robust scrutiny, an LCA which is consistent with current Australian standards 
and best practice is required. The objectives are:  
 

1. Complete an attributional LCA for the pork industry that is representative of production 
and covers a minimum of 20% of the industry. 

2. Provide insights into regional and other variation, with particular focus on carbon, water, 
feed, and renewable energy. 

3. Work with APL staff to provide content for extension and communications materials based 
on the project output, including infographics, summaries, and webinars/presentations. 

4. At least one peer reviewed open access journal publication of LCA outcomes. 

This report presents the final results of the LCA assessment.  
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3 Materials and methods  

3.1 Goal and scope 

The study was an attributional life cycle assessment (aLCA) of pork production, including conventional 
(C), deep litter (DL) and outdoor (O) housing systems. All major production regions, housing and 
manure management systems (MMS) were assessed using primary industry data, representing 72 and 
70% of pigs produced in Australia in the analysis years of FY20 and FY22, respectively.  
 
This study aimed to i) determine carbon footprint, fossil energy use, freshwater consumption (water 
footprint), water stress, and land occupationfor Australian pork production, and by housing/MMS, ii) 
determine baseline eutrophication potential (EP) for Australian pork production, and by housing/MMS 
iii) compare national herd impacts over a two-year period, iv) compare short-term performance to 
long-term industry trends (see Wiedemann et al. in preparation), and v) identify implications and 
priorities for the industry into the future.  
 

Impact assessment 
The study assessed GHG emissions using the IPCC AR5 global warming potentials (GWP100) of 28 kg 
CO2-e/kg CH4 and 265 kg CO2-e/kg N2O as applied in the National Greenhouse Accounts Factors 
(Commonwealth of Australia 2023a). GHG emissions associated with land use (LU) and direct land 
use change (dLUC) were included and reported separately, as recommended in ISO 14067 (2018). 
 
Demand for fossil fuel energy was assessed by aggregating all fossil fuel energy inputs throughout the 
system and reporting these per megajoule (MJ) of energy, using lower heating values. Land occupation, 
reported in square metres (m2), was assessed by aggregating impacts throughout the supply chain. 
 
Freshwater consumption (L) was assessed using methods consistent with ISO 14046 (2018), stress-
weighted water use was assessed using the Water Stress Index (WSI) (Pfister et al. 2009) and water 
scarcity using the available water remaining (AWARE) method (Boulay et al. 2019). The WSI and 
AWARE methods aim to quantify the impact of water consumption on the basis of the relationship 
between total freshwater consumption and availability. Areas with scarce water resources and/or high 
demand were associated with high levels of water stress. 
 
Modelling was undertaken to determine freshwater EP, reported per kilogram of phosphorous (P), 
and marine EP, reported per kilogram of nitrogen (N), using characterisation factors from ReCiPe 
(Goedkoop et al. 2009). Results were reported for direct EP (on-farm from pig production) and 
indirect EP (predominantly from upstream feed grain production).  
 
For direct EP, N and P excretion rates were determined using mass balance principles, from feed 
inputs, liveweight gain, mortalities, and mean nutrient retention data from Skerman et al. (2016). 
Nutrient application to land through effluent irrigation and outdoor systems was modelled using 
MEDLI (Department of Science, Information Technology and Innovation 2015) for 11 production areas 
around Australia. Effluent irrigation was modelled in accordance with practices required by the 
National Environmental Guidelines for Indoor Piggeries (Tucker 2018) and outdoor production in line 
with practices required by the National Environmental Guidelines for Rotational Outdoor Piggeries 
(Tucker et al. 2013). 
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These results were used to determine typical mass of N and P in groundwater leaching and surface 
water runoff by region. Impacts from sludge, spent litter, and separated solids to land were not 
included within the system boundary, as they were outside the system boundary and were treated as 
residuals used in other enterprises (see section 3.3).  
 
Indirect EP associated with feed production was determined from background grain databases, e.g., 
AusLCI (ALCAS 2017), ecoinvent (Ecoinvent 2020) and grains processes developed and published in 
previous LCA studies by the authors.  
 
Water stress, water scarcity, and EP were averaged over both years because they were influenced by 
changes in reported grain source regions which were likely attributable to changes in the producers 
surveyed rather than an industry-wide shift in sourcing.   
 
All modelling was carried out using SimaPro™ 9.3 (Pré-Consultants 2021). 
 

Supply chains, system boundary and functional units. 
Inventory data for three housing systems were collected: C (housing with partially or fully slatted 
floors where manure, urine, waste feed and water fall into channels or pits that are flushed or released 
regularly into a pond treatment system), DL (pigs are housed on litter, e.g., straw, sawdust, rice hulls) 
and O, where pigs are allowed to range in an open paddock and are supplied with shelters.  
The primary production supply chain included farrow-to-finish operations (breeding to grow-out) and 
meat processing, with all associated inputs. Data were collected for 36 and 42 farrow-to-finish 
operations to cover a 12-month production period from 1 July 2019 to 30 June 2020 and from 1 July 
2021 to 30 June 2022, respectively. Data were de-identified and aggregated to ensure company data 
remained confidential.  
 
The endpoint of the supply chain was the retail shelf (see Figure 1). Results were presented at three 
points in the supply chain with the following reference units: 1 kilogram of liveweight at the abattoir-
gate, 1 kg of pork ready for distribution to retail (a mix of primary and further processed product), 
and 1 kilogram of pork at the retail shelf. The distribution and retail functional units reflect the product 
mix of bone-in and boneless portions. In addition, results were reported per kilogram of boneless 
pork at the retail shelf.  
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Figure 1. System boundary for Australian pork production (dashed line denotes foreground 
system)  
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3.2 Stratification 

Producer data were aggregated, weighted, and stratified based on housing system, MMS and 
production region to develop a national herd dataset for FY20 and FY22. The proportion of each 
manure management system type for FY20 (Table 1) and FY22 (Table 2) were determined from the 
collated project survey data, total sow numbers and insights regarding the proportion of sows housed 
in each MMS from the National Inventory Report (Commonwealth of Australia 2022, 2023b), industry 
consultation, and expert judgement. Further detail on the stratification is provided in the 
Supplementary Materials.  
 

Table 1. Stratification of housing and manure management systems for each state and for 
Australia, derived from survey data and the National Inventory Report for 2020 and reported by 

the proportion of manure going to each system in FY20 

  Australia NSW QLD VIC WA SA TAS 

Outdoor 7.8% 6.0% 3.0% 7.2% 22.4% 2.0% 2.0% 

Deep Litter 31.1% 35.6% 6.0% 35.5% 33.0% 52.6% 20.0% 

Effluent Pond 
(Uncovered) 

34.8% 21.4% 53.9% 37.9% 29.7% 23.1% 73.0% 

Anaerobic Digester/ 
CAP 

19.0% 34.6% 34.6% 13.6% 0.0% 6.7% 0.0% 

Short HRT 1.4% 0.7% 0.4% 1.9% 1.4% 3.0% 3.0% 

Solids separation 5.9% 1.7% 2.1% 3.9% 13.5% 12.7% 2.0% 

 

Table 2. Stratification of housing and manure management systems for each state and for 
Australia, derived from survey data and the National Inventory Report for 2021 and reported by 

the proportion of manure going to each system for FY22 

  Australia NSW QLD VIC WA SA TAS 

Outdoor 8.2% 6.0% 3.0% 7.2% 24.4% 2.0% 2.0% 

Deep Litter 30.9% 35.6% 6.0% 35.5% 32.2% 52.6% 20.0% 
Effluent Pond 
(Uncovered) 

35.9% 21.4% 53.0% 44.7% 26.3% 23.1% 73.0% 

Anaerobic Digester/ 
CAP 

17.7% 34.6% 35.5% 6.7% 2.2% 6.7% 0.0% 

Short HRT 1.4% 0.7% 0.4% 1.9% 1.4% 3.0% 3.0% 

Solids separation 5.9% 1.7% 2.1% 3.9% 13.5% 12.7% 2.0% 

 

3.3 Life cycle inventory 

The study collected data from a representative cross-section of the industry, reflecting 72% and 70% 
of sows in all major regions (in FY20 and FY22, respectively), for all housing and MMS, and included 
farrow-to-finish production, feed milling, and primary and further meat processing. Summary data and 
methods for the development of the benchmarking by housing/MMS were outlined in Table S1 and the 
Supplementary Materials.  
 

Feed use and milling 
Average feedmilling processes (n20 = 5 and n22 = 5) were developed using inventory data collected as 
part of the project and existing datasets (Table S2). 
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Pigs were phase fed, and diets may change during the year according to the availability of commodities. 
Diets (n20 = 35 and n22 = 43) were reported by each producer. Weighted average commodity inputs 
for the national herd for FY20 and FY22 were presented in Table 3, where lesser volume commodities 
were grouped under general headings for conciseness and to product confidential diet formulations. 
The weighted average national herd composition was derived from weighted averages of each state, 
which were developed from the diets reported by each producer. The ranges given in Table 3 reflect 
the variation in producer diets reported for each year.  
 

Table 3. Weighted average diet composition for the national herd in FY20 and FY22 

 

Feed production 
Feed production was modelled as described in Copley et al. (2023) and methods were not repeated 
in detail here. Briefly, major feed grains were modelled from Australian grain processes from the 
AusLCI database (ALCAS 2017), where available. Average irrigation rates in each region and the 
proportion of cropland irrigated were used to determine the proportion of cereal grains produced in 
dryland and irrigated systems (ABS 2021b; a, 2022a; b), to build markets for FY20 and FY22. The FY22 
grain market was based on FY21 data as complete FY22 data were not available at the time of analysis.  
 
LU and dLUC emissions and removals in Australian cropland for the ten years prior to both the 
analysis periods were determined. National and state datasets (from the National Greenhouse 
Accounts (Commonwealth of Australia 2023a)): cropland remaining cropland, excluding woody 
perennials, and land converted to cropland) were used to determine emissions and removals (see 
Table S3) for Australia and for each state. As each producer reported source regions for feed grains, 
state LU and dLUC emissions were weighted according to the proportion of feed grains sourced by 
the national herd from each state. 
 
