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Executive Summary 

Climate change, resource use and food production are important challenges to society in 
the present era.  Australia, as a member of the global community, has a role to play in 
reducing environmental impacts without compromising food security.  To achieve this will 
require a new focus on productive efficiency from all sectors, including food production.  
In order to reduce environmental impacts while increasing food production, Australia’s 
agricultural sectors need to dramatically reduce the resource use and emissions intensity 
of food production. 
 
This report contributes to the field of knowledge regarding environmental impacts from 
primary food products, and aims to assist the pork industry to meet the challenges for 
improving sustainability and productive efficiency.  The report presents research on the 
environmental intensity of pork production, focussing on greenhouse gas (GHG) emissions, 
energy and water use.  It has been conducted with the Australian public, the research 
community and the pork industry in mind.   
 
The study covered the primary production phase of the pork supply chain, through to the 
production of a retail product (one kilogram of bone-in pork at the point of distribution to 
wholesale/retail).  This included all stages in the production system through to and 
including meat processing.  Additionally, results were presented using Hot Standard 
Carcase Weight (HSCW) as a secondary functional unit.  Five supply chains were included in 
the study.  Two of these have been previously described by Wiedemann et al. (2010) and 
have been included in this study to incorporate updated methods.  The supply chains were 
located in three major production regions in Australia; South East Queensland (QLD), 
Southern New South Wales (NSW) and Western Australia (WA).  Supply Chain 1 (small-
medium conventional, or QLD SMC) was a small–medium piggery supply chain comprised of 
five, closed herd farrow-finish piggeries located in south east Queensland.  Supply Chain 2 
(large conventional – QLD LC) consisted of a large conventional farrow-to-finish operation 
in Queensland.  Supply Chain 3 (conventional breeding, deep litter grower finisher - NSW 
C-DL) was a conventional farrowing unit producing weaners (3 weeks of age), followed by 
deep litter grow out units (separate weaner-grower and grower-finisher units).  Supply 
Chain 4 (large conventional - WA LC) was a Western Australian large conventional pork 
supply chain that consisted of three breeder units, a weaner-grower unit and a grower-
finisher unit, located on multiple sites.  Supply Chain 5 (outdoor breeding, deep litter 
grower-finisher - WA O-DL) consisted of a large outdoor breeder unit and a deep litter 
weaner-grower unit located on one site, and a deep litter grower-finisher unit located on a 
separate site.  Data were collected for each supply chain for a 12 month production cycle. 
 

 
Retail Pork 
 
Australian pork production resulted in moderate levels of GHG, energy and water use 
compared to other Australian meat products.  Total GHG ranged from 5.0 ± 0.7 kg CO2-e / 
kg Retail Pork (NSW C-DL) to 8.7 ± 1.2 kg CO2-e / kg Retail Pork (QLD SMC).  Emissions 
were lowest from the piggeries that housed grower-finisher pigs on deep litter.  At the 
conventional piggeries, the emission profile was dominated by methane from effluent 
treatment (contributing 62-64% of total emissions). After manure management, the biggest 
contributor to GHG (18-40% of total emissions) was feed production.   
 
Total embodied energy (full supply chain energy use) ranged from 18.8 ± 1.0 MJ / kg Retail 
Pork (WA LC) to 22.1 ± 1.2 MJ / kg Retail Pork (QLD SMC).  The most important areas of 
energy use for the five supply chains were feed production (48-61%), housing and services 
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(24-34%) and meat processing (15-18%).  Differences in embodied energy between supply 
chains were primarily driven by differences in feed use, either; i) because of differences in 
feed conversion ratio (FCR), or ii) differences in embodied energy between diets. 
 
Water use was assessed using three different classifications: ABS equivalent water use, 
consumptive fresh water use and stress weighted water use.  ABS equivalent water use 
ranged from 28.1 ± 1.2 L / kg Retail Pork (WA O-DL) to 66.2 ± 2.8 L / kg Retail Pork (QLD 
SMC).  Consumptive fresh water use (a measure of the total water from all sources 
consumed by the supply chain) ranged from 50.3 ± 4.4 L / kg Retail Pork (WA O-DL) to 
252.8 ± 39.4 L / kg Retail Pork (QLD LC).  The main areas of consumptive water use in the 
supply chain were at the piggery (16-51%) and irrigation water used in the production of 
imported soymeal (33-63%).  Differences between supply chains were related to 
differences in the water supply system at the piggery, and different inclusion rates of 
imported soymeal in the diet. 
 
Stress weighted water use is a measure of the impact of using water compared to global 
average water stress levels.  Stress weighed water use ranged from 16 ± 1.4 L H2O-e / kg 
Retail Pork (WA O-DL) to 62 ± 2.0 L H2O-e / kg Retail Pork (NSW C-DL).  Stress weighted 
water use was lower than consumptive water use for all supply chains, reflecting the low 
level of water stress for many pork production regions in Australia.  
 
A number of scenarios were investigated in order to determine opportunities for GHG 
mitigation and increased energy efficiency for pork production.  These included pond 
covering to capture methane from effluent treatment, and the use of alternative housing 
for the breeding and grow-out stages of production.  Installation of a covered anaerobic 
pond (CAP) with combined heat and power generation (CHP) reduced full supply chain GHG 
emissions by 55% for pork from a large conventional piggery, and reduced embodied energy 
by 30%.  Installation of a CAP and flare system reduced GHG by 46%. 
 
Deep litter and outdoor production systems were found to generate lower emissions than 
conventional production systems.  Outdoor breeding resulted in 13% lower GHG compared 
to conventional production, because of the lower manure emissions.  Embodied energy 
from outdoor production was higher (+8%) however, because of the poorer FCR.  Deep 
litter growing-finishing resulted in 33 and 40% lower GHG than conventional finishing.  
Water consumption was also lower (29 and 32%), as was embodied energy (6-8%).   
 
 

Hot Standard Carcase Weight (HSCW) 
 
Results were also presented using a second functional unit ‘HSCW’ at the meat processing 
plant.  This is a common measure in the Australian industry and is defined by AusMeat 
standards.  Table 1 shows the results for total GHG, energy and water use per kg HSCW for 
the five supply chains.   
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Table 1 – GHG, Energy, Consumptive Fresh Water, ABS Water Use and Stress Weighted Water 

Use per kg HSCW for 5 Supply Chains 

Units  QLD SMC QLD LC NSW C-DL WA LC WA O-DL 

 Per kg Hot Standard Carcase weight 

Total GHG 
(kg CO2-e) 

6.9 ± 1.0 6.0 ± 1.0 3.9 ± 0.6 5.7 ± 0.8 4.3 ± 0.9 

Total energy 
(MJ / kg) 

17.5 ± 1.0 16.0 ± 1.1 15.3 ± 0.6 14.9 ± 0.8 16.9 ± 0.9 

Total 
consumptive 
freshwater 
use (L) 

131.0 ± 3.0 184.0 ± 29.0 80.7 ± 2.5 62.3 ± 3.4 39.6 ± 3.5 

ABS water 
use (L) 

54.5 ± 2.3 35.3 ± 1.4 31.9 ± 1.2 35.1 ± 0.8 23.1 ± 1.0 

Stress 
weighted 
water use (L 
H2O-e) 

20.0 ± 0.5 23.0 ± 3.6 45.0 ± 1.4 8.0 ± 0.4 4.0 ± 0.3 

 
The pork CRC has set a GHG target of 1.0 kg CO2-e/kg HSCW for Australian pork 
production.  This study found that emissions may be reduced to 2.7 kg CO2-e/kg HSCW at 
conventional piggeries using a CAP and CHP.  It should be noted that these two values may 
not be directly comparable as the pork CRC system boundary may be different to the 
boundary used in this study.  The system boundary used by the pork CRC would need to be 
described in detail so as to make meaningful comparisons between the results of this study 
and the CRC target.   
 
Other options for reducing GHG emissions from piggeries may include rapid irrigation of 
effluent from covered ponds to reduce secondary pond emissions and use of by-product 
feeds or other low emission feeds such as algae.  The emission offset associated with 
energy generation from CHP units may also prove to be greater than what was modelled 
here if high efficiency generators are installed, and if pond methane yields are found to be 
higher than currently anticipated.  Another option to reduce emissions would be to 
generate electricity from deep litter.  Daily irrigation of manure (i.e. no on-site effluent 
storage) is also expected to result in lower GHG emissions, though other disadvantages 
exist with this system.  Further modelling of these approaches (and others) may be 
warranted to provide a pathway to achieving the pork CRC target of 1 kg CO2-e / kg HSCW.   
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1. Introduction 

Background 

 
The Australian pork industry has established proactive goals to improve 
environmental performance across the industry, particularly in key areas such as 
the greenhouse gas (GHG) emissions intensity of pork.  Because of the tight 
margins in the industry there is a strong driver for resource efficiency, which is 
also important for environmental performance.  However, while productivity and 
business indicators are numerous and regularly benchmarked in the industry, 
fewer measures of environmental performance are available.  In 2009, the 
industry commissioned a life cycle assessment (LCA) project with the aim of 
developing a way of estimating environmental impacts and resource use 
throughout the whole supply chain.  This project developed the first data on the 
intensity of pork production for three categories of interest; GHG emissions, 
energy use and water use.  The study compared two alternate management 
systems and two geographical regions (QLD and NSW).  This report was preliminary 
in nature, partly because only two supply chains were studied, and partly because 
it was recognised that agricultural LCA is a rapidly progressing area of science.  
This left a degree of uncertainty surrounding the methods used for handling co-
products, and methods for assessing the impact of water use in particular.   
 
An important finding of the report was that GHG emissions are dominated by 
manure methane emissions from anaerobic lagoons (for conventional piggeries).  
Although direct GHG emissions from pork production are not a large contributor to 
Australia’s national emissions based on the whole national herd, the industry 
none-the-less seeks to reduce these emissions. 
 
Wiedemann et al. (2010) postulated that significant reductions in GHG could be 
made by capturing and combusting methane generated from anaerobic lagoons, or 
by using this methane to generate electricity and/or heat.  Since this study was 
completed, the Australian Government has introduced legislation (the Carbon 
Farming Initiative or CFI) under which pig farmers are able to claim saleable 
credits for mitigating these emissions.  This has significantly increased interest in 
technologies to capture methane and generate energy.  Additionally, it has 
increased the likelihood of these technologies being taken up by the industry, 
which will result in lower GHG emissions from the ‘average’ kilogram of Australian 
pork.  Because of the importance of gaining representative information in this 
area, this study was commissioned to expand the coverage and detail of LCA 
research in the industry.   
 

Research Objectives 

 
There were four main aims or objectives for this project:  
  
Objective 1: To provide a rigorous environmental assessment of Australian pork 
production with respect to water and energy usage and GHG emissions by studying 
a further two supply chains using a life cycle approach. 
 
Objective 2: To provide an expanded water and energy usage dataset for industry 
benchmarking. 
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Objective 3: To characterise a range of effluent treatment systems and manure 
management practices for environmental performance (water and energy usage, 
GHG emissions). 
 
Objective 4: To investigate the 'whole supply chain' impacts of new research 
findings for GHG from alternative manure management treatment systems. 

 

 

Life Cycle Assessment in Agricultural Systems 

LCA is a well established research method defined by international standards (ISO 
2006a, b).  Initially the tool was developed for industrial applications in the late 
1960’s, though recently increased interest and research activity has been directed 
to agricultural systems.  This is evidenced by an increase in the number of 
published agricultural LCAs in the period 2000-2010 compared with the 10 years 
previous to this. 
 
LCA is a multi-impact tool used to investigate resource usage and environmental 
impacts over the entire life cycle of a product or service.  Studies are conducted 
in four stages, i) goal and scope establishment, ii) data collection (life cycle 
inventory), iii) life cycle impact assessment (LCIA) and iv) interpretation (see 
Figure 1).  The degree of flexibility within the research framework and the 
specific data collection processes employed allow a considerable degree of 
variance between studies.  Consequently, LCA results are not commonly 
comparable without careful review of critical methodological elements and 
standardisation of results.  These elements primarily relate to the goal and scope 
of the study and the data collection (inventory) approach used.   
 
Agricultural systems have some unique properties that require careful treatment 
within LCA.  In particular, the long production cycle and open system complicate 
collection of production data and environmental impact data.  While these issues 
are not new to researchers in the agricultural sciences, the interdisciplinary 
nature of LCA research means careful attention must be directed to the methods 
and assumptions used during the research. 
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Figure 1 – General Framework for LCA and its Application (ISO 2006a: 14040) 

 

Goal and Scope  

 
The goal and scope stage of the project identifies the main aims and parameters 
for the study.  Critical elements include determination of impact categories to be 
investigated, the functional unit (FU) for the system, system boundary definition 
and handling of co-products allocation processes.  Common impact categories 
include total GHG, energy usage, water use, eutrophication and land use.  LCA can 
be applied to single impact areas such as total GHG, which represents an 
aggregation of all greenhouse gas emissions (on a carbon dioxide equivalent – CO2-
e basis) across a supply chain to an identified end-point.  Single issue studies (i.e. 
GHG only) are increasingly popular, and are often done using additional standards.  
For carbon footprinting, two such standards are the British Standards’ PAS 2050 
and ISO 14067 (under development).  Both of these are based on LCA principles 
and can be considered generally comparable to LCA studies for GHG emissions. 

 
Impacts assessed using LCA are reported relative to the primary output of the 
system, termed the functional unit (FU) of the system.  The FU reflects not only 
the most common output, but also the purpose of that output.  Hence, a full 
supply chain analysis for pork would investigate the service pork provides, i.e. the 
nutritional requirements met by pork (in terms of energy and protein at a 
minimum).    
 
Determination of the system boundary defines what is included within the LCA 
study.  In general, LCA includes the full supply chain for a product through to final 
product disposal (cradle-to-grave).  However, many studies investigate the 
primary production stage only, through to the farm-gate.  A farm-gate study 
implies that all impacts for the production of the product through to that point 
are included in the study.  This includes both on-farm processes (livestock 
breeding, growing and finishing, general farm activities) and pre-farm processes 
(defined as upstream processes, such as fuel production, manufacture of feed and 
transport processes).   
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Data Requirements  

 
Data collection for the life cycle inventory (LCI) is a complex process for 
agricultural systems that requires a number of data sources to be aggregated over 
a given data collection time period.  Because LCA uses a production efficiency 
measure, i.e. total GHG or energy per kg of meat produced, all emissions data 
must be accurately attributed to total production.  Measuring GHG emissions is 
also difficult and expensive and is rarely done within the scope of an LCA project.  
In comparison, manufacturing industries (where LCA research originated) typically 
have rapid throughput and measurable inputs and outputs, with a lower degree of 
variability.  In adapting LCA for use with livestock industries, two issues are 
apparent; i) the representativeness of the production system and data collected, 
and ii) the comprehensiveness of the estimation process used for parameters that 
cannot be directly measured (such as GHG and in some instances water use). 
 
The collection of accurate and representative livestock production data is 
important both for the determination of overall productivity of the system and as 
an input to GHG and water use estimation models.  Accurate production data can 
be difficult to obtain for a given time period in the format required for modelling.  
For estimation of total GHG from pigs, the most critical input-output data are 
related to manure excretion.   
 

Handling of Co-Products 

 
The pork production supply chain generates a number of by-products in addition 
to pork.  The pig farm produces prime slaughter pigs (the primary product) and 
also lower grade ‘cull’ breeding animals, which are also slaughtered for meat.  
Some have argued (i.e. Williams et al. 2006) that impacts should be divided and 
attributed separately to these two products.  At the point of slaughter, several co-
products arise in addition to pork meat, including edible offal, tallow, meat and 
bone meal and pet food. 
 
ISO (2006: 14044) recommends three ways for handling co-products where the 
system cannot be divided to create separate sub-systems.  These are listed below 
in order of preference: 
 

 System expansion (expanding the product system to include the additional 

functions related to co-products). 

 Allocation on the basis of physical or biological causality. 

 Allocation on the basis of some other relationship between the products, 

such as economic value.  

The choice of method for handling co-production can have a large impact on the 
results.  This is discussed in detail in the methodology section. 
 

Consequential and Attributional LCA 
 
There are two basic perspectives that an LCA study can use.  Most LCAs are done 
retrospectively.  This is termed an attributional study, because the impacts are 
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attributed to the product being investigated.  The main question for an 
attributional LCA is “what impacts were generated by producing this product?”  If 
a study is investigating production for a whole state or nation, every type of 
system that is currently being used needs to be included to get an accurate and 
representative result. 
 
An alternative approach is to consider a dynamic system, and investigate the 
consequences of a change in production.  In this case the question might be “what 
impacts would be created if one more unit of product were produced?”  This is 
termed a consequential study.  A consequential study is focused on the marginal 
production system, i.e. the system that would be used if the industry expanded.  
This is quite an important distinction which may lead to quite different results.  
For example, in the pig industry it could be argued that methane capture and 
destruction would be the marginal production system, which would result in much 
lower emissions for the ‘next kilogram of pork to be produced’ compared to the 
‘average kilogram of pork’ produced today. 
 
The present study has taken an attributional approach in order to provide a 
benchmark for the industry across a number of different production systems and 
states. 
 

LCA as Applied Research 

 
LCA may be classified as an applied research tool.  This means LCA research does 
not generally involve conducting individual research studies into each impact area 
associated with the system.  Instead, LCA draws from other studies that have been 
completed in the area, and relates the results to the system being investigated.  
Where knowledge gaps exist, the LCA practitioner can either conduct a very brief 
investigation with the aim of determining how significant the contribution may be 
from the unknown process, or exclude the process until further research has been 
undertaken.  There are strengths and weaknesses with this type of applied 
research.  One strength is that an LCA can provide broad answers long before the 
detailed research is completed.  A second strength is that the broad scope (i.e. all 
greenhouse gases associated with a production system) allows impacts to be 
‘classified’ in terms of their overall impact.  Likewise, mitigation strategies can be 
evaluated in a holistic manner.  This is something that many scientific research 
programs find difficult to achieve.   
 
The weakness of an applied research tool such as LCA is that it relies on results 
from external research and modelling, which is less precise than if a full 
measurement campaign was done.  Modelling or the extrapolation of other 
research findings can introduce a source of error if there is a significant difference 
between the conditions of the research and the conditions investigated in the 
LCA.   
 
It is common for a single production system to include over 3000 processes within 
the LCA model, consequently the process data used for common purchased 
products (such as diesel or urea for example) are drawn from databases rather 
than from independent investigation of each sub-process.  A distinction in LCA is 
made between foreground data (or data collected as part of the project from the 
industries involved), and background data (which is drawn from databases or 
literature sources).   
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LCA is a complementary tool that can be used in conjunction with detailed 
scientific R&D.  For example, LCA can be used at the beginning of an R&D program 
to identify the most effective research directions and the potential trade-offs 
involved with mitigation techniques.  Likewise, LCA may be used to evaluate the 
effectiveness of current research results by bringing them into the context of 
production systems.  This is important if real gains are to be made without the 
fore-mentioned ‘burden shifting’. 
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2. Literature Review 

Pork Life Cycle Assessment  

 
A review was conducted of pork LCA studies to provide comparison with the 
Australian results.  This review covered studies from both peer reviewed journals 
and government reports that were available in the public domain.  LCA studies 
varied in the depth of research and comprehensiveness of reporting.  To manage 
this, a screening process was established with the following criteria: 
 

 Coverage of the whole supply chain through to the farm gate (at a 
minimum).  Partial supply chain studies were not included. 

 Elaboration of data sources and/or collection methods used for the study 
with sufficient detail to enable review of the approach taken for 
estimating impacts. 

 Comprehensive coverage of GHG emission sources. 

 In general attributional LCA studies; i.e. retrospective studies were 
considered as opposed to studies of dynamic systems (consequential LCA 
studies).  There was one consequential LCA study included by Dalgaard et 
al. (2007).   

 
Seven studies were sourced that met the review criteria.  Several studies including 
Cederberg and Flysjo (2004) and Weidema et al. (2008) were excluded because 
they used consequential modelling, and two partial LCA studies were also 
excluded (Eriksson et al. 2005  and Pelletier et al. 2007).   
 
The consequential LCA study by Dalgaard et al. (2007) was included in this review 
for several reasons.  It is similar to our study in that both conventional and deep 
litter systems were investigated and Denmark is a major pig exporter to Australia.   
 