Imported soybean meal was modelled to reflect the Australian import market breakdown for FY20 
and FY22 (OEC 2020, 2023), using data from the ecoinvent database (Ecoinvent 2020).  

Feed commodity (% of total diet) 
National 

Herd FY20 
FY20 
Range 

National 
Herd FY22 

FY22 
Range 

Barley grain 29.5% 1.2 – 51.6% 25.0% 0.5 – 57.4% 
Wheat and Triticale grain 37.3% 1.7 – 59.0% 39.8% 9.4 – 53.8% 
Sorghum grain 1.5% 0.0 – 37.5% 3.1% 0.0 – 35.5% 
Maize grain 0.0% 0.0 – 3.1% 0.0% 0.0 – 1.4% 
Pulse grains, e.g. faba beans, lupins 6.6% 0.0 – 24.5% 8.2% 0.0 – 29.8% 
Plant Protein meals (excluding soy) 7.2% 0.0 – 13.0% 7.0% 0.0 – 13.1% 
Soybean meal 2.7% 0.5% - 

10.1% 

2.6% 0.0% - 8.9% 

Animal proteins, e.g. bloodmeal, meat 
and bone 

3.6% 0.7 – 8.3% 3.8% 1.0 – 8.8% 

Fats and oils, e.g. canola, vegetable, palm 0.5% 0.0 – 5.3% 0.5% 0.0 – 1.8% 
Tallow  1.4% 0.0 – 2.4% 1.0% 0.0 – 1.5% 
High-cost additives, e.g. synthetic amino 
acids, enzymes 

1.6% 0.4 – 5.0% 1.4% 0.1 – 3.5% 

Low-cost additives e.g. salt, lime 1.8% 0.3 – 4.6% 2.1% 0.1 – 9.1% 
Diverted food waste 0.9% 0.0 – 34.0% 1.0% 0.0 – 44.0% 
By-products 5.0% 0.0 – 27.6% 4.4% 0.0 – 31.0% 
Residuals 0.7% 0.0 – 19.9% 0.5% 0.0 – 20.2% 
Total 100% - 100% - 
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Farrow-to-finish operations 
Herd performance, including feed intake and the total mass of pigs produced, was determined from 
records supplied by each producer (n20 = 35 and n22 = 44) and represent actual performance under 
commercial conditions (Table 4). Records of pig numbers, water use, and energy use and renewable 
energy generation were collected from farms operating in five states.  
 

Table 4. National herd performance for farrow-to-finish operations in FY20 and FY22 

 

Manure management 
A mass balance, based on primary data for feed and pig production, was used to estimate manure 
excretion. Manure GHG emissions (methane [CH4], nitrous oxide [N2O]) were estimated by 
predicting nitrogen (N) and volatile solids (VS) excretion using mass balance principles. Subtracting N 
inputs (in feed) from N outputs in pig mass and mortalities gave excreted N. Excreted VS was 
determined by subtracting manure ash from excreted total solids (TS), which represented the residual 
of non-digested feed (Dong et al. 2006). Waste VS included excreted VS and waste feed that was 
deposited into the MMS. N retention was determined using methods and factors determined using 
liveweight data from farms and pig composition data. Emissions were determined using state-specific 
emission factors for each MMS, based on those used in the NIR (Commonwealth of Australia 2022). 
Indirect N2O was modelled from manure ammonia (NH3) volatilisation, leaching and runoff where 
relevant. All DL and C sheds were assumed to be constructed with impervious floors and, as effluent 
and manure capture were modelled according to environmental regulations, nitrate leaching from 
sheds was therefore assumed to be negligible. For outdoor production, leaching and runoff were 
assessed for range areas. Allocation of impacts to spent litter, sludge and separated solids is described 
in section 3.4. 
 

Primary and further meat processing 
Inventory data were collected from primary processing plants (n20 =7 and n22 = 7) plants (Table S4) 
operating across five states, and for further processing plants (n20 =3 and n22 = 5) (Table S5). 
Processing inputs were reported per tonne of hot standard carcase weight (HSCW) and chilled 
carcase weight (CCW), respectively, but results reported relative to the pork product mix ready for 
distribution as an average across the industry. This product mix was 48% and 46% direct from primary 
processing in FY20 and FY22, respectively, and 52% and 54% from further processing in FY20 and 
FY22. Energy sources differed between processing plants, resulting in an apparently wide range for 
some energy inputs, e.g., LPG and Natural Gas were substitutable heat energy sources.  
 
The retail phase included transport to warehouses, warehouse operations, transport to retail, and 
retail operations. Average impacts from warehouse and retail operations were derived from published 
Australian supermarket data for GHG emissions, energy consumption, and waste for FY20 and FY22 
(Coles Group 2022a; Woolworths Group 2022a), and an intensity per kilogram of pork at the retail 
shelf was derived from an economic allocation using published financial data (Woolworths Group 
2020, 2022b; Coles Group 2022b). Transport to warehousing and from warehousing to retail shelf 
was derived from the known location of primary and major secondary pork processing facilities, state 

    National Herd FY20 National Herd FY22 

Progeny FCR – wean to finish kg feed/kg LW 2.37 2.33 
Herd feed conversion (HFC) kg feed/kg DW 3.82 3.75 
Progeny sold/sow.yr No.  20.49 20.94 
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and territory population statistics (ABS 2021c, 2023), and assumed population distribution within each 
state/territory. Summary data used to model environmental impacts per kilogram of pork at the retail 
shelf are outlined in Table S6.  
 

3.4 Handling co-production 

The total product mass from the system was the sum of human edible meat, including edible offal. 
Other outputs included manure, effluent (including separated solids) and spent litter, pet food and 
processing by-products for rendering (co-products from feed inputs arose outside the system 
boundary). Primary production and meat processing co-products and handling methods were 
described in Wiedemann et al. (2016).  
 
Effluent from conventional piggeries was typically land-applied on-site to crops or pastures grazed by 
beef cattle or sheep. Solid residues such as sludge and spent litter were more readily transported off-
site for application to crop land. Emissions arising from land application of these solid residues were 
allocated to the industry that utilised the manure nutrients. Following Wiedemann et al. (2016), 30% 
of nutrients from manure solids were assumed to return to the grain production system, representing 
0.7% of cereal crop fertiliser requirements nationally in FY20 and 0.6% in FY22. Manure solids were 
included as an input to the modelled cereal crop systems used in the feed inventory.  
 
To determine impacts per kilogram of boneless fat-corrected pork, the reference unit of one kilogram 
of pork at the retail shelf was adjusted by the edible yield for retail portions of pork (85%), determined 
previously by Wiedemann and Yan (2014), and the average fat content (20.3%) of Australian retail 
pork (derived from Greenfield et al. 2009). Results were then reported as 1 kg of boneless, fat-
corrected pork at the retail shelf.  
 
3.5 Sensitivity analysis 

The sensitivity of the model and results to key assumptions and parameters were tested. 
Methodological details for the sensitivity analyses were outlined in the Supplementary materials. The 
sensitivity of the model to assumptions regarding feed waste (% of total feed fed) and dietary crude 
protein (CP) for pigs in O systems were determined. The sensitivity of the results to assumptions 
regarding grain source regions was also determined. 
 
3.6 Accounting for Australian Carbon Credit Units (ACCUs) 

Carbon credits provide a means of transferring emission reductions, and carbon removals, between 
businesses and between businesses and the Federal Government. In accordance with Sevenster et al. 
(2023), carbon credits from activities within the pig industry (e.g., Australian Carbon Credit Unit 
(ACCU) Scheme projects for CAPs) which are sold via the private market are to be reported 
separately in the industry carbon account.  
 
No adjustment was made to the product carbon footprint to add the emissions associated with the 
sale of ACCUs, i.e., emission intensities were inclusive of all avoided emissions from CAPs, regardless 
of whether the ACCUs were held, sold to the Federal Government or the private market. This 
ensured that the product carbon footprint (CF) was representative of actual biological performance 
and reduced complexity in multi-year results comparisons of product CF, i.e., that the impacts were 
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reported for ‘steady state’ production and could be compared with established pork and other 
industry benchmarks.  
 
3.7 Uncertainty analysis 

Two types of uncertainties (alpha and beta) were assessed via Monte Carlo analysis in SimaPro (Pré-
Consultants 2021), using one thousand iterations to provide a 95% confidence interval for the results 
for each year. Results were presented as the mean plus or minus two times the standard deviation 
(SD), i.e., mean ±2SD.  
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4 Results  

4.1 Impacts per kilogram of liveweight 

Environmental impacts per kilogram of liveweight for the national herd in FY20 and FY22 are reported 
in Table S7. Impact sources are presented graphically in Figure 2 for GHG emissions (incl. LU & dLUC), 
fossil energy, and freshwater consumption. The product carbon footprints for FY20 and FY22 are 
reported in Table S8 disaggregated as Scope 1, 2 and 3 sources. 
 
Benchmark GHG emissions (excl. LU & dLUC), fossil energy use, freshwater consumption and land 
occupation impacts per kilogram of liveweight for each farm surveyed in 2020 and 2022 are presented 
in Figure 3, Figure 4, Figure 5 and Figure 6, alongside the averages (of both years) for different housing 
and MMS. Note that F1.2020 and F1.2022 denotes the result for Farm 1 in 2020 and 2022, i.e., the 
same farm in both years. Full results for the Australian average production by housing and MMS are 
reported in Table S9 and are presented graphically in to demonstrate differing impact sources.  
 
The weighted average results for Australia in 2020 and 2022 respectively were 3.0±0.1 and 3.0±0.1 kg 
CO2-e/kg GHG emissions, 0.4±0.07 and 0.3±0.03 kg CO2-e/kg LU & dLUC emissions, 
12.9±0.5 and 13.4±0.5 MJ/kg energy use, 93.8±9.6 and 52.5±3.6 L/kg LW freshwater consumption and 
12.0±0.9 and 12.7±0.9 m2/kg LW land occupation.  Water stress, scarcity, and EP were 55.8±5.0 L 
H2O-e/kg LW and 14.0±3.3 m3/kg LW, 2.2E-04±3.0E-05 kg P/kg LW, 8.7E-03±3.5E-04 kg N/kg LW 
respectively, presented as an average of 2020 and 2022.  
 
Between years there was no significant difference in GHG emissions or energy use. There was a trend 
towards a slight decline in GHG emissions from LU and dLUC in 2022 in response to a change in 
sourcing for imported soybean meal. Interestingly, MMS emissions were slightly higher in FY22 because 
of a change in the proportion of pigs housed in conventional systems compared to other lower-
emitting MMS systems but HFC improved marginally in FY22, resulting in no change overall in GHG 
emissions. GHG impacts (excl. LU & dLUC) ranged from 1.3 to 6.1 kg CO2-e/kg LW in the farm 
dataset, with the highest impacts arising in C housing systems with uncovered ponds and relatively 
poor herd performance. Three low GHG impact production systems were observed: farms with 100% 
CAP systems, and high fractions of waste and residual feed commodity use, O systems, and C breeder, 
DL grow-out farms where more than 80% of manure was generated in the DL system (i.e., sows are 
housed on litter for a portion of the year). In CAP systems (i.e., where CH4 emissions from uncovered 
effluent ponds are avoided), CH4 capture facilitates generation of renewable energy (from biogas), and 
the feeding systems are conducive to large volumes of diverted food waste and residuals in feed. 
Overall, CAP systems offer circular economy advantages. Product CF was low in O systems and DL 
systems because manure is deposited directly to land or shed and decomposes in an aerobic 
environment, leading to lower methane emissions than uncovered effluent ponds. O systems were 
also found to have relatively low on-farm energy requirements (see Figure 2).  
 
Total fossil energy use ranged from 6.7 to 16.0 MJ/kg LW. Lowest total fossil energy was associated 
with 100% CAP systems which generated the majority of their on-farm requirements, and exported 
surplus energy, whilst also having lower indirect energy as a result of higher volumes of residuals and 
waste products in feed.  
 
Fresh water consumption decreased substantially, largely because feed grains in 2020 had a higher 
proportion of irrigation than in 2022, which was influenced by seasonal rainfall in these seasons and 
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the preceding grain-growing season. Freshwater consumption and water stress ranged from 15.7 to 
352.0 L/kg LW and 5.3 to 261.9 L H20-e/kg LW in the farm dataset. Variation in freshwater 
consumption was larger between farms than between housing/MMS but removing the irrigation 
variable was found to show a trend in lower water consumption in DL/O systems, as per Wiedemann 
et al. (2017). Water consumption and water stress were primarily a function of grain source region, 
with farms that utilised feed grains from regions with irrigation having significantly higher water 
footprints.  
 
Similarly, land occupation showed a considerable range in impacts, from 1.8 to 20.8m2 in the farm 
dataset (see Figure 6) and this was principally related to the amount of waste and residual commodities 
in feed, variation in grain yields in source regions and, to a lesser extent, HFC, with systems that had 
higher HFC utilising more grain, corresponding to higher land occupation when all other factors 
remained equal. The lowest land occupation impacts were found in systems with high inclusion rates 
of residuals and diverted food waste (i.e., low cereal grain inclusion rates).  
 
EP was found to range from 6.8E-05 to 2.4E-03 kg P/kg LW and 2.3E-03 to 1.8E-02 kg N/kg LW in the 
farm dataset. EP was influenced by feed production, but there was also a trend related to MMS, with 
higher direct impacts for P found in O housing systems compared to C and C/DL, and no substantial 
differences between housing systems for direct N EP.  
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Figure 2. Greenhouse gas emissions (incl. LU and dLUC), fossil energy use, and freshwater 
consumption for the national herd for FY20 and FY22 reported per kilogram of liveweight 
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Figure 3. GHG emissions (excl. LU and dLUC) per kilogram of liveweight for surveyed farms for FY20 and FY22, presented alongside national 
average results for each housing and manure management system, and national average results for FY20 and FY22 

Note that the averages in the figure are the simple averages of the results for each housing/MMS for both years. 
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Figure 4. Total fossil energy use (direct and indirect) per kilogram of liveweight for surveyed farms for FY20 and FY22, presented alongside 

national average results for each housing and manure management system, and national average results for FY20 and FY22 
 

Note that the averages in the figure are the simple averages of the results for each housing/MMS for both years. 
 

0

2

4

6

8

10

12

14

16

18

F1
.2

02
0

F1
.2

02
2

F2
.2

02
0

F2
.2

02
2

F3
.2

02
0

F3
.2

02
2

F4
.2

02
0

F4
.2

02
2

F5
.2

02
0

F5
.2

02
2

F6
.2

02
0

F6
.2

02
2

F7
.2

02
0

F7
.2

02
2

F8
.2

02
0

F8
.2

02
2

F9
.2

02
0

F9
.2

02
2

F1
0.

20
20

F1
0.

20
22

F1
1.

20
22

F1
2.

20
20

F1
2.

20
22

F1
3.

20
20

F1
3.

20
22

F1
4.

20
20

F1
4.

20
22

F1
5.

20
20

F1
5.

20
22

F1
6.

20
20

F1
6.

20
22

F1
7.

20
20

F1
7.

20
22

F1
8.

20
20

F1
8.

20
22

F1
9.

20
22

F2
0.

20
20

F2
0.

20
22

F2
1.

20
20

F2
2.

20
20

F2
2.

20
22

F2
3.

20
20

F2
3.

20
22

F2
4.

20
20

F2
4.

20
22

F2
5.

20
20

F2
5.

20
22

F2
6.

20
20

F2
6.

20
22

F2
7.

20
22

F2
8.

20
20

F2
9.

20
20

F2
9.

20
22

F3
0.

20
20

F3
0.

20
22

F3
1.

20
22

F3
2.

20
22

F3
3.

20
20

F3
3.

20
22

F3
4.

20
20

F3
4.

20
22

F3
5.

20
20

F3
5.

20
22

F3
6.

20
20

F3
6.

20
22

F3
7.

20
20

F3
7.

20
22

F3
8.

20
22

F3
9.

20
22

F4
0.

20
22

F4
1.

20
22

F4
2.

20
20

F4
2.

20
22

F4
3.

20
20

F4
3.

20
22

F4
4.

20
20

F4
4.

20
22

F4
5.

20
20

F4
5.

20
22

FY
20

 A
us

tr
al

ia
FY

22
 A

us
tr

al
ia

Fo
ss

il 
en

er
gy

 u
se

 (M
J/

kg
LW

)

Fossil energy Average100% CAP Partial CAP OutdoorOutdoor/DeepConventional/Deep Litter100% Conventional



 

23 

 
 
Figure 5. Freshwater consumption per kilogram of liveweight for surveyed farms for FY20 and FY22, presented alongside national average results 

for each housing and manure management system, and national average results for FY20 and FY22 

Note that the averages in the figure are the simple averages of the results for each housing/MMS for both years. 
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Figure 6. Land occupation per kilogram of liveweight for surveyed farms for FY20 and FY22, presented alongside national average results for each 

housing and manure management system, and national average results for FY20 and FY22 

Note that the averages in the figure are the simple averages of the results for each housing/MMS for both years. 
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Figure 7. Greenhouse gas emissions (incl. LU and dLUC), fossil energy use, freshwater consumption, 

and eutrophication potential for the national herd by MMS for FY22 
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4.2 Total impacts from primary production 

Total impacts for the industry to the farm gate in FY22 and FY22 were 1.81 and 1.99 Mt CO2-e 
respectively for GHG emissions including all stages of the life cycle and LU and dLUC emissions, and 
having accounted for ACCUs sold from the industry to private sector (see Table S10 and S11). Total 
emissions, disaggregated by Scope 1, 2 and 3 sources, are reported in Table S12. Fossil energy use was 
6,839 and 7,758 GJ and freshwater consumption was 49,678 and 30,281 ML in FY20 and FY22, 
respectively.  
 
4.3 Impacts per kilogram of post-processed pork ready for distribution to retail 

Environmental impacts per kilogram of post-processed pork (i.e., the market mix of pork ready for 
distribution to retail are reported for Australia for FY20 and FY22 in Table S13. Except where there 
were substantial changes in impacts in the primary production phase (LU and dLUC emissions, 
freshwater consumption and stress), there were no major changes in environmental impacts between 
the two years as there was little change in primary and further processing between FY20 and FY22. 
Key results per kilogram were 5.3±0.2 and 5.4±0.2 kg CO2-e, 0.7±0.1 and 0.4±0.1 kg CO2-e, 26.1±0.8 
and 26.5±0.9 MJ, and 160.4±20.7 and 74.9±6.3 L for GHG, LU and dLUC, fossil energy and freshwater 
consumption in FY20 and FY22, respectively.  
 
4.4 Impacts per kilogram of retail pork 

Environmental impacts per kilogram of pork at the retail shelf (retail pork, RP) are reported for 
Australia for FY20 and FY22 in Table 5 and graphically for GHG emissions, fossil energy use and 
freshwater consumption in Figure 8. 
 

Table 5. Environmental impacts per kilogram of pork at the retail shelf for Australia for FY20 
and FY22 

  Units Australia 

FY20 

2.SD (±) Australia 

FY22 

2.SD (±) 

GHG emissions kg CO2-e 6.4 0.2 6.5 0.2 

GHG emissions - LU & dLUC kg CO2-e 0.7 0.1 0.4 0.1 

Total GHG emissions kg CO2-e 7.1 0.4 6.8 0.3 

Fossil energy use MJ 37.6 0.8 37.8 1.1 

Renewable energy generated and 

consumed 
MJ  

0.2 0.0 0.2 0.0 

Freshwater consumption L 164.4 43.6 94.3 28.2 

Water stress L H2O-e 120.4 31.9 75.0 22.5 

Land occupation m2  19.0 5.0 20.3 6.1 

Total freshwater eutrophication 

potential 
kg P  

3.5E-04 1.3E-04 4.0E-04 4.5E-05 

Total marine eutrophication potential kg N 1.2E-02 4.4E-04 1.6E-02 6.5E-04 
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Figure 8. Greenhouse gas emissions (incl. LU and dLUC), fossil energy use, and freshwater 

consumption for FY20 and FY22, reported per kilogram of pork at the retail shelf 
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4.5 Impacts per kilogram of boneless, fat-corrected pork 

Impacts per kilogram of bone-adjusted (boneless) and fat-corrected pork portions at the retail shelf 
are shown in Table 6. Results were 48% higher than the market mix of pork at the retail shelf due to 
the loss of mass associated with bones and fat.  
 