Most studies presented results using a functional unit (FU) of liveweight or carcass 
weight.  Data were standardised to provide results on a liveweight basis.  Where 
necessary, data were re-modelled to achieve this.  Despite most studies 
identifying the farm gate as the end point for the system, often results were 
presented on a carcass weight basis.  We consider this to be potentially 
misleading, as there are a two of additional stages in the supply chain between 
when the farm gate product can be considered a carcase weight product (namely 
transport and slaughtering).  These stages include impacts and, importantly, a 
sensitive allocation process at the point of slaughter between the carcase product 
and slaughter by-products (i.e. pet food, rendering material). 
 
Contributions from the piggery system were most commonly delineated by 
different processes within the system (i.e. feed production, manure management) 
rather than by specific GHGs.  For most European studies, feed production was the 
largest contributor to GHG (50-73%) (Cederberg et al. 2009; Basset-Mens & van der 
Werf 2005, Dalgaard et al. 2007).  Manure management emissions were the second 
largest contributor, ranging from 20-38% of emissions (Cederberg et al. 2009; 
Basset-Mens & van der Werf 2005).  Conversely, the previous Australian study by 
Wiedemann et al. (2010) found emissions from feed ranged from 15-28%, while 
manure management was the single largest emission source.  At the conventional 
piggery where effluent was treated in open anaerobic lagoons, manure 
management contributed 66% of total GHG (Wiedemann et al. 2010).   
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Contributions by specific GHGs show that methane or nitrous oxide tend to 
dominate the emissions profile.  Methane was found to contribute 26-66%, 
predominantly from anaerobic lagoons (Cederberg et al. 2009; Verge et al. 2009; 
Wiedemann et al. 2010).  Nitrous oxide was found to contribute between 9% and 
47% of total GHG (Cederberg et al., 2009; Verge et al., 2009; Wiedemann et al. 
2010).  The lowest contribution from nitrous oxide was from the Australian study, 
where crop nitrous oxide emissions were lower than those found in Europe.   
 

Table 2 – LCA results for supply chain greenhouse gas emissions per kilogram of pork 
produced 

Reference Country 
Data 
source Production system 

(kg CO2-e 
/ kg LW  a 

Basset-Mens & van der 
Werf (2005) 

France Simulated 
farm 
system 

Conventional production, slatted-floor (high 
density) housing for breeding and finishing. 
(weight at slaughter =113kg LWT) 

2.3 

‘Quality Label’ specialist production – 
outdoor housing for breeders, deep litter 
housing for finishers.  (weight at slaughter 
=115kg LWT) 

3.5 

Organic production – outdoor housing for 
breeders, deep litter housing for finishers. 
(weight at slaughter =120kg LWT) 

4.0 

Dalgaard et al. ( 2007) Denmark Farm 
data 

Conventional production and deep litter, 
based on the proportion of these facilities 
in the whole Danish pork industry. (weight 
at slaughter =100 kg LWT) 

2.3 

Cederberg et al. 
(2009). 

Sweden National 
Inventory 

Conventional production, slatted-floor 
housing >90% slurry systems with anaerobic 
effluent storage (weight at slaughter est. 
=114.5kg LWT) 

2.6 

Verge et al. (2009) Canada National 
Inventory 

Conventional production, 96% of industry 
with flushing sheds and anaerobic lagoon 
effluent treatment. 

2.3 

Williams et al. (2006) United 
Kingdom 

National 
Inventory 

Conventional production, weighted average 
of industry.  Housing: 25% fully slatted, 25% 
partially slatted, 50% deep litter. (av. 
weight at slaughter = 79.9 kg LWT) 

4.8 

Conventional production, 80% outdoor 
breeding, 25% outdoor weaning units. 
Finishers housed with 25% on slatted floor, 
25% part slatted, 50% deep litter.  Heavy 
finishers (weight at slaughter =109kg LWT) 

4.6 

Organic production – outdoor housing. 4.3 

Wiedemann et al. 
(2010) 

Australia Case 
study 
farm data  

Conventional slatted-floor housing for 
breeding and finishing, anaerobic lagoon 
effluent treatment. (weight at slaughter 
=96.9kg LWT).  

3.9 

Conventional slatted-floor with anaerobic 
lagoon effluent treatment (breeder) and 
deep litter for finisher pigs (3-23 weeks). 
(weight at slaughter =95kg LWT).. 

2.0 

Zhu & van Ierland 
(2004) 

The 
Netherlands 

National 
Inventory 

Conventional – 77% liquid effluent storage, 
23% ‘solid storage and dry-lot’. (includes 
extended supply chain through to 
consumption and final disposal). (weight at 
slaughter =112.2kg LWT) 

6.6 

a Where necessary, liveweight was calculated from unallocated carcass values using a dressing percentage of 76%.   

 
Total GHG was sensitive to factors related to feed use, such as the emissions 
intensity in grain production and to changes in feed use efficiency.  Two studies 
(Cederberg et al. 2009; Verge et al. 2009) reported that the emissions intensity 
(CO2-e / kg pork) had declined over time as a result of improved production 
efficiency and improved feed efficiency.  Verge et al. (2009) identified that 
differences in the digestibility of feed between regions led to changes in manure 
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GHG, because of changes in VS production.  This resulted in variations of 10% in 
total GHG.  Manure management was identified as a sensitive factor in pork 
production by several studies, and most notably by Wiedemann et al. (2010).  
Wiedemann et al. (2010) found that deep litter housing of finisher pigs reduced 
manure emissions by ~50%.  Verge et al. (2009) found that handling pig manure in 
a solid form via composting instead of using anaerobic ponds was a mitigation 
option.  Both Wiedemann et al. (2010) and Verge et al. (2009) note that methane 
from effluent handling could be used to generate renewable energy at piggeries, 
further reducing total GHG by offsetting fossil fuel use.  Fewer studies reported 
embodied energy results than GHG.  Basset-Mens et al. (2005) reported 15.9 MJ / 
kg carcase weight, while Williams et al. (2006) reported 18.4 MJ / kg carcase 
weight.  No LCA studies were found that reported water use, apart from the 
author’s previous LCA study which reported 41-49 L/kg HSCW. 
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3. Methodology 

Goal and Scope 

Goal definition covers the intended application and target audience for the LCA 
study.  Through consultation with the industry, the following applications were 
identified: 

1. To quantify energy, water and GHG impacts from pork production from a 
number of different production systems and geographical regions broadly 
representative of the Australian industry. 

2. To validate environmental research priorities in the pork production supply 
chain and to inform industry and government research investment. 

3. To identify the environmental impacts of different production systems 
(outdoor breeding, deep litter growing and finishing, and conventional 
production). 

4. To identify the mitigation potential and environmental impacts from 
changing manure management systems, using a number of alternative 
scenarios such as pond covering with methane flaring or heat/electricity 
generation. 

5. To allow for comparisons between pork production from different regions 
in Australia, in particular comparing eastern Australia to WA. 

6. To establish a process of data collection and assessment as a basis for 
future industry reporting requirements to both consumers and the 
government. 

 

The target audience for this research includes the pork industry (research and 
marketing), Australian pork producers, the scientific community, the government 
and the general public. 

We note that this study is not a full “cradle-to-grave” LCA (the end point is the 
processor gate). For this reason the results are not able to inform consumers of 
the full impacts of consuming pork.   

 

Impact Categories 

 
Three impact categories were investigated in this study: 
 

1. Cumulative Energy Demand (CED – Lower Heating Values - LHV). 

2. Total GHG (measured in CO2-e using IPCC (Solomon et al. 2007) Global 
Warming Potentials, GWPs). 

3. Water use (ABS equivalent Water Use, Consumptive Fresh Water Use, Stress 
Weighted Water Use).  
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Functional Unit and System Boundary 

 
The study was a retrospective (attributional) investigation of pork production from 
three regions in Australia, with three alternative production systems.  The study 
covered the primary production supply chain from breeding through to finishing 
(sometimes at multiple sites) and through to the meat processing plant.  The end-
point was the cold storage unit where pork is stored prior to wholesale 
distribution.  Two functional units were used: 
 

1. 1 kilogram of Hot Standard Carcase Weight (HSCW) pork at the processing 

plant. 

2. 1 kilogram of chilled, bone-in pork cuts ready for wholesale distribution. 

The system boundary of the study is shown in Figure 2 with the dashed line 
denoting the foreground system.  Feed grain production, while not part of the 
foreground system, was an important background system.  Feed grain production 
was modelled from desktop data representative of the northern grains region in 
Australia, with some modification for WA crops (lupins and wheat).  The feed grain 
modelling has been previously described by Wiedemann et al. (2010) and 
Wiedemann & McGahan (2011).  The red arrow represents the flow of gilts (young 
females) and boars back into the breeding herd.   
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Figure 2 – System boundary with foreground system boundary noted within the 

dashed lines 

 

Modeling and Critical Review 

The LCA was modelled using Simapro 7.3.  A number of models were used to 

populate the GHG and water inventory, and these are described in Appendix 3 
and Appendix 4.  Considering the goal of the LCA is to present information to the 
public, the results must be reviewed by an independent expert to meet the ISO 
Standard 14040 (2006a).  An internal expert review was done following ISO 14044. 

 

Supply Chain Descriptions 

 
Five supply chains were included in the study.  Two of these have been previously 
described by Wiedemann et al. (2010) and have been included in this study to 
incorporate updated methods and provide one comprehensive analysis.  The 
supply chains cover three major production regions in Australia; South East 
Queensland, Southern NSW and Western Australia.  The study covers conventional 
housing systems, outdoor housing (breeder pigs) and deep litter housing (weaner-
grower-finisher pigs).  “Conventional” in this study refers to housing pigs on 
partially or fully slatted floors where manure and urine drop into channels or pits 
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that are flushed regularly (generally twice per week) into open, anaerobic 
lagoons.  Outdoor housing refers to a system where pigs are allowed to range in a 
open paddock and are supplied with simple shelters.  Deep litter refers to pigs 
being housed on litter (i.e. straw, sawdust, rice hulls) for the wean-finish stage of 
production.  It is rare in Australia for breeding pigs to be housed on deep litter.  In 
deep litter systems litter is cleaned out regularly (after each batch of pigs) to 
maintain optimum shed conditions.  This differs from some European systems 
where multiple batches of pigs are reared on the same litter. 
 

Supply Chain 1 – Queensland Small-Medium Conventional (QLD 
SMC) 

 
The small – medium piggery supply chain comprised five, closed herd farrow-finish 
piggeries located in south east Queensland.  The piggeries were between 100-600 
sows and were mostly family owned operations.  Most feed was supplied from off-
farm feed mills, and most pigs were slaughtered at a plant located in the region.  
Foreground data were collected from these piggeries over a 12 month period.  
Each piggery was modelled separately and all piggeries averaged at the meat 
processing plant.  Averaged performance data from the five piggeries are 
presented in Table 3. 
 

Table 3 – Herd Production Data – Queensland Small-Medium Piggeries 

Production Data Units QLD SMC 

Litters / sow / yr 
 

2.1 

Pigs weaned / Sow / yr 
 

19.1 

Sow mortality rate % 6% 

Sow culling rate % 33% 

Mass of cull breeder (LW / slaughter pig) kg 3.7 

Breeder feed / weaner produced kg 64.6 

Average sale weight of slaughter pigs kg 104.1 

Average age of slaughter pigs days 155.2 

Whole herd feed / slaughter pig kg 334.5 

FCR* (whole herd)   3.1 

Note: Data were averaged independently across the five piggeries.  It should also be noted that the 
breeder feed/weaner produced does not include any that were sold at this stage of production. 
* FCR is the feed conversion ratio.  It is the measure of an animal’s efficiency in converting feed into increased 

body mass.   

 

Supply Chain 2 – Queensland Large Conventional (QLD LC) 

The Queensland large conventional pork supply chain consists of a conventional 
farrow-to-finish operation, with feed supplied by two off-site mills and sale pigs 
marketed to several meat processing plants.  The piggery is a closed production 
system, with all pigs bred on-farm. The piggery has three distinct production units 
on the one farm, including a multiplier facility, a breeding facility and a finishing 
facility. Data were collected from detailed monthly records over a 12 month 
period.  This piggery was assessed in a previous study (Wiedemann et al. 2010) and 
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most data were the same.  However, some inputs (water, gas use, feed usage) and 
production data were modified slightly to reflect changed practices at the farm. 
 

Table 4 – Herd Production Data – Queensland Large Conventional Piggery 

Production Data Units QLD LC 

Litters / sow / yr 
 

2.4 

Pigs weaned / Sow / yr 
 

22.4 

Sow mortality rate % 9% 

Sow culling rate % 32% 

Mass of cull breeder (LW / slaughter pig) kg 3.5 

Breeder feed / weaner produced kg 58.2 

Average sale weight of slaughter pigs kg 84.2 

Average age of slaughter pigs days 136.5 

Whole herd feed / slaughter pig kg 249.0 

FCR (whole herd)   2.8 

 

Supply Chain 3 – NSW Conventional-Deep Litter (NSW C-DL) 

The NSW C-DL supply chain piggery consists of a conventional farrowing unit 
producing weaners (3 weeks of age), followed by deep litter grow out units 
(separate weaner-grower and grower-finisher units).  These grow out units are 
managed and owned by third party operators who grow the pigs on contract for 
the company that breeds the pigs.   
 

Table 5 – Herd Production Data – NSW Conventional and Deep Litter Piggeries 

Production Data Units   

Litters / sow / yr 
 

2.3 

Pigs weaned / Sow / yr 
 

20.0 

Sow mortality rate % 5% 

Sow culling rate % 46% 

Mass of cull breeder (LW / slaughter pig) kg 5.1 

Breeder feed / weaner produced kg 55.3 

Average sale weight of slaughter pigs kg 99.0 

Average age of slaughter pigs days 156.0 

Whole herd feed / slaughter pig kg 280.3 

FCR (whole herd)   2.7 

 
 

Supply Chain 4 – Western Australia Conventional (WA LC) 

The Western Australian large conventional pork supply chain consisted of three 
breeder units, a weaner-grower unit and a grower-finisher unit, located on 
multiple sites.  The farms were collectively managed as a closed herd.  All pigs 
are housed in conventional flushing sheds, with the exception of weaner pigs, 
which for a short period of time when they are housed on deep litter.  The piggery 
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is in the process of transitioning from deep litter to conventional housing for these 
pigs, and therefore the manure treatment was modelled as though it was treated 
using a conventional flushing, anaerobic pond system.  Data were collected from 
detailed company records and via site visits. 
 

Table 6 – Herd Production Data – Western Australian Conventional Piggeries 

Production Data Units WA LC 

Litters / sow / yr 
 

2.3 

Pigs weaned / Sow / yr 
 

24.7 

Sow mortality rate % 10% 

Sow culling rate % 31% 

Mass of cull breeder (LW / slaughter pig) kg 6.9 

Breeder feed / weaner produced kg 60.6 

Average sale weight of slaughter pigs kg 96.7 

Average age of slaughter pigs days 160.2 

Whole herd feed / slaughter pig kg 266.0 

FCR (whole herd)   2.6 

 
 

Supply Chain 5 – Western Australia Outdoor-Deep Litter (WA O-DL) 

The Western Australian outdoor and deep litter pork supply chain consisted of a 
large outdoor breeder unit and a deep litter weaner-grower unit located on one 
site, and a deep litter grower-finisher unit located on a separate site.  Inputs and 
production data were supplied from company records and via interviews with the 
manager during the site visit. 

 
Table 7 – Herd Production Data – Western Australian Outdoor and Deep Litter Piggeries 

Piggery Performance Data Units   

Litters / sow / yr 
 

2.1 

Pigs weaned / Sow / yr 
 

16.5 

Sow mortality rate % 10% 

Sow culling rate % 41% 

Mass of cull breeder (LW / slaughter pig) kg 5.7 

Breeder feed / weaner produced kg 101.6 

Average sale weight of slaughter pigs kg 102.3 

Average age of slaughter pigs days 176.3 

Whole herd feed / slaughter pig kg 348.9 

FCR (LW - cull breeder and slaughter pigs) 3.2 
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Feed Milling and Meat Processing 

Feed Milling 

 

Most piggeries in the study purchased feed from commercial feed mills.  Piggeries 

may in some instances purchase feed from multiple feed mills and may change 

suppliers from time to time.  Foreground data were collected for three feed mills 

previously by Wiedemann et al. (2010), and these data were averaged and used 

for all piggeries in the present study.  Electricity sources were modified by state 

for the milling processes. 

 

Meat Processing 

 

As with the feed milling, meat processing inventory data were collected previously 

by as part of the foreground system by Wiedemann et al. (2010).  Data were 

collected from three large pork processing plants.  In the present study, these 

data were averaged and used for all supply chains.  Table 31 in Appendix 1 

provides the input data to process 1000 kg of hot standard carcase weight (HSCW). 

 

The meat processing stage also involves an allocation process to divide impacts 

between primary and secondary slaughter products.  This process was 

standardised for all the supply chains to improve comparability of the production 

systems.  Carcase and by-product yields were determined from communications 

with industry experts and from literature sources. 

 

 

Data Collection and Limitations 

 
At each facility, input and output data were collected for a 12-month period. A 
12-month data collection period was considered sufficient to account for seasonal 
variation in grain supply and energy use associated with heating and cooling.  
Aggregated foreground inventory data covering energy use, GHG and water use 
are presented in Appendix 1. 
 
 

Data Limitations 

 
Most of the production data supplied were subject to confidentiality agreements.  
Consequently, sensitive data (such as specific diet formulations) are not presented 
in this report, and most data are presented in an aggregated format.  Where 
available, expenditure on services such as veterinary supplies, communications, 
accounting and repairs / maintenance were recorded.  Where these data were not 
available, they were averaged from the piggeries that did supply these data.  
These inputs were modelled using US input-output data.  For services such as 
accounting, the logical commodity being traded is dollars.  Therefore the service 
inputs for this study were based on the dollar value expended and the associated 
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impacts.  The US input-output method tables (Pre Consultants, Amersfoort, The 
Netherlands) provided the impacts associated with the expenditure in each sector.  
Australian input-output tables were not used as the breakdown of the sectors is 
not as disaggregated as the US version, which would limit the level of detail at 
which the inventory could be broken down to (Eady et al. 2011b).   

 
Data collection did not extend to seed-stock genetics suppliers.  However, these 
operations are not expected to contribute significantly because comparatively few 
additional animals are required in the production system that do not also generate 
salable pork products. 
 
Some data gaps were identified in the feed inputs, for minor products such as 
vitamins and other feed enhancers.  Where data were not available, substitutions 
were made with similar products based on the cost of the input.  These inputs 
made up only a small fraction of the diet and the substitution process was not 
expected to greatly influence the result. Grain production processes did not 
include impacts from soil carbon flux, though a preliminary investigation of the 
importance of these emissions was included in the scenario analysis.  Typically, 
soil carbon flux has not been taken into account in Australian grain LCA studies 
(i.e. Biswas et al. 2008, Eady et al. 2011a, Grant & Beer 2008).  Grain production 
was modelled using the marginal production system, which is zero tillage in all 
Australian grain growing regions (ABS 2009).  There are insufficient data to 
conclude if zero tillage practices will result in carbon losses or sequestration 
across Australia’s grain growing regions. 

 

Inventory Data 
The primary assumptions and methods applied in collating the LCI are reported in 
this section.  Detailed inventory data are reported in Appendix 1.  This section 
should be read with reference to these appendices where further detail is 
required. 
 

Energy and Transport 

Energy use data were collected from all facilities throughout the supply chains and 
primarily consisted of electricity and gas use (liquid petroleum gas (LPG), natural 
gas).  Relatively small volumes of diesel and petrol were also used.   
 
Transport data were collected for all transfers of materials within the supply 
chain.  Major transport stages included grain and feed input commodities (to the 
feed mill); transport of prepared ration from the feed mill to the piggeries; 
transport of pigs between piggeries (at multiple site facilities) and transport of 
finished pigs to the meat processing plant.  Transport data were calculated as 
tonne kilometres and were classified according to truck type, using AustLCI 
transport unit processes.  Staff transport to / from work for all facilities was 
calculated from staff records and reported travel distances.   

Modelling GHG Emissions 

Greenhouse gas emissions arise directly and indirectly from several sources within 
the production system.  Energy related emissions were modelled from energy use.  
Detailed manure emissions modelling was required for each site based on 
predicted manure excretion.  Wiedemann et al. (2010) showed that manure 



  

 

 

18 

emissions from the piggery are the largest source of GHG in the supply chain.  
They also identified that estimated total GHG emissions are sensitive to manure 
emission factors and assumptions.  The largest emission sources from the piggery 
are methane (CH4) from anaerobic effluent ponds and nitrous oxide (N2O) from a 
number of sources depending on the type of manure management system.  
 
Two stages are required to estimate manure-related emissions.  These are: 

 Estimation of manure production (specifically, volatile solids – VS and 
nitrogen – N). 

 Estimation of emissions, based on emission potentials (for methane) and 
emission factors for a range of manure handling systems. 

Manure emissions were estimated using two approaches.   
 
The primary approach was to apply feed digestibility and mass balance for 
estimating manure excretion and utilise emission factors from the literature or the 
IPCC 2006 methodologies for management systems that best reflect Australian 
conditions.  The DCCEE (2010) recommend predicting manure excretion using the 
mass balance program PIGBAL (Casey et al. 2000).  PIGBAL requires inputs of herd 
data, diet characteristics (digestibility, crude protein, amount ingested and 
estimated feed wastage) and effluent treatment system design.  PIGBAL has been 
described elsewhere (Casey et al. 2000) and is the subject of a current validation 
project with APL.  PIGBAL was also used for the LCA project by Wiedemann et al. 
(2010).  Hence, a detailed description is not provided here.  The IPCC 
methodologies are referenced as separate chapters; Chapter 10 – Emissions from 
livestock and manure management (Dong et al. 2006) and Chapter 11 – N2O 
emissions from managed soils, and CO2 emissions from lime and urea application 
(De Klein et al. 2006).  
 
The second estimation approach followed the methods used for the Australian 
national greenhouse gas inventory, as documented in DCCEE (2010).  This is a 
streamlined, proscriptive method based on earlier IPCC methodologies (primarily 
the IPCC 1997), though with less detail.  This method has been applied directly as 
outlined by the manual without modification to approximate the national 
inventory, though at a supply chain scale.   
 
Considering the emission factors in both the Australian inventory method and the 
IPCC methods are based on minimal research, including no major emissions 
studies in Australia, the factors and results based on these factors must be 
treated with a degree of caution.  Uncertainty data have in some instances been 
provided by the IPCC.  Uncertainty was modelled using a Monte Carlo analysis 
using these data.   
 
Further details and specific emission factors applied are documented in Appendix 
3. 
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Water Use 

Water Use Classifications 

Water use data were collected to enable the use of a number of volumetric 
reporting categories as described in Wiedemann et al. (2012).  Additionally, we 
applied the water stress index (WSI) impact assessment method described by 
Pfister et al. (2009).  These methods are described in Table 8, and detailed 

explanation of the inventory methods and data are provided in Appendix 4. 

 
Table 8 – Water use classifications and methods  

Water use 
reporting category 

Units Description Noted exclusions  

ABS Equivalent 
Water Use 

ABS 
Equiv. 
L 

All Australian water uses from 
extracted sources (surface 
water, bore water, etc) 
including water withdrawals 
released to sewer (meat 
processing). 

Water use drawn from 
small on-farm storages 
capturing rainfall runoff 
directly from the farm, 
and evaporation from 
these storages. 

Embedded water flows 
from outside Australia. 

Consumptive Fresh 
Water Use 
(synonymous with 
blue water) 

L All consumptive water uses 
throughout the supply chain. 

Flows of water through 
treatment systems that 
are then released for use 
in the environment or 
other systems.  The 
criteria in this case was 
that the water must be 
beneficially utilised in 
replacement of other 
fresh water sources. 

Stress weighted 
water use 

L H2O-e All consumptive water uses 
multiplied by the relevant WSI 
value, summed across the 
supply chain and divided by 
the global average WSI (after 
Ridoutt et al. 2011).  

Exclusions noted above 
for consumptive water 
use 

 

Foreground water use 

Water data were collected in the foreground system from piggery and meat 
processor records.  At the piggeries, water was drawn from multiple sources, 
including; groundwater (ABS source), reticulated water supplies (ABS source) and 
direct capture of rainfall in on-farm storages (non ABS source).  Water extractions 
and consumption was determined using water balance modeling for each piggery 
and (where relevant) for water supply systems.   
 
The stress weighted water use impact assessment method applied different stress 
weighting factors for different regions of Australia where the piggeries and meat 
processing plants were located.  For background products that may be sourced 
from many regions, we applied the same approach as Ridoutt et al. (2011) by 
using the Australian average WSI value of 0.402 for these sources.  To calculate 
the stress weighted water use, consumptive water use in each region was 
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multiplied by the relevant WSI and summed across the supply chain.  The value 
was then divided by the global average WSI (0.602) and was expressed as water 
equivalents (H2O-e; Ridoutt & Pfister 2010).  Aggregated water use inventory data 

are presented in Appendix 4. 
 

Table 9 – Summary of site data used in water modelling for the five piggery supply 
chains 

Supply Chain  
Rainfall (mm / 
yr) 

Pan 
Evaporation 
(mm / yr) 

WSI 

QLD SMC 650 2048 0.017 

QLD LC 650 2048 0.021 

QLD meat processing - - 0.012 

NSW – C DL 589 1350 0.815 

NSW meat processing - - 0.815 

WA LC 650 1678 0.011 

WA O-DL 530 1452 0.010 

WA meat processing - - 0.994 

 
 

Background water use 

 
Consumptive water use data for upstream processes are not well documented 
within the AustLCI and EcoInvent databases.  Water use within background 
databases tends to be ‘input water’ only and does not define outputs or 
differentiate between consumptive and non-consumptive uses.  For significant 
background water use processes, further investigation may be warranted.  The 
largest background water flow was from imported soybean meal, which was 
assumed to be grown with supplementary irrigation in the USA.  Consumptive 
water use from US soybean production was taken from Aldaya et al. (2010), who 
reported 263 m3 water / tonne US soybeans, which was presumably a national 
average.  At 2.5 t/ha, this represents 0.66 ML/ha.  The WSI value (0.135) was 
determined by taking a weighted average value for all states producing more than 
5% of total US soybeans.  It may be possible to determine a more representative 
WSI value by investigating where the majority of irrigation is used in the USA and 
the WSI associated with these states only.  However, this was beyond the scope of 
the project. 
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Handling Co-Production 

 
Co-products were identified at five points in the foreground system.  Decisions 
regarding co-production are described in Table 10.  

 
Table 10 – Methods for handling co-production 

Stage in Supply 
Chain 

Product and co-product 
(in brackets) 

Method Explanation of Allocation choice 

Breeding farm Weaner pigs (cull 
breeding pigs) 

No allocation 
applied 

There was no clear rationale for 
discriminating between pork from 
prime and cull pigs, considering 
the end product from both classes 
of pigs (pork) is suitable for 
human consumption.  Functional 
differences relate to markets and 
consumer preferences but not 
nutritional quality.  The output 
from all systems was taken to be 
total pork produced from all 
classes of saleable pigs. 

Breeder, weaner, 
finisher 

Pork live weight 
(nutrients contained in 
manure). 

System 
expansion  

Where nutrients were used to 
replace synthetic fertilisers, a 
system expansion process was 
used (extended discussion in 
Appendix 1, equivalence factors 
presented in Table 40).   

Meat Processing Carcase weight (human 
edible offal) 

No allocation 
applied 

Both products are similar in their 
provision of nutritional qualities 
and hence were considered 
functionally equivalent. 
Functional differences relate 
primarily to markets and 
consumer preferences but not 
nutritional quality. 

Meat Processing Carcase weight – CW 
(slaughter by-products 
and secondary by-
products including: 
bloodmeal, meat meal, 
tallow and pet food).  

System 
expansion 

The system was expanded to 
replace the mass of protein and 
energy produced in the slaughter 
by-products based on the most 
common use for these products.  
Mass allocation and economic 
allocation methods were applied 
for comparison and results are 
reported in the discussion. 
Substitution products and 
allocation factors are reported in 
Table 11. 

Meat Processing Retail meat (bone-in) and 
secondary products (pet 
food, rendering 
products). 

System 
expansion 

System expansion was applied 
using the same principles as 
above.  Mass allocation and 
economic allocation methods 
were applied for comparison and 
results are reported in the 
discussion. Substitution products 
and allocation factors are 
reported in Table 12. 
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Meat Processing  

 
In Australia, ‘Hot Standard Carcase Weight’ is a clearly defined industry 
classification for the sale of pigs (see AusMeat Ltd 2008).  This refers to the weight 
of a pig with head, skin and trotters on.  Australian pigs are generally marketed on 
the mass of HSCW, weighed at the meat processing plant soon after slaughter.  
From a producer point of view, HSCW is the output of the primary production 
system and they are paid only for carcase mass.  However, there are a number of 
co-products from the slaughter of pigs (as with other species) that have value and 
must be taken into account in the LCA. 
 
Detailed slaughter factors are provided in Table 11.  The dressing percentage was 
standardised to 76% for all pigs in the study.  The mass difference between live 
weight (1315.8 kg per 1000 kg HSCW) and the salable slaughter components 
reported in Table 11 represents waste products from slaughter and moisture loss.  
Some secondary rendered products (meat and bone, and blood meal) were 
reported on a product weight basis (~90% dry matter) after moisture removal 
during rendering.  Product yields and losses associated with slaughtering and 
further processing were taken from a number of references (D'Souza et al. 2004, 
Lorenzen et al. 1996, Spooncer 1991, Wiseman et al. 2007). 
 

Table 11 – Meat processing factors (HSCW) 

Slaughter 
Products 

Mass of 
product 
(kg) 

Mass 
Allocation 
Factors 

Economic 
Allocation 
Factors 

System expansion 
substitution products 

Hot carcase 
weight 

1000 86.2% 95% - 

Edible offal 77 6.6% 4.3% Considered to be 
functionally equivalent to 
carcase weight 

Secondary Products    

Bloodmeal (dry 
wt) 

4.1 0.3% 0.0% Soymeal and sorghum– on 
protein and energy equiv. 
basis 

Meat and bone 
meal (dry wt) 

17 1.5% 0.0% Soymeal and sorghum– on 
protein and energy equiv. 
basis 

Tallow 19 1.7% 0.4% Canola oil 

Petfood  43 3.7% 0.3% Soymeal and sorghum– on 
protein and energy equiv. 
basis 

Totals 1160 kg 100% 100%  

 
While HSCW is a standard classification in the pig industry, it is not a clear ‘mid 
point’ in the processing chain.  In literal terms, hot carcasses are weighed soon 
after slaughter, part way through meat processing.  A more useful ‘end point’ is a 
product that can be sold to wholesalers or retailers.  In many instances this is a 
chilled, trimmed carcase, or primals (wholesale meat portions).  A further 
processing stage is required to trim and slice the product into retail portions.  
Many bone-in portions are sold in Australia, and this was deemed a suitable output 
for the study and is reasonably comparable to chilled, whole chicken (Wiedemann 
et al. 2012) and boxed (bone-in) beef primals.  Assumptions relating to further 
processing of hot carcasses to chilled, bone-in retail meat are shown in Table 12.  
The total mass of HSCW required to produce 1000 kg of retail pork was 1192 kg.  
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Mass losses were associated with chilling (4%; Wiseman et al. 2007), cutting (1.5%; 
Lorenzen et al. 1996) and moisture losses from rendered products.  Total product 
yield after losses was 1081.3 kg - Table 12.   

 
Table 12 – Meat processing factors (Retail meat) 

Slaughter 
Products 

Mass of 
product 
(kg) 

Mass 
Allocation 
Factors 

Economic 
Allocation 
Factors 

System expansion 
substitution products 

Bone-in retail 
pork 

1000 92% 98% - 

Human edible 
co-products 

31.0 3% 1% Considered to be 
functionally equivalent to 
carcase weight) 

Secondary Products    

Meat and bone 
meal 

16.8 2% 0% Soymeal and sorghum– on 
protein and energy equiv. 
basis 

Tallow 33.5 3% 1% Canola oil 

Totals 1081.3 kg 100% 100%  

 
 

Scenario Modelling 

Alternative Breeding Systems – Conventional versus Free Range 

 
Two different breeding systems were evaluated in the study; outdoor production 
and conventional production.  Outdoor pig production is expanding in Australia in 
response to demand from retailers and consumers who consider this method of 
raising pigs to have better welfare standards than conventional housing.  Our 
study aimed to provide a comparison of the two systems for GHG, energy and 
water use using two case studies.  The conventional and free range Western 
Australian piggeries’ breeding units were compared.  The results were reported on 
a ‘per kilogram of pork produced’ basis.  It should be noted that pork is produced 
from both cull breeding animals (sows, boars) and from weaned pigs.   
 

 

Alternative Finishing Systems – Conventional versus Deep Litter 

 
Deep litter housing is known to result in lower emissions than conventional housing 
with anaerobic effluent treatment (Wiedemann et al. 2010).  However, a direct 
comparison has not been done using the same breeding systems, feed and 
performance.  We established a scenario to compare conventional and deep litter 
finishing by modelling a change in finisher housing for the QLD LC and WA LC 
systems.  To do this, we used deep litter housing and emissions assumptions from 
the NSW supply chain and the WA O-DL supply chain.  Feed rations and grower-
finisher FCRs were kept identical between the two alternative housing scenarios 
for the QLD system.  However, in the WA system we used the actual diets and 
FCRs, which were slightly different between the two grow out units.  A diagram of 
the QLD supply chain is provided in Figure 3. 
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Figure 3 – QLD deep litter and conventional finishing systems 

 

 

Alternative Manure Management Systems 

 
Two scenarios were modelled for one supply chain to investigate the impact of 
alternative manure management practices on total GHG.  These scenarios were; i) 
installation of a covered anaerobic pond (CAP) with a combined heat and power 
(CHP) unit installed to replace electricity and heat (gas) use at the piggery, and 
export electricity to the grid, and ii) installation of a CAP with a flare and gas 
offset to combust methane.  These scenarios were applied to the QLD LC piggery.  
Methods and assumptions are provided in Appendix 5. 
 
For the CAP-CHP scenario electricity conversion efficiency is the most sensitive 
assumption, as it determines the maximum offset available from electricity.  The 
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value used (32%) is conservative compared to the specifications for new biogas 
engines available in Australia (see Table 59 in Appendix 5).   

 
The CAP-flare/LPG offset investigated the reduction in emissions from the 
effluent treatment system relative to the standard QLD LC uncovered pond 
emissions if biogas was utilised for heating.  In this scenario it was assumed that 
liquid petroleum gas (LPG) was offset with biogas on an energy equivalence (MJ) 
basis.  Due to the low energy density and relatively low overall volumes of 
methane produced, it was not considered feasible to export gas from the farm.  
Hence, un-utilised methane was assumed to be flared. 
 
Flaring of the methane gas eliminates its global warming potential, as flaring 
converts the methane to biogenic carbon dioxide and water vapour.  Incomplete 
combustion or loss of methane through the flare can reduce the methane 
destruction rate from a covered pond.  The DCCEE has identified that closed flare 
efficiency is in the order of 98% (DCCEE 2011).  This value has been applied in the 
present study.   
 

Feed production – the potential impact of soil carbon flux 

 
The feed grain production system used in this study was based on the marginal 
grain production systems in Australia, which involve zero-tillage (which represents 
70% of all grain farming systems in Australia – ABS (2009)).  However, the industry 
currently draws grain from a market that does not specify the production system.  
Within this market, some grain is likely to be produced using methods known to 
result in a loss of soil carbon, which would represent additional GHG emissions 
from grain production.   
 
To examine the potential impact of including losses from soil carbon in the pork 
supply chain we ran a scenario for the QLD LC supply chain.  The scenario included 
soil carbon losses from clay soils (45% clay) of 390.2 kg C / ha.yr, as reported by 
Dalal & Chen (2001).  This loss rate was applied to 40% of the land area used for 
cereal grain production to approximate the contribution of soil carbon loss from 
grain produced using tillage.  Soil carbon losses were only attributed to the cereal 
grain crop production processes. 
 
 

Alternative Manure GHG Estimation Methods 

 
An alternative manure GHG estimation method was also applied in this study by 
following the Australian Inventory Method (DCCEE 2010).  This method is described 
together with the best science approach in Appendix 3.   
 

 

Impact Assessment  

 
The impact assessment was done using SimaPro™ 7.3.  This included a sensitivity 
analysis of model parameters and an uncertainty analysis.  Uncertainty within the 
model relates to both natural variability in inventory data (i.e. differences in 
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electricity use from year to year) and uncertainty related to assumptions made 
during the modelling process.  Uncertainty data were estimated using a pedigree 
matrix, or were based on a range of possible values.  Uncertainty was assessed 
using a Monte Carlo analysis in the LCA software program SimaPro™.  Monte Carlo 
analysis is a means of handling cumulative uncertainty within the system.  Rather 
than estimating a theoretical minimum and maximum (i.e. the cumulative lowest 
and cumulative highest values), the analysis develops a distribution pattern from 
1000 randomly selected scenarios, based on the possible range of values for each 
parameter.  These results were used to provide the 95% confidence interval for 
the results. 
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4. Outcomes 

Results are presented using two functional units; i) per kilogram of chilled, bone-
in retail meat at the meat processor, prior to wholesale/retail distribution, and ii) 
per kilogram of Hot Standard Carcase Weight (HSCW).  The first functional unit 
represents a product that is in a suitable form for retail (though it does not 
include transport or packaging associated with wholesale and retail).  The second 
unit represents the end of the primary production supply chain and is a unit that is 
commonly used in the pig industry. 
 
Results are presented with errors based on a 95% confidence interval calculated 
from the Monte Carlo analysis of uncertainty.  Comparison of results determined 
using an uncertainty analysis requires ‘shared uncertainty’ between systems to be 
removed from the comparison.  For example, where two of the piggery supply 
chains share common feed inputs, the uncertainty related to feed production is 
‘shared’ between both systems.  Where the 95% confidence intervals were shown 
to overlap, a comparative analysis was run to determine if the results differed 
when shared variability was removed.  These results are reported where relevant. 
 

Retail Meat Results 

 
Chilled, bone-in pork represents the least processed pork product suitable for 
retail.  As with all meat products, comparisons must be carefully made, as this 
product may contain a higher or lower level of waste (i.e. bone and fat) than 
other retail meat products.  This analysis has not included packaging, transport or 
energy associated with storage and retailing.  The main difference between the 
HSCW and retail results are the losses and further allocation processes required to 
process pork and some additional inputs associated with processing.  Because the 
differences are primarily related to differences in handling of co-products rather 
than additional inputs, the contribution analysis is very similar. 
 
 

Energy Use 

 
Embodied energy varied by 20% between the five supply chains, with both the 
highest (QLD SMC) and lowest (WA LC) embodied energy results coming from 
conventionally housed piggeries (see Table 13).  

 
Table 13 – Energy use for the production of pork for the five supply chains (per kg 

retail pork) 

Units  QLD SMC QLD LC WA LC NSW C-DL WA O-DL 

MJ / kg Retail 
Pork 

22.1 ± 1.2 21.4 ± 1.2 18.8 ± 1.0 19.3 ± 1.4 21.3 ± 1.1 

 
Contributions to embodied energy for all supply chains followed the same trend; 

feed use > housing and services > meat processing (see Figure 4).  Contributions 
from transport were embedded in several stages of the supply chain.  When all 
transport processes were aggregated the contribution was in the order of 5-10%.  
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Differences in embodied energy between supply chains were primarily driven by 
differences in feed use, either i) because of differences in FCR, or ii) differences 
in embodied energy between diets.  Embodied energy in feed is driven by three 
main factors; inputs (diesel and nitrogen fertiliser) used for growing feed grain, 
synthetic amino acids and grain milling/transport.  Synthetic amino acids are very 
energy intensive to manufacture, meaning that despite their low levels of 
inclusion in the diet, they contribute 10-15% of the embodied energy within feed.  
Feed milling and grain transport also contributed >20% of the energy associated 
with feed.   
 
The contribution to energy use from housing and services was the second largest 
energy use after feed.  Variations in the contribution between the supply chains 
was primarily driven by the contribution from the diet, which was greatest for the 
QLD SMC and lowest for the WA LC piggery.   
 

 
Figure 4 – Contribution of supply chain stages to energy use for pork production for the 

five supply chains (MJ / kg Retail Pork) 

 

 

Water Use 
 

Table 14 shows the water use for five Australian piggery supply chains, reported as 
consumptive water use and stress weighted use. 
 