Table 6. Resource use and impacts for Australian pork for FY20 and FY22, reported per 
kilogram of boneless, fat-corrected pork at the retail shelf 

  Units National 

Herd FY20 

2 SD (±) National 

Herd FY22 

2 SD (±) 

GHG emissions kg CO2-e 9.4 0.3 9.5 0.3 

GHG emissions - LU & dLUC kg CO2-e 1.0 0.2 0.6 0.1 

Total GHG emissions kg CO2-e 10.4 0.5 10.1 0.4 

Fossil energy use MJ 55.5 1.2 55.8 1.7 

Renewable energy generated and 

consumed 
MJ 

0.3 0.0 0.3 0.0 

Freshwater consumption L 242.6 64.3 136.6 41.6 

Water stress L H2O-e 177.7 47.1 110.7 33.1 

Land occupation m2 28.0 7.4 29.9 9.0 

Total freshwater eutrophication 

potential 
kg P 

5.2E-04 1.9E-04 5.9E-04 6.6E-05 

Total marine eutrophication 

potential 
kg N 

1.8E-02 6.5E-04 2.4E-02 9.6E-04 

 

4.6 Sensitivity analysis 

Sensitivity analysis results are presented in Tables S12 and S13. Assumptions regarding water related 
impacts were found to be highly sensitive to source region for grain. The presence of irrigated grain 
within a region had a dramatic effect on piggery freshwater consumption. Because few piggeries were 
able to confirm exact amounts of grain sourced from farms that utilised irrigation, regional averages 
were used that reflected water use and grain production reported in regional statistics. Only a very 
small fraction of grain supply arose from irrigated sources (for example, 9.7% in NSW) and market 
data were unclear regarding whether feed grain was irrigated at the same rate as other grain types 
(for example, grain for human consumption or export). Consequently, the attributed water was 
uncertain. To examine the impact, we revised the assumption to reduce the grain sourced from 
irrigation down by 50%, which resulted in a 30% decrease in freshwater consumption at the national 
level for 2020. For individual farms in the southern grain region this was even more sensitive: reducing 
the source of grain from irrigation from the regional average to “zero” (assuming a farm could 
conceivably source all grain from dryland farms only), resulted in an 58% reduction in freshwater 
consumption use for highly irrigation exposed farms.  
 
In 100% C production, GHG emissions were shown to be sensitive to assumptions regarding the 
fraction of feed waste. A reported feed waste fraction (farm estimate) of 4% was compared with a 
PigBal (Skerman et al. 2015) estimate of 10%. GHG emissions per kilogram of liveweight were 18% 
higher in the latter case (see Table S14), compared with the 4% feed waste analysis, and 14% higher 



 

29 

than the average for 100% conventional production (see Table S9). Given this degree of sensitivity, 
ongoing work is needed to monitor and minimise feed waste in C systems. Other housing/MMS were 
much less sensitive to feed waste.  
 
The model was found to exhibit some sensitivity to dietary CP in O production (see Table S15). A 
16.5% CP grower diet (compared with 17.8% in Table S9) resulted in 2.5% lower GHG emissions 
(excl. LU & dLUC) per kilogram of LW.   
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5 Discussion 

This study determined the carbon footprint, fossil energy use, freshwater consumption, water stress, 
land occupation, and eutrophication impacts for Australian pork production for FY20 and FY22. 
Considering two time periods with a much larger dataset of piggeries than previously available, and 
comparing to historic results, provided insights into factors influencing impacts and variation in these, 
and insight into the rate of change over the short and long-term. 
 
5.1 Major impacts and trends in farm production 

GHG emission profiles were generally consistent with the national herd for 2010, reported by 
Wiedemann et al. (2016), and international LCAs (see Arrieta and González 2019; Pexas et al. 2020; 
Zira et al. 2021). Longer term trends in Australia were examined through comparison with the 
Wiedemann et al. (in preparation) dataset, which was re-analysed using AR5 GWPs. These findings 
are described below. 
 
The benchmark product carbon footprint (excl. LU & dLUC) for 2022 was 74% lower than 1980. 
Across the full time series, the industry has achieved an annualised rate of improvement of 1.8%, but 
no improvement was observed between 2020 and 2022.  
 
When analysed at greater depth, the GHG results revealed an increase in emissions from direct (scope 
1) sources at the farm level (see Table S8). Particularly notable was an increase in MMS related 
emissions between 2020 and 2022, which was driven by a slightly higher proportion of the national 
turnoff from conventional piggeries, and no further expansion in CAPs or other low-emission housing 
systems. The average proportion of manure treated in CAPs in FY20 was 70% and ranged from 20% 
to 100%. In FY22 the average was 68% and ranged from 19% to 100%, decreasing slightly because one 
CAP was decommissioned, and two others built on farms where 20 – 30% of manure was treated in 
the CAP. Considering the increased societal focus on GHG during this time period, it is clear that the 
rate of practice change is controlled and limited by other factors which have stalled uptake. While not 
the focus of this analysis, anecdotally, barriers to adoption include the high cost of implementation and 
the diminishing number of highly suitable sites, as the majority of the optimum sites have already taken 
up CAP technology.  
 
It was also notable that a reasonable proportion of the uptake in CAPs has occurred in supply chains 
were only a proportion of total manure was treated by CAP. Multi-site, geographically separated 
piggeries have a general mismatch between the location of the high energy yielding manure and high 
volumes of manure (grower-finisher sites) and the lower energy yielding, lower manure volume and 
higher energy demand breeder sites. Anecdotally, this has been a factor limiting complete (i.e., 100%) 
uptake of CAPs in farrow-finish systems. This trend implies interventions are required to drive uptake, 
and a review of strategies to achieve this appears warranted. Interestingly, the analysis also showed 
that some sites were achieving comparably low GHG emissions through very high utilisation of litter-
based systems. Farm 33, for example, with majority (>85%) DL production and on-farm solar 
generation achieved a product CF similar to 100% CAP production. For this to be achieved, a 
proportion of sows also need to be housed on straw, together with the grower and finisher pigs. This 
housing design has had much less attention than CAPs and may be an alternative, lower cost option 
for producing low GHG emission pork in southern Australia. 
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A range of other factors also affected inter-annual variability in production, which occurred even within 
similar housing and MMS types and on the same farms between years. External factors, such as disease, 
for example, resulted in poorer productivity across several farms (e.g., Farm 8, Farm 9, Farm 17) in 
2022, contributing to higher product CFs in that year.  
 
Indirect factors were also influential on the farm-gate emissions, and the emission trend. The majority 
of LU and dLUC impacts per kilogram of liveweight were attributable to two sources: imported 
soybean meal from South America (Arrieta et al. 2018) and Australian crop production. Between FY20 
and FY22, LU and dLUC impacts per kilogram of LW fell by 36% (0.43 to 0.28 kg CO2-e). This 
substantial decrease was driven by a change in the import market for soybean meal between FY20 and 
FY22, from 98.3% South American to 82.6% (OEC 2020, 2023), which resulted in considerably lower 
LU and dLUC emissions per kilogram of soybean meal. Alternative markets which have grown as a 
proportion of total imports have comparatively negligible LU and dLUC impacts, e.g., LU and dLUC 
emissions of 0.0001kg CO2-e/kg soy from the United States compared with 3.27 kg CO2-e/kg for 
South America (Ecoinvent 2020).  
 
In accordance with updated LCA guidance, LU and dLUC emissions from Australian cropland were 
also included in the analysis using a rolling 10-year baseline period of assessment. Disaggregating LU 
and dLUC impacts from Australian cropland in the analysis period revealed substantial variations 
between Australian states. The national average over 10 years showed cropland was a source of LU 
and dLUC emissions, while some states had removals (see Table S3). In Western Australia (WA), for 
example, LU and dLUC emissions from cropland were - 0.33 Mt CO2-e in 2020 (where negative 
emissions indicate removals), compared with 1.74 Mt CO2-e (emissions) in New South Wales (NSW) 
in the same year (Table S3).  
 
This finding presents a challenge for pork. Grain is a major input to production, and while there are 
significant hopes that soil will be a source of emission removal in the agricultural sector, this conflicts 
with recent 10-year trends from the National Greenhouse Accounts for cropping soils in most states. 
Urgent work is needed to quantify soil carbon under cropland at a more granular level within LCA to 
match guideline requirements and confirm regional performance. A range of initiatives are underway 
to reverse the trend in soil carbon decline in cropping which, if achieved, will benefit grain users such 
as pork.  
 
Between 1980 and 2022 fossil energy use declined by 61%. Interestingly, total energy per kilogram of 
liveweight was 4% higher in FY22 than FY20, driven by changes in grain source regions. Most impacts 
in energy use were associated with feed production upstream from the farm, which contributed three-
quarters of the energy per kilogram of liveweight (Figure 2).  
 
For individual farms, fossil energy use also exhibited considerable variation (Figure 4) which was partly 
masked by the substantial amount of indirect energy associated with feed. For farms surveyed in both 
2020 and 2022, average fossil energy use was found to increase by 4% over the two years. Aside from 
poor productivity influencing total fossil energy (e.g., in Farm 20 in FY22, Farm 18 in FY22, and O 
production), some farms’ total fossil energy footprint was comparatively high due to on-farm diesel 
feedmilling (e.g., Farm 41). External factors (i.e., disease) resulted in elevated energy intensity for some 
farms (e.g., Farm 8) between 2020 and 2022.  
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Average fossil energy consumption was lowest in 100% CAP and O systems; however, on-farm 
consumption was lowest in the latter (see Figure 7). Average 100% CAP production and partial CAP 
production systems generated and used the greatest proportion of renewable energy (Table S9). 
Several farms reported generation of renewable energy on-farm either through biogas or solar 
systems. In the case of some farms, renewable energy generation (and sale) was substantial enough 
that the farm was a net exporter of energy. As pig farms have a combination of available land and 
residual energy in manure, they have the potential to be small scale, rural energy generators, which 
may provide a unique solution in the national energy mix. It was noted that at industry level, on-site 
renewable energy generation remained a relatively small part of the energy mix, suggesting there is 
significant room for expansion (see Table S7).  
 