It should be noted that consumptive water use and ABS equivalent water use are 
both inventory outputs, rather than impact assessment methods.  Hence, they do 
not attempt to quantify the environmental impacts associated with water use.   
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Table 14 – Water use for five Australian piggery supply chains, reported as consumptive 
water use and stress weighted water use (L / kg Retail Pork) 

 

Consumptive Fresh 
Water Use 

ABS equivalent 
water use 

Stress Weighted Water Use 

  L / kg Retail Pork 

QLD SMC 174.4 ± 3.7 66.2 ± 2.8 25 ± 0.5 

QLD LC 252.8 ± 39.4 42.9 ± 3.4 27 ± 4.5 
 

NSW C-DL 99.8 ± 3.1 38.7 ± 1.5 62 ± 2.0 

WA LC 81.1 ± 4.4 42.6 ± 2.0 21 ± 1.2 

WA O-DL 50.3 ± 4.4 28.1 ± 1.2 16 ± 1.4 

 
The main areas of consumptive water use in the supply chain were at the piggery 
(16-51%) and irrigation water used for feed production (33-63%).  Piggeries require 
water for drinking, cooling and cleaning.  Consumptive water is a measure of 
water outputs from the system, estimated using water balances.  Most drinking 
water is voided in urine or manure and, together with cleaning water, enters the 
effluent treatment system.  The two main points of consumptive use are 
evaporation from the effluent ponds and evapo-transpiration of irrigated effluent 
on nearby pastures.  Water that is irrigated and subsequently evaporates or 
transpires from pastures may be handled in two ways; firstly this water could be 
classified as a water flow rather than a use and could be attributed to the system 
responsible for using the water (the crop or pasture).  Provided the difference in 
water quality was noted, this would represent an application of the method 
described by Bayart et al. (2011).  This would also fit with the system expansion 
approach taken in this study.  However, attributing this water use to the crop or 
pasture system implies that the water is beneficially utilised, replacing clean 
irrigation water.  None of the piggeries in this study beneficially utilised effluent 
however, so this approach was not considered reasonable.  Instead, effluent was 
disposed of via land application to pastures which would not be irrigated in the 
absence of effluent.  Hence, irrigation water lost via evapo-transpiration was 
attributed to the pig production system.  Beneficial utilisation of irrigation water 
would reduce consumptive water use by up to 18%.  
 
Irrigation water use in feed production was associated with imported soy meal 
from the US, where a proportion of the crop is irrigated.  Irrigation contributes 
large amounts of water use.  In the case of imported US soymeal, this was 196 L / 
kg soybean meal, which resulted in relatively high levels of embedded water even 
at low inclusion rates.  
 
At some piggeries (notably the QLD LC and the WA O-DL) consumptive water uses 
also arose from the water supply system, from dams capturing overland flow 
(rainfall runoff).  Water supply at the QLD LC piggery contributed unusually high 
evaporation losses (30% of consumptive fresh water use).  This was because the 
piggery maintained a large water reserve for backup in relatively shallow open 
storage, resulting in high levels of evaporation.  This is uncommon.  It is not clear 
whether capturing water in a farm dam necessarily generates adverse 
environmental impacts.  Farm water storages provide eco-system services as a 
habitat for water birds and other aquatic species and may mimic natural wetlands 
in some instances.  Further research is required in this area to quantify the 
impacts of maintaining water storages environmental impacts. 
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Stress weighted water use is an impact assessment method that takes into account 
the level of water stress in the catchment where water was used.  This is reported 
in water equivalents (L H2O-e), and is ‘weighted’ against the global average WSI.  
Interestingly, the stress weighted water use results did not follow the same trend 
as the consumptive water use results; with the NSW supply chain being a larger 
user than all of the other supply chains.  This was because the NSW supply chain 
piggery was located in a more water stressed region (see Table 9) than any other 
piggery.  Despite this, for all piggeries, water use expressed on a stress-weighted 
basis declined considerably.  This is most noticeable for the QLD LC piggery, which 
showed high levels of consumptive water use. 
 

Greenhouse Gas Emissions 

 
Total GHG ranged from 5.0 ± 0.7 kg CO2-e / kg Retail Pork (NSW C-DL) to 8.7 ± 1.2 
kg CO2-e / kg Retail Pork (QLD SMC).  The emission profile was dominated by 
methane from effluent treatment at conventional piggeries (see Figure 5 and 
Figure 6).  Emissions were lowest from the piggeries that housed grower-finisher 
pigs on deep litter where these emissions did not arise.  Significant differences 
were determined using comparative Monte Carlo analysis modelling.  A significant 
difference occurred where >97% of uncertainty runs were lower for one run 
compared to the other.  This is valid despite an apparent overlap in the 
confidence intervals because of shared uncertainty between the supply chains. 
 

 
Figure 5 – Total GHG emissions associated with the production of pork for the five 

supply chains (kg CO2-e / kg Retail Pork) 

 
Methane contributed 62-64% of total emissions across the whole supply chain for 
the three conventional supply chains.  Interestingly methane was still a significant 
emission in the NSW C-DL supply chain (contributing 34% of total emissions), with 
most of this arising from effluent treatment at the conventional breeder unit.  
Nitrous oxide arose from both grain production and from manure management at 
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the piggeries.  Larger emissions of nitrous oxide were observed from the supply 
chains using deep litter and outdoor production.   
 
Following manure management, feed production and piggery housing and services 
contributed the most to GHG emissions across all supply chains (see Figure 6).  
The contribution from feed is effected by both the emissions intensity of the diet 
and the FCR for each piggery supply chain.   
 

 
Figure 6 – Contribution to total GHG emissions at five pork supply chains (kg CO2-e / kg 

Retail Pork) 

 
 

Hot Standard Carcase Weight (HSCW) Results 

 
Results are presented here using ‘Hot Standard Carcase Weight’ as a secondary 
functional unit for comparison with previous studies and because this is a common 
measure for the industry.  The difference between retail pork and HSCW results 
are primarily driven by further losses and allocation processes rather than 
additional inputs.  Hence, contribution analysis results are not repeated.  
 
Embodied energy use ranged from 14.9 ± 0.8 MJ / kg HSCW to 17.5 ± 1.0 MJ / kg 
HSCW, with both the highest and lowest levels being from conventionally housed 

piggeries (see Table 15).  The contribution from different stages in the supply 
chain followed the same trend as for the retail pork results.  

 
Table 15 – Energy use for the production of pork for the five supply chains (MJ / kg 

HSCW) 

Units  QLD SMC QLD LC WA LC NSW C-DL WA O-DL 

MJ / kg HSCW 17.5 ± 1.0 16.0 ± 1.1 14.9 ± 0.8 15.3 ± 0.6 16.9 ± 0.9 

 
Water use and stress weighted water use results are presented in Table 16.  The 
large differences in water use between supply chains are related mainly to 
differences in water supply losses (which were unusually high for the QLD LC 
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supply chain) and differences in contribution from irrigated feed (soymeal).  The 
WA piggeries used less soymeal and had correspondingly lower levels of 
consumptive fresh water use. 

 
Table 16 – Water use for five Australian piggery supply chains, reported as consumptive 

water use and stress weighted water footprint (per kg HSCW) 

  
Consumptive fresh water 

use  
ABS equivalent water 

use 
Stress weighted 

water use 

  L / kg HSCW 

QLD SMC 131.0 ± 3.0 54.5 ± 2.3 20 ± 0.5 

QLD LC 184.0 ± 29.0 
 

35.3 ± 1.4 
 

23 ± 3.6 
 

NSW C-DL 80.7 ± 2.5 31.9 ± 1.2 45 ± 1.4 

WA LC 62.3 ± 3.4 35.1 ± 0.8 8 ± 0.4 

WA O-DL 39.6 ± 3.5 23.1 ± 1.0 4 ± 0.3 

 
Total GHG ranged from 3.9 ± 0.6 kg CO2-e / kg HSCW (NSW C-DL) to 6.9 ± 
1.0 kg CO2-e / kg HSCW (QLD SMC).  GHG emission results are presented in Table 
17.   

 
Table 17 – GHG emissions for the production of pork for the five supply chains (per kg 

HSCW) 

Units  QLD SMC QLD LC WA LC NSW C-DL WA O-DL 

kg CO2-equivalent 
/ kg HSCW 

6.9 ± 1.0 6.0 ± 1.0 5.7 ± 0.8 3.9 ± 0.6 4.3 ± 0.9 
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Handling Co-Production 

 
The results were sensitive to the method applied for handling co-products. To 
investigate the sensitivity of this process, results were analysed using two 
alternative methods to system expansion; mass and economic allocation, for the 
QLD LC supply chain.  Results are shown in Table 18. 

 
Table 18 – Total GHG, Energy and Water use for pork from the QLD LC supply chain 

showing three alternative methods for handling co-products 

Impact Category Units Mass Allocation Economic 
Allocation 

System 
Expansion 

 

  Per kg HSCW 

Total GHG kg CO2-e / kg 
HSCW 

5.6 ± 0.9 6.2 ± 1.0 6.0 ± 1.0 

Energy Use MJ / kg HSCW 15.0 ± 1.1 16.6 ± 1.1 16.0 ± 1.1 

Consumptive fresh 
water use 

L / kg HSCW 177.0 ± 28.0 195.0 ± 30.2 184.0 ± 29.0 

Stress weighted water 
use 

L H2O-e / kg 
HSCW 

21.0 ± 3.3 23.2 ± 3.6 22.8 ± 3.6 

  Per kg retail pork (bone in) 

Total GHG kg CO2-e / kg 
Retail pork 

7.4 ± 1.2 8.1 ± 1.3 7.9 ± 1.3 

Energy Use MJ / kg Retail 
pork 

19.9 ± 1.2 22.1 ± 1.3 21.4 ± 1.2 

Consumptive fresh 
water use 

L / kg Retail pork 240.8 ± 37.9 265.2 ± 41.8 252.8 ± 39.4 

Stress weighted water 
use 

L H2O-e / kg 
Retail pork 

28.1 ± 4.3 32.9± 4.8 27.2 ± 4.5 

 
The methods show quite different results, with mass allocation resulting in the 
lowest burden to the primary product, and the economic allocation and system 
expansion generating similar (higher) results.  The relative differences between 
methods for handling co-products were similar to results for Australian chicken 
meat (Wiedemann et al. 2012).   
 
These results differ from the allocation approach taken by Wiedemann et al. 
(2010) for pork however.  Wiedemann et al. (2010) used a system expansion 
approach that substituted beef for pork slaughter by-products and meat from cull 
breeding sows, resulting in a large ‘offset’ to the pork production system.  The 
authors discussed that this approach was very sensitive, because beef is a high 
GHG intensity meat.  In the present study the authors felt it more appropriate to 
consider all human edible meat sources to be the same (i.e. meat from cull pigs, 
prime pigs and human edible offal).  Hence, there was no allocation or system 
expansion process applied to handle differences between these products.  The 
only products included in the system expansion and allocation processes therefore 
were the manure nutrients and slaughter by-products.   
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Scenario Analysis 

Alternative Breeding Systems 

 
Two different breeding systems were evaluated in the study; outdoor production 
and conventional production.  Our study aimed to provide a comparison of the two 
systems for GHG, energy and water use using two case studies.  It must be noted 
that this was not a replicated study and results are not conclusive.  However, we 
did identify and contrast the different contributors to GHG (in particular) between 
the supply chains.  It is important to note that the two systems had quite different 
performance levels for important factors such as pigs weaned per sow per year 
(lower for outdoor production) and breeder feed / weaned pig produced (higher 
for outdoor production).  These differences are not unusual between outdoor and 
conventional pig production.  Results were presented ‘per weaned pig’.  The mass 
of a weaned pig was assumed to be 6.95 kg as this was the mean mass of weaned 
pigs produced at the conventional and outdoor breeding units. 
 

Results differed between the two systems, with both water use and GHG being 

higher at the conventional piggery, and energy consumption being higher from the 

outdoor piggery (see Table 19).   
 

Table 19 – Comparison of environmental impacts per weaned pig (6.95 kg) from 
outdoor and conventional pig breeding systems 

Impact Category Units 
WA Conventional 

Breeder 
WA Outdoor 

Breeder 

Total GHG 
kg CO2-e / 
weaned pig 

65.8 57.5 

Energy Use MJ / weaned pig 193.3 208.2 

Consumptive fresh water 
use 

L / weaned pig 872.5 842.7 

 

Contributions from GHG emissions varied between the two systems.  Emissions 

from conventional production arose primarily from anaerobic effluent treatment, 

while nitrous oxide emissions were much higher from the outdoor system.  

Additionally, impacts from feed were higher from the outdoor system because of 

the poorer FCR.  Energy consumption was 8% higher at the outdoor unit, mainly 

because of the poorer FCR.  Sixty percent of total energy consumption at this 

outdoor breeder unit is attributed to feed production – therefore if the feed 

consumed per pig could be reduced this would reduce the embedded energy 

associated with outdoor breeding. 
 
It should be noted that manure emission estimates were based on emission factors 
from the DCCEE (2010) and IPCC (Dong et al. 2006), neither of which have been 
validated under Australian conditions.  Considering Australia is a dry continent and 
emissions have been shown to be lower in other circumstances (i.e. nitrous oxide 
from Australian dry land cropping was found to be a factor of three lower than the 
IPCC default), a sensitivity analysis was done to compare lower nitrous oxide 
emission rates from outdoor systems.  The results per kg LW are shown in Table 20 
and show a 14% difference in emissions between the two factors.   
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Table 20 – Sensitivity of GHG predictions to changes in nitrous oxide emissions from 
outdoor pig farming 

 Manure nitrous oxide emission factor 

 2% (default) 1% 

Nitrous oxide emissions (in kg 
CO2-e per kg LW) 

0.98 0.49 

Total GHG (kg CO2-e per kg LW) 3.56 3.06 

 
 

Alternative Finishing Systems 

 
Two different finishing systems were evaluated in the study; deep litter finishing 
and conventional finishing.  Our study aimed to provide a comparison of the two 
systems for GHG, energy and water use using two unreplicated case studies.   
 

The two case studies investigated were deep litter finishing units for the QLD LC 

and WA LC supply chains.  These two new case studies were called QLD LC-DL and 

WA LC-DL.  Results were presented ‘per kilogram of HSCW’.  Table 21 shows the 

results of the comparison of environmental impacts between finishing systems.   
 
Table 21 - Comparison of environmental impacts from deep litter and conventional pig 

finishing systems 

Impact Category Units QLD LC QLD LC-DL WA LC WA LC-DL 

Total GHG 
kg CO2-e / 
kg HSCW 

6.0 ± 1.0 3.6 ± 0.5 5.7 ± 0.8 3.9 ± 0.6 

Energy Use 
MJ / kg 
HSCW 

16.0 ± 1.1 15.1 ± 0.8 14.9 ± 0.8 13.7 ± 0.8 

Consumptive fresh water use L / kg HSCW 184.0 ± 29.0 125.0 ± 8.9 62.3 ± 3.4 44.1 ± 3.1 

 
GHG emissions decreased by 33-40% for the deep litter finishing systems.  Water 
consumption decreased by 29-32%, while energy consumption decreased by 6-8%.   

 

Alternative Manure Management Systems 

 
Two alternative manure management system were investigated – a covered 
anaerobic pond (CAP) with the capture and utilisation of the methane gas in a 
combined heat and power (CHP) unit (CAP-CHP – Scenario 1) or replacement of 
LPG gas (used for heating in the piggery) with biogas, and flaring excess biogas 
(CAP-F/LPG offset – Scenario 2).  This system was based on the QLD LC supply 
chain.  Results for the CAP-CHP system and the CAP-F/LPG offset showed a 
significant reduction in GHG emissions and energy use per kilogram of hot 
standard carcase weight (HSCW).   
 
Figure 7 shows the total GHG emissions for pork production for the standard 
(baseline) QLD LC, the CAP-CHP and CAP-F/LPG offset scenarios.  Both Scenario 1 
and 2 reduced GHG emissions by 55 and 46% respectively.   
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Figure 7 – Total GHG emissions associated with the production of pork for the QLD 
(baseline) scenario, CAP-CHP and CAP-F/LPG offset scenarios (kg CO2-e / kg HSCW) 

 
Three main factors contributed to the lower GHG and energy use for the CAP-CHP 
scenario; i) production of electricity to offset coal based electricity generation, ii) 
production of heat to offset LPG heat generation, iii) reduction of methane 
emissions emitted from the anaerobic pond.  The modelling was subject to a 
degree of uncertainty relating to effluent characteristics (degradability) and 
system efficiency (digestion and combustion efficiency).  Noting these 
uncertainties, the results are relatively conservative and should be representative 
of performance from commercial facilities within the error bars stated. 
 
The energy demand decreased by 30% for the CAP-CHP scenario relative to the 
baseline.  The energy demand decreased by 1% for the CAP-F/LPG offset scenario, 
because the of the low LPG heat demand at the piggery.  Water use did not 
change significantly.  The results show that energy recovery from piggery effluent 
is the most beneficial mitigation strategy available to the pork industry. 

 

Feed production – the potential impact of soil carbon flux 

 
To examine the potential impact of including losses from soil carbon in the pork 
supply chain we ran a scenario for the QLD LC supply chain.  This resulted in the 
total GHG for QLD LC increasing by 11%.  It should be noted that for other grain 
growing regions of Australia with lower soil clay contents, the carbon losses may 
be higher than those assumed for the northern grain growing region (Dalal & Chan 
2001), possibly leading to higher emissions.  

 

DCCEE Emission Factors 

 
To compare the best science approach with the Australian inventory we modelled 
a second scenario that used the same manure output prediction, but in some 
instances different emission factors.  We did not change the GWP values from the 
IPCC default (i.e. 25 for methane, 298 for nitrous oxide) to the current DCCEE 
defaults (21 for methane, 310 for nitrous oxide).  For the conventional supply 
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chains this had little impact (resulting in 2% lower GHG).  Using the Australian 
GWP values, reported emissions would decline further because of the lower 
methane GWP value used in the National Inventory.  The comparison was based on 
the same manure prediction method.   
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5. Application of Research  

Australian and International Studies 

 

Direct comparisons between LCA studies are difficult because of differences in 

system boundaries, handling of co-products methods and impact categories.  

However, results from other studies are useful for indicative purposes.  In order to 

compare the broad trends in the GHG results between this study and studies in the 

literature, the results from this study were presented on a LW basis.  This is 

because most studies investigated production only to the farm gate.  Data were 

standardised to provide results on a live weight basis.   

 

Table 22 shows the comparative results of Australian pork produced in 

conventional flushing systems with the literature for global conventional pork 

production.  The studies that are listed in this table were chosen because they 

represent conventional systems which are the most similar to our conventional 

supply chains.  The remaining literature studies that were originally listed in Table 

2 were omitted as they represent a mixture of production systems and/or have 

different system boundaries.   
 

Table 22- Comparison of GHG from Australian and international conventional pork 
production using LCA (LW basis) 

Reference Country kg CO2-e/kg LW 

Basset-Mens & van der Werf (2005) France  2.3 

Verge et al. (2009) Canada 2.3 

Dalgaard & Halberg (2007) Denmark 2.3 

Cederberg et al. (2009) Sweden  2.6 

Wiedemann et al. (2010) Australia  3.9 

WA LC supply chain Australia  4.2 

QLD LC supply chain Australia  4.3 

Williams et al. (2006) UK  4.8 

QLD SMC supply chain Australia  4.9 

 
The results show that emissions from Australian pork production are in general 
higher than international systems.  The reasons for this are twofold; firstly the 
emissions from Australian electricity production can be between 33 and 90% higher 
than most European countries.  A large proportion (23-43%) of emissions 
throughout the Australian supply chains were in the form of carbon dioxide, 
reflecting the moderate – high levels of fossil fuel energy use and the high level of 
emissions associated with electricity in Australia.  Australian electricity is 
predominantly generated from coal-fired power stations, with only a small 
percentage of electricity supplied from renewable sources.  This places Australia 
at a disadvantage compared to some European countries were a higher proportion 
of electricity is generated from low emission sources such as nuclear, wind or 
hydropower. 
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The second reason for the higher emissions associated with Australian pork 
production is because of the large contribution of manure management to overall 
GHG.  The European studies determined that manure management emissions were 
the second largest contributor, ranging from 20-38% of emissions (Cederberg et al. 
2009; Basset-Mens & van der Werf 2005).  However, the previous Australian study 
by Wiedemann et al. (2010) found emissions from manure management were the 
single largest emission source.  We found that the contribution from manure 
management for conventional piggeries was 61-64% of total GHG.   