Freshwater consumption in 2022 was 90% lower than the reported result for 1980, and 44% lower in 
2022 than in 2020. Comparing 2020 and 2022, irrigation in feed grain production decreased from 60L 
per kilogram of liveweight, to 30L in FY22 (see Figure 2). Shortening the analysis interval from 10 years 
to 2 years demonstrated the sensitivity of the analysis to these shorter-term seasonal impacts. In some 
cases, as for Farm 2, Farm 14, and Farm 26 considerable declines in impacts were observed. While the 
longer-term trend of declining water use is expected to continue (largely due to declining availability 
of irrigation water for cereal grains), this will be subject to more volatility when measured at closer 
intervals and this should be taken into account when interpreting trends. At farm scale, further work 
is needed to provide traceable grain, and specifically to note the presence or absence of irrigation 
water, in order to generate accurate, farm scale water footprints. 
 
Housing/MMS also influenced results, with average water consumption in O production being slightly 
higher than in O/DL (Figure 7) because of productivity impacts and likely higher water use for wallows. 
Conventional systems generally had higher on-farm water consumption because of shed cleaning with 
freshwater (Figure 7). 
 
Water stress results have declined over time (see Wiedemann et al. in preparation) however, in the 
present study comparisons between years were confounded by a lack of regionally characterised, 
temporally specific water stress data. For this reason, comparisons were not made, and future analyses 
will require much more specific and regularly updated grains and water stress datasets. 
 
Between 1980 and 2022, land occupation impacts for the industry declined by 42%. Land occupation 
impacts were driven by upstream feed production; more than 99% of land occupation impacts per 
kilogram of liveweight were associated with feed. Between FY20 and FY22, land occupation impacts 
increased slightly (in contrast with freshwater consumption) as the proportion of feed grains from 
irrigated production declined as production returned to trend, reducing the proportion of feed grains 
grown in high-yield irrigated systems. As with water, closer analysis intervals will result in greater 
fluctuation in land occupation, associated with seasonal variation in grain yield.  
 
Freshwater EP and marine EP were reported here for the first time for the pig industry. Results in 
Figure 7 are disaggregated between direct (piggery) and indirect (cropping etc.) sources for the 
national herd broken down by housing/MMS. EP was generally dominated by the indirect contribution 
of upstream feed production, primarily assumed losses of synthetic fertilisers used in cropping.  
 
Direct freshwater EP arose from direct application of manure to soil in O production, and effluent 
irrigation in C production. These loss rates must be carefully contextualised. Firstly, the study 
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outcomes were modelled, not measured. Confirmation of EP would require measurement of loss rates 
from the boundary edge of farms. Secondly, loss rates were relatively low compared with international 
studies (Noya et al. 2017; Zira et al. 2021) (see Table S16), partly in response to strict environmental 
controls in Australia and more significantly, because of the lower rates of water flow compared with 
regions such as Europe.  
 
Presenting results on an intensity basis allowed for interesting comparisons to be drawn with 
alternative production systems. In the present study, extensive (O) production was found to have 
much higher EP, because all manure was deposited on relatively small areas of land that were then 
rotated with cropping over time. C systems provided the capability to centrally manage nutrients 
(particularly P), allowing it to be controlled, then spread over large areas of cropland infrequently, 
when sludge is removed from pig ponds. Extending this comparison, based on the nutrient loss data 
of Drewry et al. (2006), P losses from sheep meat production in VIC may be similar to or significantly 
higher than intensive pork production (see section 5.6), depending on stocking density. This 
demonstrates that assessing total nutrient load as is typically done in regulatory contexts, could be 
complemented by assessing nutrient intensities, which reveal piggeries are efficient producers of meat 
relative to environmental impacts.  
 
Pig farms’ contribution to EP is further complicated by the modelling of point-source and dispersed 
source nutrient loads. Nutrient loads are transported from point source and diffuse sources in 
different ways, however, LCA EP models do not take these different sources into account when 
determining impacts. Point sources often deliver a constant or frequent discharge of nutrients from a 
particular location, while most diffuse sources are transported to waterways during episodic storm 
events over a wide area of the waterway (Davis and Koop, 2006). In the Australian context, EP in 
several river catchments is strongly associated with point source emissions and low flow conditions 
(Eyre, 1997, Kerr, 1994). Nutrients from diffuse sources that occur during episodic storm events over 
a wide area of the waterway are usually sufficiently diluted and dispersed to minimise EP (Eyre, 1997). 
The disregard of nutrient sources could significantly affect the eutrophication potential, limiting the 
accuracy of knowledge derived from these studies. Piggeries will typically contribute to diffuse nutrient 
loss sources because nutrients are dispersed across crop or pastureland following effluent irrigation, 
solids separation or direct deposition. EP models are therefore likely to overestimate impacts.  
 
We note also that different methods rely on different fate and transport models which, when paired 
together with varying user assumptions and generalised characterisation factors to represent different 
conditions, can lead to vastly different results, making meaningful comparison between systems difficult 
(Morelli et al. 2018).  
 
As a newly applied method in the context of Australian pork production, there were several limitations 
with the EP model. EP impacts, particularly direct EP, should be interpreted with caution as the 
background model (ReCiPe) relies on European theory of EP risks. As marine environments in Europe 
are usually N‐limited, while freshwater environments are P‐limited, ReCiPe distinguishes between P‐
limited freshwater impacts and N‐limited marine eutrophication impacts. Australian environments, 
however, can be N-limited, P-limited or co-limited depending on catchment (McCaskill et al., 2003). 
Davis and Koop (2006) found that N plays an equally significant role with P in controlling the biomass 
of freshwater algal blooms in southeast and southwest Australian rivers. Thus, models that use a single 
limiting nutrient to determine EP only characterise part of the risk in the Australian context.  
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For all housing and manure management systems except for O, direct marine EP was very low. In O 
production, direct N EP occurred as a result of direct deposition to soil. In other systems, direct N 
EP was associated with effluent irrigation and spent litter handling.  
 
EP was reported here for the first time, but limitations exist in interpretation of the results, particularly 
for N where a high proportion of total impacts were driven by ammonia-N loss. Interestingly, EP was 
relatively low compared with international literature and compared with limited analysis of extensive 
Australian livestock production, indicating that reporting impacts on an intensity basis provides a useful 
comparative view and may improve the general understanding of environmental performance of pig 
farms.  
 

Feed use and source 
Most producers reported the weighted-average composition of all phase diets; however, a limited 
number reported the composition of each phase diet. The data were reviewed to determine if any 
high-level insights could be drawn as to how inclusion rates of key feed commodities vary between 
each stage of production. Based on the limited dataset, breeder diets were found to be generally lower 
in soybean meal than progeny diets, however, one producer’s phase diets indicated that the highest 
soy inclusion in that supply chain was in breeder diets with the progeny diets higher in canola and 
animal proteins. Across all datasets where disaggregated diet compositions were available, breeder 
diets were found to contain larger volumes of by-products (e.g., millrun) than progeny feed.  
 
There was no discernible difference between the inclusion rates of diverted food wastes in breeder 
and progeny diets, however, this may be a limitation of the data. By-products (such as millrun) were 
included at much higher rates than diverted food wastes (e.g., used cooking oil) or residuals (e.g., 
whey) (Table 3), however, in systems where liquid feeders were more common, i.e., with CAPs, 
diverted food waste inclusion rates could be much higher.  
 
No producers reported use of domestically grown soy. Across QLD and NSW, a greater proportion 
of grain was sourced from the eastern seaboard in FY22 than FY20 as drought abated in eastern 
Australia and crop production returned to trend. Across the industry, the total volume of cereal grain 
sourced from NSW increased by 57% between FY20 and FY22 (data not shown) as production 
returned to pre-drought levels. 
 
5.2 Whole of supply chain impacts  

All impacts were higher at the retail shelf than at other stages of the supply chain for multiple reasons. 
Mass losses that occurred in the product flow between stages uniformly increased impacts across all 
categories. Additional GHG emissions and energy use were attributable to fossil energy inputs in 
transport, at distribution centres and retail operations. Retail operations and logistics accounted for 
13% of GHG emissions (incl. LU and dLUC) per kilogram of retail pork in FY22 (see Figure 3). Of this, 
grid electricity consumption at retail operations was the major source of emissions. There were no 
significant differences between the two analysis periods for impacts at primary and further processing.  
 
Per kilogram of pork at the retail shelf, energy inputs at processing and post processing accounted for 
15% of the total, and fossil energy at the retail level accounted for 27% of the total (Figure 3). This 
demonstrates that whilst primary production may dominate the emission profile, distribution and retail 
networks are considerable contributors to energy consumption.  
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Between 2020 and 2022, freshwater consumption and stress also declined per kilogram of pork ready 
for distribution to retail (Table S13) and per kilogram of retail pork (Table 5), however, this was 
overwhelmingly attributable to upstream feed production rather than reduced water consumption at 
processing or retail. In 2022, water consumption at retail represented only 1% of the total freshwater 
consumption per kilogram of pork at the retail shelf whilst consumption at primary and further 
processing accounted for 9%. Any additional direct EP at primary processing was attributable to 
irrigation of treated wastewater on-site, which was a minor contribution.  
 