 
Two of the supply chains from this study (QLD LC and WA LC) reported lower GHG 
emissions than reported by Williams et al. (2006) for UK pork production.  This is 
primarily because of the higher nitrous oxide emissions associated with feed 
production in the UK.  Basset-Mens & van der Werf (2005) report feed production 
as the primary source of greenhouse emissions in the pork supply chain.  This is 
chiefly driven by the high levels of nitrous oxide emissions from grain production 
in Europe.  In comparison, grain production (and specifically nitrous oxide from 
grain production) played a far less significant role in the Australian pork supply 
chains.  This is the result of fundamental climate and management differences for 
grain production in Australia.  Australian grain crops are grown with low inputs of 
nitrogen and typically experience few saturation / drying events during the 
growing season, leading to less favourable conditions for N2O emissions.  Hence 
the total supply of nitrogen (the source) and the factors that promote emissions 
are both lower.   
 

In order to compare the GHG emissions from retail meat between this study and 

international systems, the data from two literature studies (Basset-Mens & van der 

Werf (2005) and Williams et al. 2006) – representing the lowest and highest 

emissions) were remodelled.  This involved applying the same handling of co-

products methods and slaughter processes as were used for supply chains in this 

study.  Table 23 shows the comparison of GHG emissions from this study and the 

literature for the production of 1 kg of retail pork.   

 
Table 23- Comparison of total GHG from Australian and international conventional pork 

production using LCA (retail meat basis) 
Reference Country kg CO2-e/kg retail pork 

Basset-Mens & van der Werf (2005) France  4.0 

WA LC supply chain Australia  7.3 

Williams et al. (2006) UK  7.9 

QLD LC supply chain Australia  7.9 

QLD SMC supply chain Australia  8.7 
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Comparing different livestock production systems 

 
This report is one of a number of recently released LCAs for Australian livestock 
species and as such it is valuable to compare the main findings of these studies.  
Results from this study are presented together with several other studies in Table 
24.  It must be noted that comparisons across species create difficulties because 
of the functional units are not the same in every respect.  For example, the 
dressing percentage of beef is lower than pork partly because the head is 
removed.  Consequently comparisons need to take these differences into account. 

 
Table 24 – Environmental impacts from the primary output product from three 

different livestock production systems in Australia 

Product Energy Use  
(MJ / kg 
product) 

Total GHG  
(kg CO2-e / kg 

product) 

ABS Equiv. water 
Use (L / kg 
product) 

Reference 

Chicken 
meat (CW*) 

12.8 - 23.2 1.9 - 2.9 8.8 - 24.6 Wiedemann et al. 
(2012) 

Eggs 10.7 – 13.1 1.3 – 1.6 11.4 – 11.6 Wiedemann & 
McGahan (2011) 

Pork (retail 
weight) 

18.8-22.1 5.0 – 8.7 28.1-66.2 This study 

* CW – chilled carcase weight –equivalent to the bone-in retail weight used for this study 

 

Caution should be taken when assessing the results presented in Table 24.  These 

studies are not directly comparable because of the differences that exist between 

functional units.  Nutritionally, these products are primarily sold for their protein 

content, however they do not share the same nutrition profile.  Additionally, the 

studies presented in Table 24 were not conducted to compare the outcome of 

changing production and consumption patterns between these products.  This 

question would require a dynamic model of marginal production systems for all 

meat products and predicted market responses to these shifts.  These things 

considered, there is still a general trend in impacts between the species.  This is 

largely driven by differences in FCR and livestock (manure or enteric) emissions.  

Comparable GHG and energy results for Australian beef and lamb were not 

available at the time of publishing this report, however, it is likely that GHG 

emissions would be considerably higher than pork based on overseas data.  Ridoutt 

et al.(2011) carried out a water footprint study of six geographically defined beef 

production systems in NSW, Australia.  The water use inventories aimed to 

quantify the impact of each of the systems on catchment water resources.  The 

consumptive water use reported in this study ranged between 24.7 and 

234 L/kg LW (about 35-334 L / kg HSCW).  In comparison, we found consumptive 

water use ranged between 40-184 L/kg HSCW pork.  This study suggests that the 

differences between water use for beef and pork are not large.  Ridoutt et al. 

(2011) also calculated stress weighted water use, reporting water use of 3.3 and 

221 L H2Oe/kg LW (about 5-316 L/kg HSCW).  Our results for pork HSCW are at the 

lower end of this range 4-45 L H2Oe/kg HSCW.    
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Implications for the Australian Industry 

 
This study expands the knowledge base regarding the environmental impacts of 
Australian pork significantly, both in terms of industry coverage (the present study 
covered about 8% of sow places Australia wide) and both geography and 
production system.  The results showed significant differences between 
production systems and production efficiency, but fewer differences related to 
production region.  This suggests that region is not a significant factor associated 
with most environmental impacts.  One exception to this was stress weighted 
water use, which was considerably higher for one region (NSW) because the 
piggery was operating in a water stressed region.   
 
Housing was found to be a significant factor influencing GHG, energy and water 
use for pork production.  Based on current knowledge, conventional housing 
generates significantly higher emissions than deep litter housing, placing deep 
litter grower-finisher systems at an advantage to conventional production. This 
also opens the possibility of deep litter systems being used to mitigate emissions 
in the pork industry.  Outdoor housing was also found to perform favourably (in 
terms of GHG intensity) with conventional housing.  This was surprising 
considering the poorer performance of the outdoor system.  However, energy use 
was higher from outdoor production (because of embedded energy in pig feed) 
and other environmental performance indicators (such as nutrient management) 
may also not be favourable.  This is a good starting point for further investigation 
into the comparative impact of these very different production systems however. 
 
While pork was found to generate higher emissions in general than chicken meat, 
some options exist to reduce emissions.  The most promising of these is to cover 
anaerobic lagoons and generate electricity.  Based on the best available 
knowledge of system efficiency from these systems, the emissions may be reduced 
by 55% using a CAP-CHP system.  This is based on conservative estimates, and 
greater efficiency in energy generation will result in a larger offset against 
emissions.  
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6. Conclusion  

This study represents a comprehensive, supply chain analysis of energy use, GHG 
and water consumption for the Australian pork industry.  The study covered three 
regions and three alternative production systems, and presented findings for the 
full production cycle through to the point of wholesale distribution of a retail 
ready product.   
 
Two functional units were used that reflected the goals of the project;  

 1 kilogram of Hot Standard Carcase Weight (HSCW), and  

 1 kilogram of chilled, bone-in retail pork cuts at the point of distribution 

for wholesale/retail.  

 
Hot standard carcase weight was used as a production oriented functional unit 
while retail cuts were used as a market oriented functional unit.  These functional 
units are different to functional units used in other pork studies, which have most 
commonly used either live weight or unallocated carcass weight.   
 
Overall, the results showed GHG emissions to be similar to previous Australian 
results by Wiedemann et al. (2010) for the same housing systems.  These studies 
are only comparable for HSCW results and the mass or economic allocation 
methods.  The system expansion method used in this study is comparable to other 
recently released studies for chicken meat and eggs and is more robust than the 
mass allocation method previously used.  In general, Australian pork is less 
efficient in terms of GHG emissions and energy use than most studies of European 
pork production.  This is mainly because of the high manure emissions for 
Australian production.  However, the DL and covered pond production systems 
investigated in this study would provide comparable results to the European 
studies.  Embodied energy was slightly higher than most European studies.  This 
may be in response to the greater transport distances for commodities such as 
feed grain used in Australian pork production. 
 
This study conducted a more detailed investigation of water use than previously 
done by Wiedemann et al. (2010), using a new inventory method (consumptive 
fresh water use) and a new impact assessment method (stress weighted water 
use).  Neither of these methods have been applied to Australian pork production 
previously.  The third method ‘ABS equivalent water use’ was used to provide a 
number comparable to other Australian studies, and is also useful because it most 
closely represents what the average Australian would understand as ‘water use’.  
Using this category, pork production was found to use a comparatively modest 
amount of water (28-66 L/kg HSCW).  Putting this into context, a four minute, 
water efficient shower requires approximately 40 L of water. 
 
Consumptive fresh water use ranged from 40-184 L/kg HSCW, with outdoor and 
free range piggeries consuming much less water than the conventional systems.  
The main areas of consumptive water use in the supply chain were at the piggery 
(16-51%) and irrigation water used for feed production (33-63%). 
 
All regions in this study with the exception of the NSW supply chain were in low 
water stress regions.  Despite this, the stress weighted water use was considerably 
lower than consumptive use for all supply chains.   
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Housing and Manure Management 

 
The study identified significant differences in environmental performance 
between outdoor, DL and conventional housing systems.  Differences in GHG were 
primarily related to manure management, with much lower emissions from the 
outdoor and DL systems compared to conventional anaerobic manure 
management.  DL finishing systems used less electricity and less water than 
conventional housing, but this trend was not observed for the outdoor breeding 
system. 
 
The deep litter finishing system (NSW) generated significantly lower GHG 
emissions than any of the conventional supply chains, as did the WA O-DL supply 
chain.  When we investigated the impact of deep litter growing-finishing further 
by comparing the QLD LC and WA LC systems with two modelled scenarios that 
housed pigs on deep litter after weaning (i.e. from 3 weeks) we found that DL 
housing resulted in 33-40% lower GHG emissions than the conventionally housed 
pork production.  This was mainly because of the difference in manure 
management which favoured the aerobic deep litter system compared to the 
anaerobic effluent ponds used at conventional piggeries.   
 
Outdoor breeding resulted in lower GHG emissions than conventional breeding, 
but resulted in higher energy demand.  Outdoor breeding has the same advantage 
as DL for reducing manure emissions, because the system is aerobic.  However, 
this is partly offset by higher nitrous oxide emissions from manure and embedded 
emissions from feed, because of the poorer FCR.  The poorer FCR resulted in 
higher embedded energy demand from outdoor breeding compared to 
conventional. 
 
Comparing results from the small and large QLD piggeries showed higher emissions 
and energy use, but lower water use from the small piggeries.  This was expected, 
considering the higher efficiency of the large piggery.  The difference (15% for 
GHG) was not as large as the difference between housing system types. 
 

Contribution Analysis 
 
For all the supply chains excluding the WA O-DL system, total GHG emissions were 
greatest from manure management.  Methane emissions dominate the 
conventional supply chains’ emissions and nitrous oxide emissions dominated 
manure emissions from deep litter and outdoor systems.  Feed production was the 
next largest contributor to GHG, followed by housing and services.   
 
Upstream feed production was found to contribute 17-40% of total GHG and 48-
61% of energy use.  The impact of feed on GHG emissions was the highest for free 
range and outdoor pig production systems due mainly to the lower manure 
management emissions.  Upstream feed production was also responsible for most 
of the consumptive water use, which was the result of irrigation water used in US 
soybean production.  
 



  

 

 

44 

The lower contribution of grain to GHG compared with most European pork studies 
was the result of two factors; i) the very high manure emissions (particularly at 
conventional piggeries), and ii) the relatively low GHG intensity for Australian 
grains.  We did not study in detail the emissions of carbon dioxide from soils in the 
grains sector however, which could result in additional GHG with grain.   
 

Uncertainty and Sensitivity 

 
This study included an analysis of uncertainty throughout the whole model.  This is 
the first time such an analysis has been completed for a pork study to our 
knowledge.  Uncertainty was lower for energy (4-7%) than water (3-16%) or GHG 
(14-20%).  The GHG model was sensitive to estimated manure characterisation and 
emission factors, particularly the effluent pond methane conversion factor (MCF) 
and the deep litter nitrous oxide emission factor.   
 

Improvement Scenarios 

 

GHG Mitigation  

 
Manure management is the largest emission source from Australian piggeries and 
offers the best options for mitigation.  We revised previous estimates of the 
mitigation potential from covering ponds at conventional piggeries, and found that 
installation of a CAP (results equally applicable for engineered digesters) together 
with a CHP unit could result in a 55% reduction in GHG and a 30% reduction in 
embodied energy.  Capturing and flaring methane resulted in a 46% reduction in 
GHG.  The use of CAPs and capture/utilisation of biogas as a GHG mitigation 
opportunity is especially interesting for pig producers as it is now a recognised 
abatement methodology under the Carbon Farming Initiative (CFI).  This 
methodology allows for the generation of additional revenue for piggery owners 
through the sale of carbon credits.   
 
Alternative housing (deep litter, outdoor) may also provide some opportunities for 
reducing GHG.  Our modelling suggested GHG emissions may be 33-40% lower than 
conventional piggeries, and may also use less energy and water.  Outdoor breeding 
(compared to conventional breeding) resulted in a 13% reduction in GHG but an 8% 
increase in energy use.  However, other environmental concerns related to 
nutrient management may exist with outdoor production and these should be 
taken into account in future research. 
 

Feed Conversion 

 
The pork industry can influence the impact of feed production in a number of 
ways.  The most important for the industry is by improving FCR.  The study by 
Wiedemann et al. (2012) for chicken meat production showed that by reducing the 
FCR by 0.1, an improvement in GHG and energy use of ~2% was achieved.  We 
expect similar results would be seen for the pork industry if these improvements 
could be made.  Another option to lower the impacts from the pig diet would be 
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to reduce the use of imported soybean meal.  We assumed protein meal was the 
marginal protein meal in Australia and therefore used this for all substitution 
processes.  This also resulted in higher consumptive water use because of the 
proportion of irrigated soy produced in the USA.   

 

Industry R&D 
 
The pork CRC has set goals for reducing GHG emissions from Australian pork to 1 
kg CO2-e / kg pork HSCW at the farm gate.  This target was considerably lower 
than the preliminary findings presented by Wiedemann et al. (2010) of 3.1-5.5 kg 
CO2-e / kg HSCW.  It is important to note that the results presented by 
Wiedemann et al. (2010) have been updated here, and were found to be similar to 
previous estimates when the same methods were applied for allocation.  However, 
the allocation method for handling co-products selected for presenting the main 
findings of the study is different to the method used in Wiedemann et al. (2010) 
and this has resulted in 10% higher emissions.  Allocation is a sensitive 
methodological procedure in LCA.  To avoid this complicating measurement of an 
industry benchmark, we suggest using a benchmark based on live weight as a 
functional unit, or by specifying what method is to be used when comparing to the 
industry target.   
 
In the present study, the best scenario for reducing GHG (pond covering with 
energy generation) resulted in GHG emissions of 2.7 kg CO2-e / kg HSCW.  There 
are still options to reduce emissions further beyond this point and further research 
would be warranted to quantify these improvement options.   
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7. Limitations/Risks  

This study covered three common production systems, and modelled production 
from three states.  The total coverage of the industry was approximately 8% of 
sow places.  While this is more comprehensive than the study by Wiedemann et al. 
(2010), there are still limitations regarding coverage.  Firstly, the piggeries 
studied have comparatively good performance for key indicators such as FCR.   
 
These do not accurately reflect the industry average, meaning environmental 
performance would be poorer for the ‘average’ Australian piggery compared to 
those reported here.  Secondly, there are some manure management systems that 
are not represented, such as daily irrigation of effluent.  While this system is not 
widely used, it is expected to generate much lower emissions than conventional 
effluent ponds.   
 
The study also relied on a limited dataset for grain production.  This may be 
revised when additional information is available or further investments are made 
into the environmental impacts of some feed grains.  We also note that the results 
did not include the impacts of soil carbon losses in grain production, which may be 
significant.  A preliminary investigation suggested this source may contribute an 
additional 0.6-0.7 kg CO2-e / kg HSCW. 
 
The industry should note that this study relied on GHG emission factors 
recommended by the DCCEE (2010) or the IPCC (Dong et al. 2006) that have not 
been validated under Australian conditions.  It is possible that the emissions 
profile for Australian pigs may change when new research is completed 
investigating these emissions. 
 
This report contains comparisons between housing systems that show some 
systems generate lower GHG emissions than others.  In particular, outdoor systems 
were found to generate lower emissions than conventional systems.  This has the 
potential to create negative press for the industry by pig producers or media 
outlets using the results to criticise conventional pork production.   
 
We also note that there are other important environmental considerations when 
comparing outdoor and conventional piggeries (related mainly to land use and 
eutrophication) and we suggest that further research is required before the true 
performance of outdoor production is known.    
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8. Recommendations  

The pork CRC has set a GHG target of 1.0 kg CO2-e/kg HSCW for Australian pork 
production.  This study found that emissions may be reduced to 2.7 kg CO2-
e/kg HSCW at conventional piggeries using a CAP and CHP.  It should be noted that 
these two values may not be directly comparable as the pork CRC system 
boundary may be different to the boundary used in this study.  The system 
boundary used by the pork CRC would need to be described in detail so as to make 
meaningful comparisons between the results of this study and the CRC target.   
 
Other options for reducing GHG emissions from piggeries include rapid irrigation of 
effluent from covered ponds to reduce secondary emissions, use of by-product 
feeds or other low emission feeds such as algae.  The emission offset associated 
with energy generation may also prove to be greater than what was modelled here 
if high efficiency generators are installed, and if pond methane yields are found to 
be higher than currently anticipated.  Another option to reduce emissions would 
be to generate electricity from deep litter.  Daily irrigation of manure is also 
expected to result in lower GHG emissions, though other disadvantages exist with 
this system.  Further modelling of these approaches (and others) may be 
warranted to provide a pathway to achieving the pork CRC target of 1 kg CO2-e / 
kg HSCW. 
 
We recommend that the pork industry take an inventory of the industry to 
determine what proportion of pigs are housed in each different system. This would 
allow a more accurate industry average to be determined, and would also inform 
the National GHG Inventory process.  The current National Inventory estimates for 
the number of pigs in each manure management system are incorrect and do not 
appear to account for pigs on deep litter.  
 
Wiedemann et al. (2010) previously highlighted the sensitivity of emissions from 
pork to manure estimation and the choice of manure emission factors.  Currently, 
these factors are not based on Australian research.   
 
The choice of emission factors significantly influences the GHG emissions profile 
of pork production.  Two approaches were used in this study.  The first estimation 
approach followed the methods used for the Australian national greenhouse gas 
inventory, as documented in DCCEE (2010).  This is a streamlined, proscriptive 
method based on the IPCC default values.  A second approach was also applied, 
using a full mass balance for the piggery system and emission factors based on the 
best available science.  The aim of this approach was to apply emission factors 
that best represent the conditions experienced by the piggeries in the study. This 
approach also included additional emission sources not included in the Australian 
National Inventory.  This was the approach used throughout this report.  A 
sensitivity analysis was carried out to show the change in emissions when the full 
DCCEE method is used instead of the best science approach for the three 
conventional piggeries.  The results showed that emissions decrease by 2%.  The 
DCCEE and IPCC emission factors are based on international studies and have not 
been validated by Australian research.  Considering this, the accuracy of results 
presented from this report is limited by the emission factors available.  Therefore 
fundamental, Australian research to validate these emission factors or propose 
new factors is strongly recommended. 
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This study investigated the impact of water use using a new method ‘stress 
weighted water use’.  This showed that, when compared to the global stress 
weighted water use average, much of Australia’s pork is produced under low 
water stress conditions.  We consider this information much more useful than 
previous indicators such as the ‘water footprint’ of pork.  
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Appendix 1  

Uncertainty 

 
All inventory data are reported with an indication of uncertainty.  Uncertainty was 
determined using two methods; firstly, the pedigree matrix system (Weidema & 
Wesnaes 1996), was used for most inputs from the technosphere (i.e. electricity, 
fuel) and water inputs. The second approach used minimum and maximum values 
determined from the survey data, which were input using a triangular distribution 
in the modelling program SimaPro 7.3.  This approach was taken for some flows 
between sub-systems (i.e. feed use) and for some important emission factors in 
the manure management system.  These data are reported as a range (percentage 
+/- mean). 
 

Farm Inventory Data 

 
Piggeries use a range of inputs for the production of a finished pig.  For example, 
energy is used for heating/cooling, feed management, transport of commodities 
to/from the piggery and internally, lighting, water pumping and general 
maintenance.  Typically this energy is sourced from electricity, LPG gas, diesel 
and petrol.  Energy usage data were collected from records kept by the piggeries 
for a 12 month period.   
 
Piggeries require a significant amount of infrastructure.  To account for this in the 
LCI, construction data were sourced from a local structural engineering company 
that has designed several piggeries similar to those included in this project.  
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Queensland Small-Medium Piggery Supply Chain  

 
Table 25 shows the aggregated material inputs and outputs per 100 kg LW for 
Supply Chain 1.   

 
 

Table 25 - Aggregated material inputs and outputs for Supply Chain 1 (QLD SMC) 

Materials Data source description Units 
per 

100 kg 
LW 

Uncertainty  
(SD or range) 

Feed ration Data collected from farm kg 324.51 1.01 

Energy         

Electricity Data collected from farm kWh 15.45 1.01 

LPG  
 

L 0.27 1.30 

Diesel - farm 
 

L 0.26 1.30 

Petrol 
 

L 0.68 1.30 

Staff and 
service 
transport 

 
km 4.79 1.92 

Minor Inputs         

Construction 
    

Concrete (25 yr 
life) 

All construction data estimated from 
shed description and dimensions  

m3 0.02 4.77 

Steel (25 yr 
life)  

kg 0.96 4.77 

Other Purchases and inputs (expenses)       

 
$ spent on veterinary products $ 6.40 1.48 

 
$ spent on repairs/maintenance $ 2.67 1.48 

 
$ spent on accounting $ 1.55 1.48 

Outputs         

Cull sows   
kg 3.58   

Excreted 
Manure 

        

Manure N Mass Balance kg 7.58 
 

Manure VS Mass Balance kg 53.77 
 

Manure P Mass Balance kg 1.82 
 

Manure K Mass Balance kg 1.86 
 

Emissions         

Shed ammonia 
losses (NH3-N) 

Mass Balance kg 0.61 
 

Enteric 
methane 

Mass Balance kg 0.77   
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Queensland Large Piggery Supply Chain  

 
Table 26 shows the aggregated material inputs and outputs for the production per 
100 kg LW for Supply Chain 2.   

 
 

Table 26 - Aggregated material inputs and outputs for Supply Chain 2 (QLD LC) 

Materials Data source description Units 
per 

100 kg 
LW 

Uncertainty  
(SD or range) 

Feed ration Data collected from farm kg 308.95 1.01 

Energy         

Electricity Data collected from farm kWh 22.82 1.01 

LPG  
 

Litres 0.29 1.01 

Diesel - farm 
 

L 0.52 1.01 

Petrol 
 

L 0.22 1.01 

Staff and service 
transport  

km 5.11 2.04 

Minor Inputs         

Construction 
    

Concrete (25 yr life) 
All construction data estimated 
from shed description and 
dimensions  

m3 0.02 4.77 

Steel (25 yr life)   kg 0.73 4.77 

Other Purchases and inputs (expenses)       

 
$ spent on veterinary products  $ 7.82 1.48 

 
$ spent on repairs/maintenance $ 2.76 1.48 

 
$ spent on accounting $ 1.60 1.48 

Outputs         

Cull sows   
kg 3.90   

Excreted Manure         

Manure N Mass Balance kg 6.60 
 

Manure VS Mass Balance kg 42.26 
 

Manure P Mass Balance kg 1.64 
 

Manure K Mass Balance kg 1.41 
 

Emissions         

Shed ammonia 
losses (NH3-N) 

Mass Balance kg 0.53 
 

Enteric methane Mass Balance kg 0.68   
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New South Wales Large Conventional – Deep Litter Piggery Supply 
Chain 

 
Table 27 shows the aggregated material inputs and outputs for the production of 
100 kg LW for Supply Chain 3.   
 

Table 27 - Aggregated material inputs and outputs for Supply Chain 3 (NSW C-DL) 

Materials Data source description Units 
per 

100 kg 
LW 

Uncertainty  
(SD or 
range) 

Feed ration Data collected from farm kg 277.61 1.01 

Bedding - straw   kg 24.17 1.01 

Energy     
 

  

Electricity Data collected from farm kWh 17.63 1.01 

LPG  
 

L 2.03 1.30 

Diesel - farm 
 

L 0.24 1.01 

Petrol 
 

L 0.11 1.01 

Staff and  
service transport  

km 0.22 1.92 

Minor Inputs     
 

  

Construction 
    

Concrete (25 yr life) 
All construction data estimated 
from shed description and 
dimensions  

m3 0.02 4.77 

Steel (25 yr life)   kg 0.94 4.77 

Other Purchases and inputs (expenses)   
  

 
$ spent on veterinary products  $ 7.38 1.48 

 
$ spent on repairs/maintenance $ 2.61 1.48 

 
$ spent on accounting $ 1.51 1.48 

Outputs     
 

  

Cull sows  
kg 5.15   

Excreted Manure     
 

  

Manure N Mass Balance kg 5.36 
 

Manure VS Mass Balance kg 36.50 
 

Manure P Mass Balance kg 1.10 
 

Manure K Mass Balance kg 1.30 
 

Emissions     
 

  

Shed ammonia 
losses (NH3-N) 

Mass Balance kg 0.45 
 

Enteric methane Mass Balance kg 0.63   
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Western Australian Large Conventional Supply Chain 

 
The WA LC supply chain operates the breeder, weaner and grower-finisher units at 
different sites.  Table 28 shows the aggregated material inputs and outputs per 
100 kg LW for Supply Chain 4.   

 
Table 28 - Aggregated material inputs and outputs for Supply Chain 4 (WA LC) 

Materials Data source description Units 
per 
100 

kg LW 

Uncertainty  
(SD or range) 

Feed ration Data collected from farm kg 268.26 1.01 

Energy         

Electricity Data collected from farm kWh 21.39 1.01 

LPG  
 

L 0.17 1.30 

Diesel - farm 
 

L 0.33 1.30 

Petrol 
 

L 1.28 1.30 

Staff and service  
transport  

km 3.66 1.92 

Minor Inputs         

Construction 
    

Concrete (25 yr life) 
All construction data 
estimated from shed 
description and dimensions  

m3 0.02 4.77 

Steel (25 yr life)   kg 0.71 4.77 

Other Purchases and inputs (expenses)       

 
$ spent on veterinary 
products 

$ 8.63 1.48 

 
$ spent on 
repairs/maintenance 

$ 3.05 1.48 

 
$ spent on accounting $ 1.77 1.48 

Outputs         

Cull sows   
kg 6.92   

Excreted Manure         

Manure N Mass Balance kg 5.22 
 

Manure VS Mass Balance kg 41.60 
 

Manure P Mass Balance kg 1.37 
 

Manure K Mass Balance kg 1.30 
 

Emissions         

Shed ammonia losses 
(NH3-N) 

Mass Balance kg 0.38 
 

Enteric methane Mass Balance kg 0.59   
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Western Australian Outdoor – Deep Litter Supply Chain 

 
The WA O-DL supply chain operates the breeder and weaner-grower stages on the 
same property, while the grower-finisher operation is contracted to another 
entity.  As was the case with the WA LC supply chain, it was decided to display the 
inputs and outputs for supply chain 5 for the breeder, weaner and grower-finisher 
units.  Table 29 shows the aggregated material inputs and outputs per 100 kg LW 
for Supply Chain 5.   
 

Table 29 - Aggregated material inputs and outputs for Supply Chain 5 (WA O-DL) 

Materials Data source description Units 
per 

100 kg 
LW 

Uncertainty  
(SD or range) 

Feed ration Data collected  from farm kg 322.96 1.01 

Bedding - straw   kg 72.54 1.01 

Energy         

Electricity Data collected from farm kWh 3.06 1.01 

LPG  
 

L 0.37 1.30 

Diesel - farm 
 

L 1.14 1.01 

Petrol 
 

L 0.17 1.01 

Staff and service 
transport  

km 10.41 1.92 

Minor Inputs         

Construction 
    

Concrete (25 yr life) 
All construction data  
estimated from  shed 
description and dimensions  

m3 0.001 4.77 

Steel (25 yr life)   kg 0.88 4.77 

Other Purchases and inputs (expenses) 

 
$ spent on veterinary 
products  

$ 12.83 1.48 

 
$ spent on 
repairs/maintenance 

$ 8.63 1.48 

 
$ spent on accounting $ 2.05 1.48 

Outputs         

Cull sows   
kg 5.68   

Excreted Manure         

Manure N Mass Balance kg 6.45 
 

Manure VS Mass Balance kg 48.06 
 

Manure P Mass Balance kg 1.43 
 

Manure K Mass Balance kg 1.65 
 

Emissions         

Shed ammonia losses 
(NH3-N) 

Mass Balance kg 0.52 
 

Enteric methane Mass Balance kg 0.72   
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Feed Milling 

 
Feed milling inventory data for all piggeries were based on a survey of three mills 
producing pig feed in eastern Australia, by Wiedemann et al. (2010).  These data 
are presented in Table 30.   

 
Table 30 – Major inputs for feed milling (aggregated data – all supply chains) 

Inputs  Data source description Units 
Per tonne 

feed milled 

Energy 
   Electricity Average of three feed mills 
producing pig feed in 
eastern Australia 

kWh 32.0 

LPG  MJ 67.7 

Diesel L 0.6 

Water 
   Reticulated 

supply 
Average of three feed mills 
producing pig feed in 
eastern Australia, 100% 
reticulated supply 

L 113 

 
 

Meat Processing 

 

Meat processing plants use large quantities of energy and clean water in the 

slaughtering process.  Energy is used for machine operation and cooling of the 

slaughtered carcass.  Water is used to maintain high food hygiene standards.  

Water is used for watering and washing livestock, cleaning process equipment and 

work areas, and washing carcasses. Cleaning makes up a large proportion (around 

50%) of water use.  As was the case with feed milling, meat processing data were 

aggregated from data collected at several Australian meat processing facilities by 

Wiedemann et al. (2010).  Table 31 provides the input data to process 1000 kg hot 

standard carcase weight (HSCW) used in this study. 

 
Table 31 – Inputs to meat processing to process 1000 kg HSCW 

Inputs Type Description Units 

Value per  
1000 kg 
HSCW 

Energy Electricity 
Data collected from 4 
Australian abattoirs kWh 205 

  LPG  
 

L 12.6 

  Natural Gas  
 

m3 4.8 

  Diesel 
 

L 0.4 

  Petrol 
 

L 0.2 

  Coal 
 

kg 9.2 

Water Reticulated supply   L 6550 
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Appendix 2 

Feed Inputs 

 
Feed inputs are the largest (and most expensive) input for pork production, with 
the largest volume being fed to the grower-finisher pigs.  Pigs are fed on staged 
diets matched to the nutritional requirements of the growing animals.  Rations are 
formulated on a ‘least cost’ basis, resulting in variations to the input products 
throughout the year.  For the purposes of the study, aggregated commodity inputs 
(aggregated over 12-months) were used.  Feed input data were also required for 
modeling manure GHG emissions (i.e. digestibility, ash and crude protein) and 
these data were generated based on the specific rations. 
 
Commodity inputs to the rations were simplified using a substitution process 
(Wiedemann & McGahan 2011, Wiedemann et al. 2010).  In particular, substitution 
processes were used for protein by-product inputs such as meat meal because of 
the sensitivity of these products to allocation processes within the original supply 
chains for other livestock products (i.e. beef, lamb or fish).  Animal protein by-
products were substituted for soybean meal (considered the marginal protein 
meal) on a ‘kg of protein equivalent’ basis following Wiedemann et al. (2010) and 
were corrected for energy.  Similarly, tallow was substituted for canola oil.   
 
Data were not available for a number of minor dietary inputs.  These inputs fall 
into two categories; products that require a low level of manufacturing and are of 
low cost (i.e. salt) and products that are high cost such as vitamins, synthetic 
amino acids and some minerals.  High cost inputs are more likely to be associated 
with high levels of manufacturing (and energy input) and may be transported 
globally.  To address this, low cost inputs were substituted for lime (calcium 
carbonate), and high cost inputs were substituted for synthetic amino acids using 
economic value to inform the substitution ratio. 

 
 

Feed Inventory Data 

Queensland Small-Medium Piggery Supply Chain  

 
Feed data were collected for the total feed intake over 12 months for each class 
of pig, by ration type.  Commodity inputs for the pig rations were obtained from 
the feed mill and from the piggery nutritionist.  There are many rations fed 
throughout the year with a different formulation based on the nutritional 
requirements of the pigs and the cost of inputs.  To simplify these numerous 
rations, three representative rations were developed for the breeder unit, the 
weaner unit and the grower/finisher unit respectively.  These were developed by 
taking the total commodity inputs for these units over a 12 month period (data 
obtained from the nutritionist).  Table 32 shows the aggregated, simplified rations 
for the breeder, weaner and grower / finisher units in supply chain 1.   
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Table 32 – Aggregated, simplified breeder, weaner and grower-finisher rations for 
Supply Chain 1 (QLD SMC) 

Commodities (protein content in brackets) 
Breeder 
ration 
 (kg/t) 

Weaner 
ration 
(kg/t) 

Grower-
finisher 
ration 
(kg/t) 

Barley 10% 214.6 33.5 40.6 

Maize 8% 16.7 26.5 23.1 

Sorghum 11% 223.7 88.1 292.1 

Wheat 14% 250.0 550.9 355.4 

Wheat Extruded 16.0 23.4 0.0 

Wheat bran 10.1 33.1 13.7 

Millrun 75.3 0.2 44.5 

Plant protein meals 72.9 115.8 154.4 

Animal protein by-products 66.7 81.7 44.1 

Dairy by-products 9.4 11.7 0.1 

Oil 10.4 13.6 7.4 

Low cost additives 22.8 3.5 15.9 

High cost additives 11.5 18.0 8.7 

Total  1000 1000 1000 

 
 

Queensland Large Piggery Supply Chain  

 
 

Table 33 shows the aggregated, simplified rations for the breeder, weaner and 
grower / finisher units in supply chain 2.   
 

Table 33 – Aggregated, simplified breeder, weaner and grower-finisher rations for 
supply chain 2 (QLD LC) 

Commodities (protein content in brackets) 
Breeder 
ration 
 (kg/t) 

Weaner 
ration 
(kg/t) 

Grower-
finisher 
ration 
(kg/t) 

Barley 10% 396.7 0.0 45.6 

Sorghum 11% 254.6 37.5 468.2 

Wheat 14% 163.1 754.6 232.9 

Wheat Extruded 21.2 0.0 0.0 

Plant protein meals 64.1 94.2 169.9 

Animal protein by-products 51.6 99.2 67.0 

Dairy by-products 15.3 0.0 0.0 

Oil 5.8 5.0 3.1 

Low cost additives 16.9 2.0 8.9 

High cost additives 10.2 7.6 4.4 

Total  1000 1000 1000 
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New South Wales Large Conventional – Deep Litter Piggery Supply 
Chain 

 

 
Table 33 shows the aggregated, simplified rations for the breeder, weaner and 
grower / finisher units in supply chain 3 (NSW C-DL).   

 

 
Table 34 – Aggregated, simplified breeder, weaner and grower-finisher rations for 

supply chain 3 (NSW C-DL) 

Commodities (protein content in brackets) 
Breeder 
ration 
 (kg/t) 

Weaner 
ration 
(kg/t) 

Grower-finisher 
ration  
(kg/t) 

Barley 10% 175.6 0.0 0.0 

Wheat 12% 668.3 622.4 636.5 

Oats 8% 0.0 33.0 0.0 

Plant protein meals 70.0 152.7 306.1 

Animal protein by-products 64.0 144.0 16.2 

Dairy by-products 3.8 0.0 0.0 

Oil 5.2 39.3 6.1 

Low cost additives 12.6 3.3 29.9 

High cost additives 0.4 5.4 5.2 

Total  1000 1000 1000 
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Western Australian Large Conventional Supply Chain 

 
Table 35 shows the aggregated, simplified rations for the breeder, weaner and 
grower / finisher units in supply chain 4 (WA LC).   

 
 

Table 35 – Aggregated, simplified breeder, weaner and grower-finisher rations for 
supply chain 4 (WA LC) 

Commodities (protein content in brackets) 
Breeder 
ration 
 (kg/t) 

Weaner 
ration 
(kg/t) 

Grower-
finisher ration 

(kg/t) 

Barley 10% 402.3 123.0 490.9 

Triticalae 12.5% 53.8 0.0 98.9 

Wheat 10% 208.4 468.4 54.2 

Biscuit meal 9.1 0.0 0.0 

Groats 16.1 0.0 0.0 

Lupins 234.4 222.4 253.9 

Millrun 0.0 4.7 0.0 

Plant protein meals 19.7 86.5 47.1 

Animal protein by-products 23.5 78.7 32.7 

Dairy by-products 3.0 0.0 0.0 

Low cost additives 26.6 9.9 19.4 

High cost additives 3.1 6.4 2.8 

Total  1000 1000 1000 
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Western Australian Outdoor – Deep Litter Supply Chain 

 
Table 36 shows the aggregated, simplified rations for the breeder, weaner and 
grower / finisher units in supply chain 5 (WA O-DL).   

 
Table 36 – Aggregated, simplified breeder, weaner and grower-finisher rations for 

supply chain 5 (WA O-DL) 

Commodities (protein content in brackets) 
Breeder 
ration 
 (kg/t) 

Weaner ration 
(kg/t) 

Grower- 
finisher  
ration  
(kg/t) 

Barley 10% 393.3 26.5 499.3 

Triticalae 12.5% 0.0 0.0 49.2 

Wheat 10% 212.6 555.6 76.4 

Biscuit meal 2.5 13.3 0.0 

Groats 4.4 23.6 0.0 

Lupins 225.4 223.4 293.7 

Millrun 117.9 0.0 26.2 

Plant protein meals 4.9 37.0 20.0 

Animal protein by-products 8.8 89.3 6.2 

Dairy by-products 0.8 4.4 0.0 

Low cost additives 26.6 11.7 22.7 

High cost additives 2.7 15.1 6.4 

Total  1000 1000 1000 
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Appendix 3 

Manure Mass Balance and Greenhouse Gas Emissions 

Two stages are required to estimate manure-related emissions.  The first stage is 
to predict manure excretion from the pigs, and the second stage is to predict 
emissions from each point in the manure system.  To accurately track flows and 
emissions a mass balance is required for the whole piggery system, beginning with 
the feed entering the piggery and ending with manure utilisation or disposal.  
Manure emissions were estimated using two approaches.   
 

Approach 1: Best Science 
 
The first estimation approach used a full mass balance combined with the most 
representative emission factors available.  The aim of this approach was to apply 
emission factors that best represent the conditions experienced by the piggeries in 
the study. This approach included additional emission sources not included in the 
Australian National Inventory.  
 

 
Approach 2: Australian National GHG Inventory Method (DCCEE 2010). 
 
This approach was used for comparison, following the Australian national 
greenhouse gas inventory, as documented in DCCEE (2010).  This is a streamlined, 
proscriptive method based on the IPCC default values.  This method has been 
applied directly as outlined by the manual for the emission estimation without 
modification to approximate the national inventory, though at a smaller (supply 
chain) scale.  It is noted that very little research has been done to validate the 
emission factors recommended by the DCCEE for manure from pork production.   

 
 

Manure Excretion Model 

 
Greenhouse gas emission estimation from manure management relies on the 
prediction of specific manure properties; excreted volatile solids (VS) and nitrogen 
(N).  Other nutrient components of manure are also relevant for estimating 
nutrient by-product value in manure.   
 
Manure VS and N excretion were estimated using a dry matter digestibility 
(DMDAMP) and mass balance model (PIGBAL) for VS and N respectively (Casey et 
al. 2000).  Prediction of effluent stream VS is also sensitive to feed wastage, as 
this can contribute a large proportion of the VS.  Feed wastage is difficult to 
measure and was estimated based on the FCR, with input from industry 
nutritionists.  Model inputs included herd productivity data, feed inputs and feed 
characteristics (i.e. digestibility, protein). Table 37 shows relevant input data for 
grower-finisher pigs (the largest contributors to manure emissions). 
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Table 37 – Average feed wastage, DMD and crude protein levels for grower/finisher pigs 

(as-fed basis) 

  Feed Wastage Dry matter digestibility (DMD) Crude Protein of diet 

QLD SMC 7.5% 84.5% 19.6% 

QLD LC 5.0% 85.7% 17.3% 

NSW C-DL 3.8% 87.6% 14.6% 

WA LC 5.0% 82.7% 15.6% 

WA O-DL 5.0% 83.3% 16.3% 

 
Uncertainty within the mass balance model took variability in feed wastage, diet 
digestibility and dietary crude protein into account.  Feed wastage was assumed 
to vary from 6.5-8.5% for the QLD SMC piggeries, from 5-7% for the QLD LC, WA LC 
and WA O-DL piggeries, and from 3.8-5% for the NSW C-DL piggeries.  Variability in 
diet digestibility and crude protein was determined from data diet data collected 
from each farm, and was in the order of +/- 1.5%. 