5.3 Total emissions 

Although the carbon account (total industry emissions incl. LU and dLUC) in 2022 was 56% lower 
than in 1980 (see Wiedemann et al. in preparation), industry expansion to increase food production 
resulted in higher total GHG emissions in FY22 compared to the previous analysis period (see Table 
S10). Net GHG emissions for the industry (i.e., total emissions, including LU and dLUC, plus ACCUs 
generated and sold on the private market) also increased between FY20 and FY22 by 10%, a 
combination of a 6% increase in total emissions from expanded production and the sale of more than 
70,000 carbon credits to private enterprises outside the Australian pork industries (see Table S11). 
Where ACCU Scheme project holders sell to the Federal Government, as the credits are not retired 
against a claim, it is not double counting to account for these reductions in the pork industry. This 
market dimension is a new consideration for agricultural industries including pork, where the apparent 
environmental benefits from interventions may not be attributable to the industry because these are 
sold to other sectors. In FY22, ACCU sales outside the industry accounted for 6% of the sectoral 
(Scope 1 & 2) net emissions reported in Table S12.  
 
Sectoral emissions (not adjusted for ACCU sales) represented 54% and 53% of the industry’s net 
carbon account (reported in Table S11) in FY20 and FY22. Scope 1 emissions from MMS were the 
greatest contributor to the sectoral carbon account, accounting for 78% and 75% of the emissions in 
FY20 and FY22, respectively. This finding demonstrates that the potential for the greatest emission 
reduction lies in the transition of to lower emission intensity housing systems (for those producers 
not already operating CAPs, with high proportions (>85%) of deep litter, or outdoor production). 
 
The contribution of the major gases to total industry emissions (excl. LU and dLUC) did not change 
between FY20 and FY22 (Table S11). For net emissions, however, the contribution of CH4 increased 
in both percentage and absolute terms between the two years in response to a decrease in CO2-e 
emissions from LU and dLUC.  
 
5.4 Comparison with other proteins  

The present study analysed impacts to the retail shelf, which was an extended supply chain compared 
with most protein LCAs reported to date. To aid comparability, we compared results excluding the 
retail and distribution stages for pork, i.e., per kilogram of boneless, fat-corrected pork ready for 
distribution to retail (see Table S17).  
 
Environmental impacts were higher than retail ready, boneless chicken meat (Copley and Wiedemann 
2022), and shell- and protein-corrected eggs (Copley et al. 2023) for GHG, LU & dLUC, fossil energy 
use, freshwater consumption, water stress, and land occupation. Compared with protein- and fat-
corrected lamb (see Wiedemann 2018), boneless, retail-ready pork had lower impacts for GHG excl. 
LU & dLUC, freshwater consumption and stress, and total land occupation but higher impacts for fossil 
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energy use and arable land occupation. Boneless, fat corrected beef (see Wiedemann 2018), had higher 
GHG emissions (excl. LU & dLUC), freshwater consumption and stress, and total land occupation 
impacts per kilogram than pork, but lower fossil energy use and arable land occupation impacts.  
 
None of the comparison Australian studies for poultry, beef, or lamb reported EP. Piggeries may lose 
a small proportion of nutrients from the site in runoff losses even under best management practices, 
but comparatively, total meat production is very high. Sheep production in southern Australia, for 
example, may have stocking rates from 4 - 25 dry sheep equivalent (DSE) per hectare, yielding between 
80 - 500 kg LW/ha.yr and 20-120 kg wool/ha.yr. Australian research has indicated that levels of P loss 
at the paddock scale is in the range from 0.01-0.56 kg P/ha.yr, with higher values associated with heavily 
fertilised, southern grazing regions where rainfall is winter dominant (McCaskill et al. 2003) and both 
runoff and drainage represent a considerable fraction of annual rainfall (Stevens et al. 1999; Cox and 
Ashley 2000). Using an average P loss of 0.2 kg P/ha.yr and N losses of 2.5 kg N/ha.yr (Drewry et al. 
2006) and converting to an emission per kilogram of product, impacts from sheep may range from 
0.0002 to 0.001 kg P/ha.yr, which was considerably higher than the results presented for pork here, 
suggesting that intensive production may have lower impacts as a meat production system when 
managed to regulatory requirements 
 
5.5 Implications for industry 

This study has several implications for the Australian pork industry and other industries more broadly. 
First, the sale of carbon credits generated by one industry and then sold to the private market 
represents an impediment to the former achieving absolute emission reductions. It is possible that the 
number of carbon credits sold outside the industry may decline in future years, i.e., this is a short-
term anomaly, as several producers' ACCU Scheme projects came to the end of their seven-year life. 
From a carbon accounting perspective, the expiration of these projects is advantageous as the industry 
may henceforth retain the full benefit of CAPs. However, from an investment perspective, ability to 
sell credits to the private market and generate an alternative revenue stream may be fundamental to 
producers’ capacity to invest in the required infrastructure. Without appropriate alternative 
incentives, it will be difficult to cease the sale of credits outside the industry as the financial incentive 
is substantial and this underpins investment.  
 
The results also show that passive improvements resulting from changes in the supply chain can occur 
and result in lower impacts over time. The change in import location for soymeal was an example, as 
was the decline in irrigation water use for cropping. Notably, these trends can also reverse without 
the industry having control. One option in the future is for industries to take a much more proactive 
stance in requiring higher environmental performance from suppliers, to drive better performance. It 
is unclear if this will result in higher costs but will be necessary if long-term reduction trends are to 
be continued.   
 
We noted several instances where the move to short term reporting will result in higher inter-annual 
variability, e.g., the fluctuations in freshwater consumption and land occupation. At farm scale, year-
on-year performance improvement is also not certain, and individuals and industry should be cautious 
when reporting short-term improvements until a clear trend, with consistent drivers, has been 
established.  
 
This study revealed no reduction in product CF from direct sources in the most recent time period, 
though with the impact of LU and dLUC included, this did result in a slight decline overall. This 
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indicated industry will need to focus strongly on enabling technology, cost reduction and a broader 
suite of options for reducing GHG emissions. It is also likely industry will require transition support 
from government to achieve further large emission reductions. Whilst there are established and 
proven technologies and strategies which facilitate environmental improvement (e.g., covering effluent 
ponds, use of diverted food waste as a dietary input, renewable energy), the cost-effective uptake has 
begun to plateau, necessitating further research and investment to overcome barriers to adoption and 
determine the techno-economic feasibility of other strategies, e.g., reduced dietary CP in O 
production, optimal spent litter handling on farm loss, supplying piggery nutrients to grain sector to 
displace synthetic fertiliser, and grain traceability to optimise sourcing from dryland production 
systems without soil carbon losses.  
 
A further implication from this study was the comparison of impacts to international imports (i.e., 
from Europe (see Bonesmo and Enger 2021; Dorca-Preda et al. 2021; Zira et al. 2021) and the United 
States (see Tallaksen et al. 2020)), Australian pork generally had a higher product CF (compared with 
3.6 kg/CO2-e kg pork at retail gate in Sweden (Zira et al. 2021), 2.6kg/CO2-e kg meat at slaughterhouse 
gate in Denmark (Dorca-Preda et al. 2021). , however, nutrient losses in European systems were much 
higher. This suggests the practice of importing from Europe results in greater nutrient problems in 
these nations, which is an acute challenge, and that this problem may be alleviated through expanding 
local production, though at the cost of slightly higher GHG emissions, even when transport from 
Europe is included.  
 
5.6 Limitations 

As temporally specific water stress factors were not available in the grains inventory or for piggeries, 
comparison of water scarcity between 2020 and 2022 should not be made as the results described 
alongside Table S7 were based on changes in volume only and did not reflect inter-annual variation in 
scarcity. This was limited by the lack of temporally specific analyses of water stress in background 
processes. 
 
The lack of Australian-specific characterisation factors for EP is a significant knowledge gap. Further 
research is required, including to benchmark field edge nutrient loss in Australian piggery systems by 
region, soil type and rainfall zone. This research could improve the knowledge base around nutrient 
losses by also reporting impact on an intensity basis. In the absence of this specific research, caution 
should be exercised when interpreting the reported EP.  
 
As industry responds to market and regulatory expectations for environmental reporting, realising a 
high frequency and degree of granularity to the analysis and reporting will require the development of 
spatially and temporally accurate datasets which cover an expanded range of impact categories. At the 
same time, and further complicating the scope of future analysis, the availability of key datasets has 
been observed to diminish (ABS 2022b; a) as the ABS reduce the number of farm surveys undertaken. 
Independent of these challenges, the trend towards more frequent monitoring and reporting highlights 
the need for industry to develop the data management systems necessary to facilitate lower-cost, 
lower-effort and more frequent data capture and analysis.  
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6 Conclusions  

As the environmental credentials of agri-food products become more important to customers and 
consumers, the ability of the Australian pork industry to quantify, understand and communicate 
performance and long-term trends is increasingly important for the industry's social license. This study 
was the most comprehensive of its kind in Australia based industry coverage, which represented 70-
72% by volume. Between 1980 and 2022, the industry has reduced product carbon footprint (incl. LU 
& dLUC) by 78%, fossil energy use by 61%, freshwater consumption by 90%, and land occupation by 
42%, though the rate of change was found to have slowed in the most recent period for GHG 
emissions, suggesting interventions and concerted effort will be required to continue emission 
reduction. Scope 1 emissions from housing and manure management systems were the greatest 
contributor to the sectoral carbon account (Scope 1 and 2 emissions), accounting for 78% and 75% of 
the emissions in FY20 and FY22, respectively. This finding demonstrates that the potential for the 
greatest emission reduction lies in the ongoing transition to lower emission intensity housing systems. 
Piggeries with CAPs, high proportions (>85%) of deep litter, or outdoor housing produce pork with 
lower GHG emissions, providing a range of options for the industry. Advancing progress towards low-
emissions pork would be enhanced by a structured emission reduction pathway for industry, 
developed with broad input from stakeholders extending from suppliers to retail, and from 
government and Finance. Further, pork is a relatively low impact meat production system with 
significant potential to further reduce environmental impacts by implementing sustainable practice 
change. 
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7 Recommendations 

 
Outcomes of this LCA provide APL with FY20 and FY22 benchmark data for key environmental 
parameters across the Australian pork industry. To achieve ongoing improvement in environmental 
performance, strategies will need to be developed and implemented to guide progress, and may 
include:  
• Establishment of one set of environmental indicators for reporting and benchmarking 

industry performance in Australia.  
• Development of a formal Emission Reduction Plan with staged targets, strategies and 

costings.  
• Development of a policy to address the sale of ACCUs from within the pork industry to the 

private market with the aim of retaining the emission reduction within the industry.  
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9 Supplementary Material 

 
9.1 Benchmarking by MMS 

Environmental impacts per kilogram of liveweight were determined by production system. Key 
production data are outlined in Table S1. The benchmarking data for MMS breakdown, energy, water, 
and herd production were derived from inventory data collected for 43 piggeries in FY22. The analysis 
used the weighted average national herd diet composition and sourcing data. The national herd 
breakdown by state was applied to the electricity and water grids. In effect, the benchmarking piggeries 
are representative of equivalent Australian production, e.g., 100% CAP production in Australia, as 
opposed to 100% CAP production weighted to where 100% CAP production occurs.  
 