 

Emissions from Conventional Facilities 

 
Emissions from conventional facilities include housing emissions, emissions from 
liquid effluent treatment (in open, anaerobic ponds) and emissions from effluent 
and solids utilisation or disposal.   

 
 
Housing 
 
While pigs are a non-ruminant animal, they still produce small amounts of enteric 
methane.  The method described in the DCCEE (2010) was used to estimate 
enteric methane from pigs for both estimation methods.   
 
ME = I x 18.6 x 0.007 / F      Equation 1 

 

Where: 

 I  = intake (kg of dry matter) 

 F  = 55.22 MJ/kg CH4 

 18.6  = MJ GE/kg feed (dry matter) 

Additionally, conventional pig houses loose a small amount of nitrogen as 
ammonia.  These losses are estimated to be 8% of excreted N by PIGBAL, and this 
factor was used for the best science approach.  No emissions were assumed from 
this point following the DCCEE (2010) method.   

 
 
Anaerobic Effluent Ponds 
 
Three relevant emissions arise from effluent ponds; methane, nitrous oxide and 
ammonia. Methane emissions were estimated using the generalized formula from 
the Australian inventory (DCCEE 2010). 
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M = VS x Bo x MCF x p      Equation 2 

 

Where: 

VS  = Volatile Solids entering the treatment system (excreted and feed 
wastage VS) 

Bo  = Ultimate methane yield (0.45 m3 CH4/kg VS) 

MCF  = Methane Conversion Factor for the given manure treatment 
system 

ρ  = Density of methane (0.662 kg/m3) 

The ultimate methane yield (Bo) is the amount of methane that is produced under 
laboratory conditions, reported as m3 CH4/kg VS (IPCC 2006). 
 
The MCF reflects the portion of ultimate methane potential that is actually 
yielded in a given system.  MCF values vary with the manner in which the manure 
is managed and the climate, and can theoretically range from 0 to 100%.  Both 
temperature and retention time play an important role in the calculation of the 
MCF.  Manure that is managed as a liquid under warm conditions for an extended 
period of time promotes methane formation.   
 
The MCF values used in this study were taken from the Australian National 
Inventory (DCCEE 2010) and are reported in Table 38.   
 
Effluent ponds also generate small amounts of nitrous oxide (Harper et al. 2000) 
and can lose large amounts of ammonia.  Nitrogen loss assumptions are provided 
in Table 38.  Table 38 also provides the portioning factors used to apportion 
nitrogen and other nutrients of interest to the sludge or supernatant fraction in 
the effluent pond.  Table 39 shows the factors used for the DCCEE method.   

 
Table 38 – Best science emission factors for conventional effluent treatment systems 

Parameter Best Science Uncertainty  
(SD or 
range) 

  Value Reference 
  

Ultimate methane yield (Bo) 0.45 IPCC 1997 0.38-0.52 

Methane conversion factor (MCF) 0.9 DCCEE (2010) 0.79-0.90 

Ammonia emission factor  0.55 Midpoint based on range 
in (Tucker et al. 2010) 

0.40-0.70 

Nitrous oxide emission factor 0.01 DCCEE (2010) 0.002-0.05 

N partitioning factor to sludge 0.23 Wiedemann et al. (2010) N.R 

P partitioning factor to sludge 0.9 Kruger et al.(1995) N.R 

K partitioning factor to sludge 0.05 Expert judgment N.R 
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Uncertainty in the Bo factor is reported to be +/- 15% by the IPCC (Dong et al. 
2006).  This provided a range in Bo of 0.38 - 0.52 m3 CH4 / kg VS for Australian 
piggeries using the 0.45 factor from the DCCEE (2010) as a mean. 
 
The DCCEE do not provide an uncertainty range for the MCF for uncovered 
lagoons, and no trials have been done in Australia to determine actual emission 
rates.  Research by Sharpe et al. (2002) for anaerobic ponds in the USA suggested 
lower rates may occur under field conditions than previously expected. The range 
in MCF used for the uncertainty analysis were drawn from Dong et al. (2006) for 
regions with average temperatures >23oC.  
 

Table 39 – DCCEE emission factors for conventional effluent treatment systems 

Parameter DCCEE Uncertainty  
(SD or range) 

  Value 
  

Ultimate methane yield (Bo) 0.45 0.38-0.52 

Methane conversion factor (MCF) 0.9 0.79-0.90 

Ammonia emission factor  N.R N.R 

Nitrous oxide emission factor 0.01 0.002-0.05 

N partitioning factor to sludge N.R N.R 

P partitioning factor to sludge N.R N.R 

K partitioning factor to sludge N.R N.R 

 
 
Effluent and Solids Utilisation or Disposal 
 
Conventional effluent treatment systems dispose of a large proportion of the 
excess water from the system by evaporation in many Australian regions.  
However, a proportion of effluent needs to be utilised or disposed of to maintain 
the pond water balance without allowing unregulated releases.  All conventional 
piggeries studied disposed of excess effluent via land disposal.  Piggery effluent 
contains nutrients that are beneficial for crop or pasture production and some 
salts.  This water may be classified based on functionality as suitable for irrigation 
to non-human edible crops or pastures and therefore not considered a 
consumptive use by the piggery (Boulay et al. 2011).  However, this classification 
approach should only be used where it can be clearly shown that the water is 
actually used in another productive crop or pasture system.  This is termed 
‘utilisation’.  Where effluent and/or sludge utilisation results in avoided fertiliser 
use, it is reasonable to apply an offset to the pork production system equivalent 
to the avoided fertiliser use.  To achieve this, it is necessary to determine 
equivalence factors for substituting nitrogen, phosphorus and potassium in 
effluent and sludge for synthetic fertilisers. 
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Wiedemann et al. (2010) suggested that nutrients present in sludge, effluent (or 
deep litter) cannot be considered directly transferable on a kilogram basis with 
nitrogen or phosphorus fertilisers.  The main reason for this was that nutrients 
contained in effluent and sludge may be in a form that is less available for plant 
uptake.  Additionally, 20-30% of nitrogen in sludge or effluent is typically lost 
during application (Rotz 2004) unless the sludge or effluent is rapidly incorporated 
or irrigated to wash the readily available ammonium nitrogen into the soil.  The 
loss rate from fertiliser N is likely to be lower than this, particularly if it is banded 
in the soil. 

 
Table 40 – Piggery nutrient by-product substitution ratios with fertiliser products  

Nutrient Substitution product Piggery Sludge Piggery 
Effluent 

  Wiedemann et 
al. (2010) 

Wiedemann et 
al. (2010) 

Nitrogen 1 kg of nitrogen as Urea 0.5 0.6 

Phosphorus 1 kg of phosphorus as 
Triple Superphosphate  

0.7 0.7 

Potassium 1 kg of potassium as 
Potassium Chloride 

0.9 0.9 

 
Equivalence factors depend on management.  Improved management of effluent 
or solids application, and improved management of the soil / crop system may 
result in higher efficiencies of nutrient utilisation.  The substitution process used 
in this study for nitrogen was not only the production of an equivalent mass of 
nitrogen as fertiliser, but also the application of this fertiliser.  This took into 
account emissions from fertiliser application and emissions from manure 
application.  This process was used to take account of the higher emissions 
assumed to be generated when applying manure compared to synthetic fertiliser 
according to the DCCEE (2010).   
 
Where effluent is not utilised in an alternative system, but is irrigated to low 
value pastures, the term ‘sustainable disposal’ is used.  Sustainable practices for 
disposal focus on ensuring that nutrient losses do not occur with run-off or 
nutrient leaching.  This requires balancing of soil nutrient holding capacities and 
the nutrient uptake from plants.  Provided soils are regularly monitored to ensure 
excessive nutrient levels do not build up, land application can be sustainable for 
several years.  Disposal practices are regulated in Australia, and further guidelines 
for sustainable application are available in Tucker et al. (2010). 
 
Effluent disposal systems are common in Australian piggeries, and all effluent 
systems were classified this way in the present study.  In disposal systems, water 
evaporates or transpires (evapo-transpiration) from low value pastures.  Water use 
and emissions from the disposal system were therefore attributed to the piggery.  
 
Solids (sludge) are removed from ponds infrequently, and may be either disposed 
of or utilised.  Because of the high nutrient value of this product, all farms 
expected to sell sludge for beneficial utilisation on crops or pastures and it was 
handled as such in the study.  
 
Manure N applied in effluent or solids are a source of nitrous oxide emissions.  
Nitrogen applied is calculated as:  
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Napplic = Nexcreted – Nlosses (N2O-N and NH3-N from sheds and liquid or solid storage) 
 
The best science emission factors from land application of solids and effluent used 
in this study are reported in Table 41, while the DCCEE emission factors are 
reported in Table 42. 

 
Table 41 – Best science land application emission factors for solids and effluent 

utilisation and disposal  

Parameter 

Best Science 

Uncertainty  
(SD or 
range) 

  Value Reference 
  

Nitrous oxide emission factor – effluent application 0.004 DCCEE 
(2010) value 
for irrigated 
pasture 

0.002-0.006 

Nitrous oxide emission factor – solids application 0.01 DCCEE 
(2010)  

0.002-0.05 

Ammonia emission factor – effluent application 0.15 Wiedemann 
et al. (2010) 

N.R 

Ammonia emission factor – solids application 0.2 Wiedemann 
et al. (2010) 

N.R 

 
Uncertainty in the estimation of nitrous oxide from soils used a range of ± 50% for 
effluent and solids, based on the range of data presented in the DCCEE (2010).   

 
Table 42 – DCCEE land application emission factors for solids and effluent utilisation 

and disposal  

Parameter DCCEE Uncertainty  
(SD or range) 

  Value 
  

Nitrous oxide emission factor – effluent application 0.004 0.002-0.006 

Nitrous oxide emission factor – solids application 0.01 0.002-0.05 

Ammonia emission factor – effluent application N.R N.R 

Ammonia emission factor – solids application N.R N.R 
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Emissions from Deep Litter Facilities 

 
Emissions from deep litter systems arise from multiple points, including the house, 
spent litter stockpile and land application (utilisation) stages.   

 
Housing and Spent Litter Stockpiling  
 
Emissions arising from housing are primarily from the manure / litter mixture.  
Enteric emissions from the pigs were considered the same as conventional 
systems.  Best science litter emission factors used in this study are reported in 
Table 43, while DCCEE deep litter emission factors are shown in Table 44. 

 
 
 

Table 43 – Best science emission factors for deep litter systems 

Parameter Best Science 

Uncertainty  
(SD or 
range) 

  Value Reference 
  

Methane conversion factor (MCF) 0.015 DCCEE (2010) 0.01-0.02 

Nitrous oxide emission factor - housing 0.01 
Dong et al. 
2006 

0.005-0.02 

Nitrous oxide emission factor - stockpiling 0.005 
Dong et al. 
2006 

0.005-0.01 

Ammonia emission factor – housing 0.1275 
Wiedemann et 
al. (2010) 

0.10-0.20 

Ammonia emission factor – stockpiling  0.2 
Wiedemann et 
al. (2010) 

 

Ammonia emission factor – housing and storage n.a n.a n.a 

 
Table 44 – DCCEE emission factors for deep litter systems 

Parameter DCCEE Uncertainty  
(SD or range) 

  Value   
Methane conversion factor (MCF) 0.015 0.015-0.05 

Nitrous oxide emission factor 0.02a 0.01-0.03 

Ammonia emission factor – housing n.a n.a 

Ammonia emission factor – stockpiling  n.a n.a 

Ammonia emission factor – housing and storage 0.45 0.30-0.60 

a This covers both housing and storage emissions. 
 
Land Application 
 
Emissions from spent litter application were determined using the emission factors 
reported in Table 41 and Table 42.  Spent litter is considered a valuable 
alternative fertiliser and soil conditioner product in Australia.  To handle the 
nutrient value in spent litter, a system expansion approach was used to account 
for avoided fertilizer (manufacture and application emissions).  Nutrient 
equivalence factors were considered the same as the solids reported in Table 40 
and emission factors were equivalent to those reported for solids in Table 41.   
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Emissions from Outdoor Facilities 

 
In outdoor free-range piggeries, the VS and nitrogen excreted in the manure is 
deposited directly to land without treatment.  These emissions may be classified 
from a ‘drylot’ or pasture system.  They differ from ‘land application’ emissions, 
which arise from manure cleaned from houses and spread mechanically.  

 
 
Direct Deposition 
 
Emission factors were drawn from the ‘drylot’ classification in the Australian 
inventory (DCCEE 2010) and these factors were applied for both the best science 
and the DCCEE scenario (see Table 45). 

 
Table 45 – Best science emission factors for outdoor piggeries 

Method Best Science 

Uncertainty  
(SD or 
range) 

Parameter Value Reference   
Methane conversion factor (MCF)  0.015 DCCEE (2010) 0.005-0.02 

Ammonia emission factor (housing and storage) 0.45 DCCEE (2010) 0.4-0.6 

Nitrous oxide emission factor  0.02 DCCEE (2010) 0.005-0.025 

 
Uncertainty in N2O EF was considered to be from 0.005-0.025, with the lower rate 
reflecting values used for other grazing species such as cattle and sheep. 

Leaching and Runoff 

 
No emissions were assumed to arise from leaching or runoff. All case study 
piggeries were located outside the specified leaching and runoff zone identified by 
the DCCEE (2010) and are therefore not subject to assessment of leaching and 
runoff emissions. Additionally, Australian piggeries are subject to strict 
environmental controls regarding manure handling and sustainable disposal or 
utilisation, minimising the risk of leaching or runoff. 
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Appendix 4 

Water Use Inventory Methods 

The water inventory was developed by using a series of water balances for 
important processes in the foreground system.  Full characterisation of water 
sources (inputs) and outputs from each stage were determined, including all 
losses.  Depending on the method used, water use was based on either inputs (i.e. 
the ABS method) or outputs (the Consumptive Fresh Water Use method). 
 
The main components for the foreground and background system are listed here. 
 
Foreground system: 

 Piggery water supply (water balance 1). 

 Piggery housing water use (water balance 2). 

 Piggery manure management (water balance 3). 
 
Background system: 

 Water use in feed grain supply. 

 Water use in other inputs (i.e. energy). 
 
Methods and assumptions used to determine water use in each stage are provided 
in the following sections. 

 

Water Supply Water Balance 

 
Water supplies were generally either bores or on-farm storages.  Most farms had 
metered records of water use, but in several instances this did not include water 
losses between the point of water collection and the piggery.  For example, farms 
pumping from a bore to an open water storage dam, then to the piggery, may 
incur losses during the storage stage.  If the water meter is located after the 
water storage, the metered water use will not take these losses into account.  
Two sources of water losses were taken into account with these storages; i) 
evaporation, and ii) seepage. 
 
Pan evaporation is the simplest way of estimating evaporation.  The pan method 
involves taking a direct measurement of natural evaporation from a water surface, 
in a shallow pan.  Evaporation pans are simple but they require daily measurement 
and maintenance and there may be significant variation between the evaporation 
from a small, steel pan and a large deep water body (Watts 2005).   
 
Brutsaert (1982) describes pan evaporation results as “of uncertain and often 
dubious applicability”.  Watts & Hancock (1985) attribute the inconsistencies in 
pan evaporation estimates to the differences between radiation and aerodynamic 
characteristics of the pan to those experienced in crops and larger water bodies.  
They add that “all evaporation pan data should be regarded as untrustworthy.”  
 
The calculation of open-water evaporation is achieved by applying a ’pan factor’ 
to the measured evaporation. The equation for this conversion is:  
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E  = Kp x Epan         Equation 3 
 
where:  
 

E = open-water evaporation (in mm/day) 
 

Kp = pan factor, constant determined by the pan siting, relative humidity 
and wind speed. 

 
Epan = pan evaporation (in mm/day) 

 
The value of Kp can vary widely.  Ham (1999) determined a value of 0.81 for a 
farm lagoon containing animal waste.  Ham (2007) showed the ratio between 
lagoon and pan evaporation was variable but typically was between 0.7 and 0.8.  
In the present study, a Kp value of 0.75 has been applied for determining 
evaporation from water storages.  
 
In addition to evaporation losses, storages may also loose water via seepage.  
Seepage is the loss of water through the bed and internal banks of a water 
storage.  Seepage has often been considered a marginal contribution to total 
storage losses when compared to evaporative losses and has been the focus of 
limited research.  In the context of LCA research it is also difficult to determine if 
seepage is actually a loss, as this water may enter underground aquifers or flow to 
nearby streams via subsurface lateral flow.  In the present study, seepage losses 
were estimated, but were considered a non consumptive transfer rather than a 
use. 
 
Seepage rates can be highly variable, depending on soil characteristics, hydraulic 
characteristics and water characteristics.  Watts (2005) states that seepage should 
theoretically increase with increased head of water and this approach is used by 
Duesterhaus et al. (2008).  They calculated an average seepage rate of 
2.6 mm/day but noted that, due to storage depth changes, it could vary from 
1.4 mm/day to 3.7 mm/day.  Considering this range, a value of 2 mm/day was 
selected for open storages in this project.   
 

Piggery Housing Water Use Activities 

 
In the piggery, water is primarily used for drinking, cleaning and cooling.  
Depending on the type of system, some clean water may also be used for flushing, 
and significant amounts of water may be spilled from drinkers.  It is very difficult 
to disaggregate these water ‘uses’ at a commercial piggery.  Hence, to establish a 
water balance a number of assumptions were required to quantify uses and 
outputs. 
 
The first series of assumptions relate to drinking water and the fate of drinking 
water from pigs.  No data were available to accurately determine the drinking 
water component, hence both drinking water and the fate of this water for the pig 
herd was estimated using an animal water balance, based on data from Mroz et al. 
(1995) and the National Research Council (1998). 
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Drinking Water Intake  

Several factors determine drinking water intake for pigs, including feed intake, 
ambient and water temperature, class of pig and live weight (National Research 
Council 1998). When reviewing water intake, careful scrutiny of the data is 
required to determine if spillage was included or excluded from the assessment 
(i.e. did the study determine a true measure of intake).  Spillage from drinkers 
can be considerable and was determined separately in the housing water balance 
because it is subject to a quite different water flow pathway.   
 
Water use can be particularly variable in response to climate.  This makes 
prediction quite difficult.  However, for the purposes of this study a simple 
predictive formula was developed based on feed intake, with a climate 
adjustment factor.  This formula varied for different classes of pigs based on data 
from a number of studies.  For grower-finisher pigs, the ratio of water intake to 
feed was taken to be 2.5 after Braude et al. (cited in National Research Council 
1998). 
 
For dry sows, the ratio of water intake to feed was taken to be 2.8 after Van der 
Peet-Schwering et. al. (cited in Small 2001), who suggested a water-to-feed ratio 
of 2.8:1 is sufficient for pregnant sows. Mroz et al. (1995) suggested that water 
consumption for lactating sows is at least 40% higher than that of non-lactating 
sows. 
 
All the available review data were sourced from northern hemisphere countries 
where ambient temperature is considerably lower than in Australia.  To account 
for this, a factor of 1.2 was used in the drinking water equation for Australian 
conditions.  This factor was derived from the Australian temperature response 
data in Vajrabukka et al. (cited in National Research Council 1998).  The resultant 
formula for drinking water in growing pigs, gestating sows and lactating sows is 
provided below. 
 
WI = FI x Wf x Tf       

 
Where:  
 
WI  = Water Intake 
FI  = Feed intake (as fed) 
Wf = Water Intake factor, growing pigs = 2.5, gestating/lactating sows = 2.8) 
Tf = Temperature factor = 1.6 for lactating sows, 1.2 for all other pigs 

Table 46 provides a comparison of drinking water predicted using the above 
equation with the standard values used in PIGBAL 
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Table 46 – Range of values for pig water intake (L/hd/d) from the literature and value 

used in PIGBAL 

Pig Type Range from the 
literature 

PIGBAL Predicted intake in 
this study  

Suckers 0.0-0.4 0.5 0.5 

Weaners 0.49-3.1 3.6 4.7 

Growers-Finishers 1.9-10.5 4.0-8.0 6.3 – 7.5 

Gestating sows 5.0-25.0 13.0 7.4 

Lactating sows 1.0-49.0 30.0 19.7 

Boars 10.0-15.0 13.0 6.6 

 

Water Intake with Feed and Pigs 

 
In addition to drinking water, pigs ingest a small amount of water with feed 
equivalent to the moisture content of the feed (generally around 11-12%) and 
generate additional water from the breakdown of carbohydrates, fat and protein 
in the feed (metabolic water).   
 