Table S7. Summary data for benchmarking by MMS analysis. 

  Units 100% 
CAP 

Partial 
CAP 

100% C, 
no CAP DL/C DL/O O 

Conventional, CAP % of production 100% 46% 0% 0% 0% 0% 

Conventional, no CAP % of production 0% 38% 100% 55% 0% 0% 

Deep Litter % of production 0% 16% 0% 45% 60% 0% 

Outdoor % of production 0% 0% 0% 0% 40% 100% 
        

Progeny FCR kg feed/kg LW 2.4 2.4 2.4 2.3 2.3 2.2 

Herd Feed Conversion kg feed/kg DW 3.6 3.8 3.8 3.6 3.8 4.0 

Progeny sold/sow.yr No. 22.1 20.7 21.2 20.5 17.0 19.0 

DW progeny sold/sow.yr  1890.1 1656.5 1672.6 1639.4 1314.8 1332.5 
        

Total energy on-farm (used, generated & sold) MJ/t LW -56.9 660.3 955.1 981.6 780.9 467.1 

On-farm energy (incl. incl. renewables) MJ/t LW 1337.1 1210.3 955.1 981.6 780.9 467.1 

On-farm energy (excl. incl. renewables) MJ/t LW 775.9 942.2 955.1 981.6 780.9 467.1 
        

Water consumption L/t LW 35,084 24,939 22,472 19,370 8,831 15,045 

Effluent irrigation % of total 37% 48% 37% 35% 0% 0% 

 

Table S8. Average feedmilling inputs for FY20 and FY22, reported per 1000kg of feed milled  

 FY20  
Average inputs 

FY20  
Range 

FY22  
Average inputs 

FY22 
Range 

Grid electricity (kWh) 20.8 0.2 – 41.0 20.3 0.8 – 41.0 

Electricity from solar (kWh) 0.2 0.0 – 0.9 0.2 0.0 – 0.5 

LPG (MJ) 17.9 0.0 – 255.0 15.9 0.0 – 255.0 

Natural gas (MJ) 88.6 0.6 – 67.0 83.0 0.6 – 67.0 

Diesel (L) 2.5 0.0 – 7.6 2.3 0.0 – 7.2 

Petrol (L) 0.1 0.0 – 0.2 0.0 0.0 – 0.1 

Freshwater (L) 44.3 23.1 – 88.7 46.3 22.9 – 88.7 

 
Ranges between inputs in Table S2 vary according to the major energy source used in milling, e.g., grid 
electricity or diesel.   
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Table S9. Net LU and dLUC emissions (reported in Mt CO2-e by state and for Australia) from 
cropland, averaged over 10 years and excluding land use emissions from perennial woody crops 

  Units 2020* 2021* 
NSW Mt CO2-e 1.74 2.00 
QLD Mt CO2-e 1.33 1.21 
VIC Mt CO2-e -0.28 -0.39 
WA Mt CO2-e -0.33 -0.43 
SA Mt CO2-e -1.05 -1.09 
TAS Mt CO2-e 0.10 0.10 
NT Mt CO2-e 0.02 0.02 
Australia Mt CO2-e 1.52 1.43 
*Data from Australia’s National Greenhouse Accounts (2023) 

 

 

9.2 Primary and further processing 

 
Table S10. Average inputs for primary processing of Australian pork, reported per tonne of 

HSCW, for FY20 and FY22 

 FY20 Average Inputs FY20 Range FY22 Average Inputs FY22 Range 

Grid electricity (kWh) 148.8 82.6 – 277.2 147.4 81.2 – 278.0 

LPG (MJ) 15.8 0.0 – 87.1 16.4 00.0 – 87.1 

Natural gas (MJ) 228.3 0.0 – 730.8 347.4 0.0 – 871.6 

Diesel (L) 0.5 0.0 – 2.6 0.5 0.0 – 2.6 

Fuel oil (L) 0.8 0.0 – 4.2 0.0 0.0 – 2.1 

Coal (t) 0.01 0.0 – 0.04 0.01 0.0 – 0.03 

Petrol (L) 0.1 0.0 – 0.1 0.1 0.0 – 0.3 

Refrigerant (kg) 0.2 0.1 – 0.5 0.2 0.1 – 0.5 

Freshwater (L) 6,340 1,525 – 12,664 6,574 1,530 – 9,854 

 
 

Table S11. Average inputs for further processing of Australian pork, reported per tonne of 
CCW, for FY20 and FY22 

 FY20 Average Inputs FY20 Range FY22 Average Inputs FY22 Range 

Grid electricity (kWh) 252.6 131.7 – 522.4  233.9 131 – 6341 

LPG (MJ) 6.7 0.0 – 19.7 6.7 0.0 – 19.7 

Natural gas (GJ) 405.8 255.3 – 683.5 280.0 255.3 – 1950.0 

Refrigerant (kg) 0.1 0.05 – 0.1 0.1 0.05 – 0.1 

Freshwater (L) 1,372 480 – 2,154 1,372 480 – 2,154 

 



 

46 

Table S12. Summary data used to model environmental impacts per kilogram of pork at the 
retail shelf for FY20 and FY22 

 Units FY20 FY22 
Transport to warehousing km 366.9 366.9 

Transport to retail km 188.5 189.0 

Fossil energy consumption MJ/kg pork 2.74 2.79 

Waste kg/kg pork 0.14 0.15 

Water consumption* L/kg pork 0.6 0.6 

Emission intensity# kg CO2-e/kg pork 0.75 0.75 
*Water consumed at warehousing and retail sites. 
#Scope 1, 2 and 3 emissions from operation of warehousing and retail facilities (excludes emissions from waste treatment and product transport).   
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9.3 Sensitivity analysis methodology 

Producers were surveyed regarding major source regions for Australian feed grains and proteins. 
Where possible, regionally specific background processes from AusLCI (ALCAS 2017) were used and 
irrigation water application rates were determined from published data. The sensitivity of the national 
herd and individual farms’ freshwater consumption impacts to these regionally specific irrigation rates 
was tested.  
 
The sensitivity of the model was tested for assumptions regarding feed waste (% of total feed fed). 
Producers were surveyed and asked to provide an estimate of feed waste. However, given that feed 
waste cannot be measured, there was a degree of uncertainty associated with these estimates. For 
verification, industry experts were consulted regarding average feed waste for different housing or 
feeding systems (Sara Willis & Alan Skerman, pers. comms). Industry estimates were then compared 
with estimates from PigBal (Skerman et al. 2015), which calculates predicted feed waste. For a 100% 
conventional piggery, the sensitivity of a reported feed waste of 4% was compared with a predicted 
feed waste of 10%.  
 
The sensitivity of the emission intensity (and eutrophication potential) of outdoor pig production to 
dietary crude protein (CP) was also tested. The national average grower diet for FY22 was 17.8% 
crude protein. Analysis of a 16.5% crude protein grower diet (see Pomar et al. (2021)) was conducted 
to compare nitrous oxide emissions from manure and N eutrophication potential.  
 

Table S13. Environmental impacts for the National Herd for FY20 and FY22, reported per 
kilogram of liveweight 

  Units   National 
Herd 
FY20 

2.SD (±) National 
Herd FY22 

2.SD (±) 

GHG emissions kg CO2-e 3.0 0.1 3.0 0.1 
GHG emissions - LU & dLUC kg CO2-e 0.4 0.07 0.3 0.03 

Total GHG emissions kg CO2-e 3.4 0.2 dluc 0.2 

Fossil energy use MJ 12.9 0.5 13.4 0.5 

Renewable energy generated and consumed MJ 0.1 0.0 0.1 0.0 

Freshwater consumption L 93.8 24.9 52.5 15.7 

Water stress L H2O-e 68.4 18.1 43.2 12.9 

Land occupation m2 12.0 3.2 12.7 3.8 

Total freshwater eutrophication potential kg P 2.1E-04 2.5E-05 2.3E-04 3.6E-05 

Total marine eutrophication potential kg N 7.6E-03 2.8E-04 9.9E-03 4.3E-04 

 
Water scarcity ranged from 14.3±3.2 to 13.6±3.5 in FY20 and FY22, respectively.  
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Table S14. GHG emissions for the National Herd for FY20 and FY22, reported per kilogram of 
liveweight, as Scope 1, 2 and 3 emissions 

 Units National Herd 
FY20 

National Herd 
FY22 

Scope 1 - Enteric methane kg CO2-e 0.2 0.2 

Scope 1 - Emissions from MMS kg CO2-e 1.4 1.5 

Scope 1 - Emissions from energy kg CO2-e 0.1 0.1 

Scope 2 - Grid electricity kg CO2-e 0.1 0.1 

Scope 3 - Emissions from energy & grid electricity kg CO2-e 0.0 0.0 

Scope 3 - Feed and transport kg CO2-e 1.1 1.2 

Subtotal kg CO2-e 3.0 3.0 

Scope 3 - LU & dLUC kg CO2-e 0.4 0.3 

Total kg CO2-e 3.4 3.3 

 

 

Table S15. Environmental impacts per kilogram of liveweight produced in standard housing and 
manure management systems in FY22 

  Units   100% 
CAP 

Partial 
CAP 

100% C, 
No CAP 

C/DL O/DL O 

GHG emissions kg CO2-e 1.8 2.7 4.4 3.4 2.0 2.1 

GHG emissions - LU & dLUC kg CO2-e 0.3 0.3 0.3 0.3 0.3 0.3 

Total GHG emissions kg CO2-e 2.1 3.0 4.7 3.7 2.3 2.4 

Fossil energy use MJ 11.7 12.6 13.1 15.1 12.7 12.6 

Renewable energy generated and 
d 

MJ 0.56 0.28 0.04 0.02 0.01 0.01 

Renewable energy generated and sold MJ 0.27 0.01 0.00 0.00 0.00 0.00 

Freshwater consumption L 63.6 52.9 51.3 49.5 38.4 47.6 

Water stress L H2O-e 49.7 43.1 41.7 40.5 33.6 40.5 

Land occupation m2 12.4 12.7 12.5 12.4 12.8 14.4 

Total freshwater eutrophication potential kg P 1.6E-04 1.7E-04 1.7E-04 1.7E-04 5.2E-04 1.2E-03 

Total marine eutrophication potential kg N 1.1E-02 1.0E-02 1.1E-02 9.4E-03 9.5E-03 1.1E-02 

 
 

Table S16. Total emissions (incl. LU and dLUC) for the Australian pork industry in FY20 and 
FY22, reported by gas 

 Units FY20 FY22 
Carbon dioxide (CO2) t CO2-e 546,676 604,030 
Nitrous oxide (N2O) t CO2-e 221,076 243,500 
Methane (CH4) t CO2-e 796,167 903,672 
Other minor gases t CO2-e 3,145 3,431 
Carbon dioxide (LU & dLUC) t CO2-e 229,804 161,029 
Total t CO2-e 1,796,869 1,915,661 
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Table S17. Greenhouse gas emissions for the Australian pork industry in FY20 and FY22, 

reported as totals and net (of traded ACCUs), including LU and dLUC emissions 

 Units FY20 FY22 
GHG emissions, excl. LU & dLUC t CO2-e 1,567,064 1,754,632

  GHG emissions – LU & dLUC# t CO2-e 174,852  161,029  
Total GHG emissions t CO2-e 1,796,869

16 
1,915,661

399 ACCUs generated & sold to private market No. 8,560  73,716  
Net GHG emissions t CO2-e 1,805,42

9476 
1,989,37

7115  
 

Table S18. Total emissions (incl. LU and dLUC) for the Australian pork industry, reported as 
Scope 1, 2 and 3 emissions, and sectoral emissions (Scope 1 & 2) for FY20 and FY22 

  Units National Herd 
FY20 

National Herd 
FY22 

Scope 1 - Enteric methane tonnes CO2-e 96,199 103,453 

Scope 1 - Emissions from MMS tonnes CO2-e 767,603 848,959 

Scope 1 - Emissions from energy tonnes CO2-e 29,684 33,574 

Scope 2 - Grid electricity tonnes CO2-e 76,735 77,509 

Scope 3 - Emissions from energy & grid electricity tonnes CO2-e 17,422 17,024 

Scope 3 - Feed and transport tonnes CO2-e 579,422 674,113 

Subtotal tonnes CO2-e 1,567,064 1,754,632 

Scope 3 - LU & dLUC tonnes CO2-e 229,804 161,029 

Total tonnes CO2-e 1,796,869 1,915,661 

    

Total sectoral emissions (Scope 1 & 2) tonnes CO2-e  1,016,858   1,016,858  

ACCUs generated & sold to the private market No.  8,560 73,716 

Net sectoral emissions (Scope 1 & 2) tonnes CO2-e 978,781 1,137,211 

 
 

Table S19. Environmental impacts per kilogram of pork ready for distribution to retail for 
Australia for FY20 and FY22 

  Units   
Australia 

FY20 2.SD (±) Australia 
FY22 2.SD (±) 

GHG emissions kg CO2-e 5.3 0.2 5.4 0.2 

GHG emissions - LU & dLUC kg CO2-e 0.7 0.1 0.4 0.1 

Total GHG emissions* kg CO2-e 5.9 0.4 5.8 0.3 

Fossil energy use MJ 26.1 0.8 26.5 0.9 

Renewable energy generated & consumed MJ 0.2 0.0 0.2 0.0 

Freshwater consumption L 160.4 42.5 74.9 27.7 

Water stress L H2O-e 116.7 30.9 22.7 6.8 

Land occupation m2 18.8 5.0 20.2 6.0 

Total freshwater eutrophication potential kg P 3.5E-04 1.3E-04 3.9E-04 4.4E-05 

Total marine eutrophication potential kg N 1.2E-02 4.4E-04 1.6E-02 6.5E-04 
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9.4 Sensitivity analysis results 

Assumptions regarding water related impacts were found to be highly sensitive to source region for 
grain. The presence of irrigated grain within a region had a dramatic effect on piggery freshwater 
consumption. Because few piggeries were able to confirm exact amounts of grain sourced from farms 
that utilised irrigation, regional averages were used that reflected water use and grain production 
reported in regional statistics. Only a very small fraction of grain supply arose from irrigated sources 
(for example, 9.7% in NSW) and market data were unclear regarding whether feed grain was irrigated 
at the same rate as other grain types (for example, grain for human consumption or export). 
Consequently, the attributed water was uncertain. To examine the impact, we revised the assumption 
to reduce the grain sourced from irrigation down by 50%, which resulted in a 30% decrease in 
freshwater consumption at the national level for 2020. For individual farms in the southern grain region 
this was even more sensitive: reducing the source of grain from irrigation from the regional average 
to “zero” (assuming a farm could conceivably source all grain from dryland farms only), resulted in an 
58% reduction in freshwater consumption use for highly irrigation exposed farms.  
 
In 100% C production, GHG emissions were shown to be sensitive to assumptions regarding the 
fraction of feed waste. A reported feed waste fraction (farm estimate) of 4% was compared with a 
PigBal (Skerman et al. 2015) estimate of 10%. GHG emissions per kilogram of liveweight were 18% 
higher in the latter case (see Table S14), compared with the 4% feed waste analysis, and 14% higher 
than the average for 100% conventional production (see Table S9). Given this degree of sensitivity, 
ongoing work is needed to monitor and minimise feed waste in C systems. Other housing/MMS were 
much less sensitive to feed waste.  
 
The model was found to exhibit some sensitivity to dietary CP in O production (see Table S15). A 
16.5% CP grower diet (compared with 17.8% in Table S9) resulted in 2.5% lower GHG emissions 
(excl. LU & dLUC) per kilogram of LW. 
 
 

Table S20. Environmental impacts per kilogram of liveweight for a 100% conventional piggery 
with 4% and 10% feed waste 

 Units 4% feed waste 10% feed waste 
GHG emissions kg CO2-e kg LW-1 4.3 5.1 
GHG emissions - LU & dLUC  kg CO2-e kg LW-1 0.3 0.3 
Total GHG emissions kg CO2-e kg LW-1 4.6 5.4 
Fossil energy use MJ kg LW-1 13.1 13.1 
Renewable energy generated and consumed  MJ kg LW-1 0.0 0.0 
Freshwater consumption L kg LW-1 51.3 51.3 
Water stress L H2O-e kg LW-1 41.7 41.7 
Land occupation m2 kg LW-1 12.5 12.5 
Total freshwater eutrophication potential kg P kg LW-1 1.7E-04 1.7E-04 
Total marine eutrophication potential kg N kg LW-1 1.1E-02 1.1E-02 
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Table S21. Environmental impacts per kilogram of liveweight for outdoor production with a low 

crude protein grower diet.  
 Units Outdoor (low CP grower 

 GHG emissions kg CO2-e kg LW-1 2.1 
GHG emissions - LU & dLUC  kg CO2-e kg LW-1 0.3 
Total GHG emissions kg CO2-e kg LW-1 2.3 
Fossil energy use MJ kg LW-1 12.6 
Renewable energy generated and consumed  MJ kg LW-1 0.0 
Freshwater consumption L kg LW-1 47.6 
Water stress L H2O-e kg LW-1 40.5 
Water scarcity m3 kg LW-1 14.5 
Land occupation m2 kg LW-1 14.4 
Total freshwater eutrophication potential kg P kg LW-1 1.2E-03 
Total marine eutrophication potential kg N kg LW-1 1.1E-02 

 
 

Table S22. Comparison of total eutrophication potential, phosphate equivalent, of Australian 
retail pork with international studies 

 Reference Units Eutrophication 
 Australia This study g PO4-eq/kg LW 4.1 – 5.3 

Australia This study g PO4eq/kg retail pork 7.1 – 8.8 
Spain (Galicia) Noya et al. (2017) g PO4-eq/kg LW 24.6 
Denmark Dorca-Preda et al. (2021)  g PO4-eq/kg LW 15.5 
Northern Germany Reckmann et al. (2013) g PO4eq/kg pork 23.3 
Netherlands^  Rougoor et al.(2015) g PO4- eq /kg carcass weight 18.4 – 31.1 
Great Britain# Fry and Kingston (2009) g PO4eq/kg pork 57 
 
 

Table S23. Resource use and impacts for Australian pork for FY20 and FY22, reported per 
kilogram of boneless, fat-corrected pork ready for distribution to retail  

  Units National 
Herd FY20 

2.SD (±) National 
Herd FY22 

2.SD (±) 

GHG emissions kg CO2-e  7.8 0.3 8.0 0.3 
GHG emissions - LU & dLUC kg CO2-e  1.0 0.2 0.7 0.1 
Total GHG emissions kg CO2-e  8.7 0.5 8.7 0.4 
Fossil energy use MJ 38.5 1.2 39.1 1.3 
Renewable energy generated and 
consumed 

MJ 0.3 0.0 0.3 0.0 

Freshwater consumption L 236.6 62.8 136.5 40.8 
Water stress L H2O-e 172.1 45.6 110.6 33.1 
Land occupation m2 27.7 7.3 29.8 8.9 
Total freshwater eutrophication potential kg P 5.2E-04 1.9E-04 5.7E-04 6.5E-05 
Total marine eutrophication potential kg N 1.8E-02 6.5E-04 2.4E-02 9.6E-04 
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