Water ingested with feed was determined from the analysis of diets provided for 
the piggeries multiplied by the feed intake of each class of pig.  Metabolic water 
was determined using the simple relationship reported in the National Research 
Council (1998), which suggested 0.38-0.48 L of water is produced per kilogram of 
feed.   
 
Water inputs may also arise from purchased pigs, which contribute to the water 
balance from the proportion of water in the body mass of the pigs.  Water content 
in pigs was assumed to be 60% of body weight, based on the National Research 
Council (1998).   

Water Loss Pathways from Pigs 

 
Water losses or outputs from the pig herd are in the form of water uptake in live 
weight gain, losses via respiration and perspiration, and excreted losses via urine 
and faeces.  
 
Water contained in the live weight of sale pigs was determined using a 60% 
moisture content (unfasted body weight).  This was slightly higher than the value 
quoted by the National Research Council (1998) for finisher pigs to account for 
feed contents in the gastrointestinal tract. Respiration losses were determined 
using a loss rate of 13.2 ml m2 skin area per hour, published by Mroz et al. (1995).  
Respiration losses were determined using an average loss rate of 0.58 L / pig / day 
reported by the National Research Council (1998).  This loss rate was for a 60 kg 
pig, which was very close to the average pig weight for the piggeries assessed. 
 
Excreted urine and faeces (manure) water was determined by difference.  For 
most piggeries this resulted in a manure moisture content of 93-94%.  While higher 
than some text book estimates (i.e. ASAE 2003), the higher moisture content was 
considered reasonable for Australian pigs, which are expected to drink more water 
to regulate body temperature, resulting in higher urinary excretion rates than 
those studied in northern hemisphere countries. 
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Additional Water Use Activities 

Spillage, Cleaning and Flushing 

Pigs waste large amount of water.  Li et al. (2005) reported wastage rates of more 
than 15-42% of total drinking water supply, which matches observations from 
Australian piggeries.  Wastage rates were set at 20-30% for the piggeries studied.   
 
Cleaning water use was based on an average value of 2 L / pig / d, which is 
common in Australia.  Where clean water was used for flushing, the amount was 
determined by difference.   

Cooling Water 

Two of the case study farms used evaporative cooling (tunnel ventilation) for some 
or all of their operation.  At one of these operations, metered data were available 
to determine water use.  At the second piggery, cooling water use was determined 
by deduction (cooling water being the balance of water used after drinking, 
spillage and cleaning water was estimated). 

 

Shed Evaporation 

A small amount of water was assumed to evaporate from the housing floor.  This 
was estimated to be 20% of the pan evaporation rate for the piggery location, and 
was deducted from the spillage water.   
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Housing Water Balance  

 
There are three main outputs from the housing water balance; evaporation losses 
(from pigs and the shed floor), transfers with pig live weight transported off farm, 
and flows to the manure management system.  Table 47 to Table 51 show the 
housing water balances for each supply chain.  Outputs to the manure 
management system are subject to further losses and flows, as discussed in the 
next section. 
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Table 47 – Piggery Housing Water Balance for the QLD SMC Supply Chain 

Source Source Description Use Description 
Volume (L / 
weaned pig) 

Volume (L / porker 
pig) 

Volume (L / 
finished pig) 

Uncertainty  
(SD or range) 

Inputs (source and use)         

Groundwater (stock) 
Direct supply from bore 
(<500m depth), WSI 0.012 

Piggery water supply 
(includes drinking water, 
losses, cleaning, 
maintenance) 

694.9 751.5 1645.6 1.10 

Surface water Dam 

Supply from on-farm 
storage dam, subject to 
storage losses (see Table 
52) 

Cooling water supply 0.0 0.0 0.0 1.10 

Feed (feed moisture and 
metabolic water) 

    35.4 37.5 89.1 1.43 

Pigs (purchased pigs 
brought to the farm) 

    0.0 0.0 0.0 1.43 

Total inputs 730.3 789.0 1734.8   
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Outputs (source and use) 
    

Groundwater (stock) 

Drinking water lost via the 
physiological processes of 
perspiration and 
respiration 

Evaporative use 36.6 38.8 92.7 1.43 

  
Drinking water assimilated 
into the animal product 

Catchment transfer 14.0 14.8 35.4 1.43 

  
Drinking water excreted in 
manure and urine 

Flow to manure 
treatment system (see 
Table 52) 

195.6 207.9 489.9 1.43 

  
Drinking water supply 
losses 

Flow to manure 
treatment system (see 
Table 52) 

35.6 47.2 63.2 1.43 

  Shed evaporative losses Evaporative use 55.0 69.5 111.2 1.96 

  Cleaning water 
Flow to manure 
treatment system (see 
Table 52) 

393.6 411.1 942.7 1.96 

  Cooling Evaporative use 0.0 0.0 0.0 1.96 

  
Maintenance / 
administration 

Evaporative use 0.0 0.0 0.0 1.96 

Total outputs 730.4 789.2 1735.1   

Balance -0.2 -0.3 -0.4   
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Table 48 – Piggery Housing Water Balance for the QLD LC Supply Chain 

Source Source Description Use Description 
Volume (L / 
weaned pig) 

Volume (L / porker 
pig) 

Volume (L / 
finished pig) 

Uncertainty  
(SD or range) 

Inputs (source and 
use) 

          
 

Groundwater (stock) 
Direct supply from bore (<500m 
depth), WSI 0.012 

Piggery water 
supply (includes 
drinking water, 
losses, 
cleaning, 
maintenance) 

487.34 256.18 915.56 1.10 

Surface water Dam 
Supply from on-farm storage dam, 
subject to storage losses (see Table 
53) 

Cooling water 
supply 

102.06 53.65 191.74 1.10 

Feed (feed moisture 
and metabolic water) 

    46.10 24.23 86.61 1.43 

Pigs (purchased pigs 
brought to the farm) 

    0.00 0.00 0.00 1.43 

Total inputs 635.50 334.07 1193.90   
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Outputs (source and use)         

Groundwater (stock) 
Drinking water lost via the 
physiological processes of 
perspiration and respiration 

Evaporative use 47.65 25.05 89.52 1.43 

  
Drinking water assimilated into the 
animal product 

Catchment 
transfer 

17.10 8.99 32.12 1.43 

  
Drinking water excreted in manure 
and urine 

Flow to manure 
treatment 
system (see 
Table 53) 

236.25 124.19 443.84 1.43 

  Drinking water supply losses 

Flow to manure 
treatment 
system (see 
Table 53) 

22.93 12.05 43.08 1.43 

  Shed evaporative losses Evaporative use 53.54 28.14 100.58 1.96 

  Cleaning water 

Flow to manure 
treatment 
system (see 
Table 53) 

152.46 80.14 286.42 1.96 

  Cooling Evaporative use 102.13 53.69 191.87 1.10 

  Maintenance / administration Evaporative use 3.73 1.96 7.01 1.43 

Total outputs 635.79 334.22 1194.44   

Balance -0.29 -0.15 -0.54   
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Table 49 – Piggery Housing Water Balance for the NSW C-DL Supply Chain 

Source Source Description Use Description 
Volume (L / weaned 

pig) 
Volume (L / 
porker pig) 

Volume (L / finished 
pig) 

Uncertainty  
(SD or 
range) 

Inputs (source and 
use) 

    
      

  

Groundwater (stock) Direct supply from bore 
(<500m depth), WSI 0.012 

Piggery water supply 
(includes drinking water, 
losses, cleaning, 
maintenance) 612.2 145.0 695.2 1.10 

Surface water Dam Supply from on-farm storage 
dam, subject to storage 
losses (see Table 54) 

Cooling water supply 

0.0 0.0 0.0 1.10 

Feed (feed moisture 
and metabolic water) 

    
27.1 10.1 109.6 1.43 

Pigs (purchased pigs 
brought to the farm) 

    
2.1 3.8 10.0 1.43 

Total inputs 641.4 158.9 814.8   
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Outputs (source and use) 
    

Groundwater (stock) Drinking water lost via the 
physiological processes of 
perspiration and respiration 

Evaporative use 

37.5 22.9 95.7 1.43 

  Drinking water assimilated 
into the animal product 

Catchment transfer 
6.0 4.7 52.5 1.43 

  Drinking water excreted in 
manure and urine 

Flow to manure treatment 
system (see Table 54) 

205.2 87.1 308.1 1.43 

  Drinking water supply losses Flow to manure treatment 
system (see Table 54) 

72.5 14.1 133.2 1.43 

  Shed evaporative losses Evaporative use 70.6 24.0 194.1 1.96 

  Cleaning water Flow to manure treatment 
system (see Table 54) 

245.9 4.3 29.0 1.96 

  Cooling Evaporative use 0.0 0.0 0.0 1.96 

  Maintenance / 
administration 

Evaporative use 
3.9 0.0 0.0 1.96 

Total outputs 641.5 157.0 812.6   

Balance -0.2 1.9 2.2   
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Table 50 – Piggery Housing Water Balance for the WA LC Supply Chain 

Source Source Description Use Description 
Volume (L /weaner 

pig) 
Volume (L / 
porker pig) 

Volume (L / 
finished pig) 

Uncertainty  
(SD or range) 

Inputs (source and 
use) 

      

 

  
  

Groundwater (stock) 
Direct supply from bore 
(<500m depth), WSI 0.012 

Piggery water supply 
(includes drinking water, 
losses, cleaning, 
maintenance) 

453 410 890 1.10 

Surface water Dam 
Supply from on-farm storage 
dam, subject to storage 
losses (see Table 55) 

Cooling water supply 0 0 0 1.10 

Feed (feed moisture 
and metabolic water) 

    26 33 75 1.43 

Pigs (purchased pigs 
brought to the farm) 

    1 3 27 1.43 

Total inputs 481 446 992   
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Outputs (source and use) 
   

  

Groundwater (stock) 
Drinking water lost via the 
physiological processes of 
perspiration and respiration 

Evaporative use 38 63 73 1.43 

  
Drinking water assimilated 
into the animal product 

Catchment transfer 5 24 66 1.43 

  
Drinking water excreted in 
manure and urine 

Flow to manure treatment 
system (see Table 55) 

167 140 398 1.43 

  Drinking water supply losses 
Flow to manure treatment 
system (see Table 55) 

13 29 50 1.43 

  Shed evaporative losses Evaporative use 57 28 80 1.96 

  Cleaning water 
Flow to manure treatment 
system (see Table 55) 

200 105 162 1.96 

  Cooling Evaporative use 0 57 162 1.96 

  
Maintenance / 
administration 

Evaporative use 0 0 0 1.96 

Total outputs 481 446 992   

Balance 0 0 0   
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Table 51 – Piggery Housing Water Balance for the WA O-DL Supply Chain 

Source Source Description 
Use 
Description 

Volume (L / 
weaner pig) 

Volume (L / 
porker pig) 

Volume (L / 
finished pig) 

Uncertainty  
(SD or range) 

Inputs (source and use)             

Groundwater (stock) 
Direct supply from bore (<500m 
depth), WSI 0.012 

Piggery water 
supply 
(includes 
drinking 
water, losses, 
cleaning, 
maintenance) 

311.07 144.50 748 1.10 

Surface water Dam 
Supply from on-farm storage dam, 
subject to storage losses  

Cooling water 
supply 

311.07 0 0 1.10 

Feed (feed moisture and 
metabolic water) 

    31.22 19.23 111 1.43 

Pigs (purchased pigs brought to 
the farm) 

    2.10 5.50 20 1.43 

Total inputs 655.47 169.24 879   
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Outputs (source and use) 
    

Groundwater (stock) 
Drinking water lost via the 
physiological processes of 
perspiration and respiration 

Evaporative 
use 

33.62 47.16 86 1.43 

  
Drinking water assimilated into the 
animal product 

Catchment 
transfer 

4.91 19.74 61 1.43 

  
Drinking water excreted in manure 
and urine 

Flow to 
manure 
treatment 
system  

217.62 69.00 518 1.43 

  Drinking water supply losses 

Flow to 
manure 
treatment 
system 

42.76 0.63 4 1.43 

  
Shed and stockpile evaporative 
losses 

Evaporative 
use 

24.09 32.72 210 1.96 

  Cleaning water 

Flow to 
manure 
treatment 
system 

332.71 0.00 0 1.96 

  Cooling 
Evaporative 
use 

0.00 0.00 0 1.96 

  Maintenance / administration 
Evaporative 
use 

0.00 0.00 0 1.96 

Total outputs 655.70 169.24 879   

Balance -0.23 -0.01 0   
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Piggery Manure Management Water Balance 
 
In conventional piggeries, effluent from the piggery (a mixture of excreted 
manure and urine, spilled water, cleaning water (clean and recycled water) and 
spilled feed) enters the effluent treatment system. 
 
Additionally, rainfall is collected from direct capture on the surface of the pond.  
Outputs from the pond are relatively straight forward, and include evaporation, 
irrigation or regulated releases, and potentially seepage.   
 
Evaporation was determined using the same approach as for clean water storages 
(see Equation 3).  Seepage rates were considered to be negligible from effluent 
treatment ponds, because ponds must be constructed to strict design criteria in 
Australia.   
 
The manure management water balances for each of the supply chains (excluding 
WA O-DL) are shown in Table 52 to Table 55.   

 
Table 52 – Manure Management Water Balance for the QLD SMC Supply Chain (liquid 

effluent treatment system) 

Source 
Source 
Description 

Use 
Description 

Volume (L 
/ weaned 

pig) 

Volume (L 
/ porker 

pig) 

Volume 
(L / 

finished 
pig) 

Inputs (source and use)       

Effluent from 
piggery 

Combined 
sources - 
excretion and 
cleaning 

manure 
treatment 

624.8 666.2 1495.7 

Rainfall capture 
Direct capture 
of rainfall 
falling on pond 

Incorporated 
with manure 
treatment 
flows 

162.8 165.9 422.4 

Total inputs 787.6 832.1 1918.2 

Outputs (source and use)       

Evaporation from 
effluent pond 

  
Evaporative 
use 

304.8 292.5 834.6 

Irrigation to 
effluent disposal 
area, 
Evapotranspiration 

Agricultural 
grade water 

Evaporative 
use 

482.8 539.6 1083.6 

Total outputs 787.6 832.1 1918.2 

Balance 0.0 0.0 0.0 
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Table 53 – Manure Management Water Balance for the QLD LC Supply Chain (liquid 

effluent treatment system) 

Source 
Source 
Description 

Use 
Description 

Volume 
(L / 

weaned 
pig) 

Volume (L 
/ porker 

pig) 

Volume 
(L / 

finished 
pig) 

Inputs (source and use)       

Effluent from 
piggery 

Combined sources - 
excretion and 
cleaning 

manure 
treatment 

411.6 216.4 773.3 

Rainfall capture 
Direct capture of 
rainfall falling on 
pond 

Incorporated 
with manure 
treatment 
flows 

302.0 158.8 567.4 

Total inputs 713.7 375.2 1340.7 

Outputs (source and use) 0.0 0.0 0.0 

Evaporation from 
effluent pond 

  
Evaporative 
use 

571.9 300.6 1074.4 

Irrigation to 
effluent disposal 
area, 
Evapotranspiration 

Agricultural grade 
water 

Evaporative 
use 

141.8 74.5 266.3 

Total outputs 713.7 375.2 1340.7 

Balance 0.0 0.0 0.0 

 
Table 54 – Manure Management Water Balance for the NSW C-DL Breeder Unit (liquid 

effluent treatment system) 

Source Source Description Use Description Volume (L / 
weaned pig) 

Inputs (source and use)   

Effluent from 
piggery 

Combined sources - 
excretion and cleaning 

manure treatment 
453.0 

Rainfall capture Direct capture of 
rainfall falling on pond 

Incorporated with 
manure treatment 
flows 

118.6 

Total inputs 571.6 

Outputs (source and use) 0.0 

Evaporation from 
effluent pond 

  Evaporative use 
231.8 

Irrigation to 
effluent disposal 
area, 
Evapotranspiration 

Agricultural grade 
water 

Evaporative use 

339.8 

Total outputs 571.6 

Balance 0.0 
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Table 55 – Manure Management Water Balance for the WA LC Supply Chain (liquid 
effluent treatment system) 

Source Source Description 
Use 
Description 

Volume 
(L 

/weaner 
pig) 

Volume 
(L / 

porker 
pig) 

Volume 
(L / 

finished 
pig) 

Inputs (source and use)       

Effluent from 
piggery 

Combined sources - 
excretion and cleaning 

manure 
treatment 

380.1 275.1 610.8 

Rainfall capture 
Direct capture of 
rainfall falling on pond 

Incorporated 
with manure 
treatment 
flows 

438.6 114.7 322.9 

Total inputs 818.7 389.8 818.7 

Outputs (source and use) 0.0 0.0 0.0 

Evaporation from 
effluent pond 

  
Evaporative 
use 

731.7 159.8 562.2 

Irrigation to 
effluent disposal 
area, 
Evapotranspiration 

Agricultural grade 
water 

Evaporative 
use 

87.1 230.0 371.5 

Total outputs 818.7 389.8 933.7 

Balance 0.0 0.0 0.0 

 

Background water use 
The major source of water use in the background system arose from irrigation in 
the production of feed grain.  While little grain is irrigated in Australia, even small 
proportions of grain from irrigated land can contribute significantly to water use.  
Water use from grain was primarily drawn from (Ridoutt & Poulton 2010) and 
Wiedemann et al. (In Press).  Irrigation water use from imported soybean meal 
was also included, based on data from US soybean production which reported 263 
m3 water / tonne soybeans (Aldaya et al. 2010).  Additional data for water use in 
the background system were sourced from available databases.  Where not 
specified, background water use was assumed to be classified as ABS and 
consumptive water (i.e. all water extracted is also consumed).  This may not the 
case in some instances, however the contribution from all background sources 
excluding feed grain was low, and this was considered a minor source of error. 

 

Background Inventory Data 

 
The background processes for the following unit processes were changed: cement, 
gravel, urea and glycophosphate.  This was to account for the fact that the water 
outputs should just show consumptive water, as taking the whole water input as 
the output would negatively skew the water consumption of each unit process.  
This consumptive water use was assumed to be evaporated and was equal to 20% 
of the total water inputs for the process.   
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Appendix 5 
 

Covered anaerobic pond (CAP) 

 
It was decided to investigate two possible methane capture scenarios for the QLD 
LC supply chain.  Both scenarios include a covered anaerobic pond system as the 
primary effluent treatment option, followed by a secondary uncovered anaerobic 
pond for further treatment.  Scenario 1 investigates the use of a closed flare to 
combust the methane to produce carbon dioxide, while scenario 2 investigates the 
combustion of the trapped methane in a combined heat and power (CHP) unit. 
 
Installation of a covered pond system at the QLD LC supply chain piggery would 
require construction of new ponds in order to increase pond loading rates and 
reduce the cost of covering the existing primary ponds.  For both covered pond 
scenarios the following assumptions were used (Table 56). 

 
Table 56 – Assumptions for covered anaerobic ponds 

Parameter Value  

Pond hydraulic retention time 47 days 

Solids loading rate 406 kg VS/m3/day 

Desludging interval 4 years 

 
The MCF for the CAP in this study was assumed to be 65%.  Recognising that there 
is a high degree of uncertainty in this factor, a 15% uncertainty range was applied 
(55-75%). 

 

Residual emissions from secondary anaerobic ponds 

 
Hydraulic retention time in the covered pond was limited to 47 days to ensure 
pond sizes and construction costs were feasible.  Volatile solids reduction was 
assumed to be 70% in the covered pond (including partitioning to sludge) resulting 
in 30% of initial VS flowing to the secondary ponds.  Effluent was assumed to flow 
into uncovered storage ponds which were also assumed to operate anaerobically, 
resulting in further methane emissions.  
 
Emissions from secondary ponds were calculated using a revised Bo and the 
standard MCF factor for covered ponds from the DCCEE (2010).  The Bo of the 
effluent portion of the flow from the CAP was assumed to be partially digested, 
while the Bo of the waste feed was assumed to be digested completely.  Therefore 
it was assumed that the Bo factor for effluent flowing to the secondary pond was 
reduced from 0.45 m3 CH4 / kg VS to 0.12 m3 CH4 / kg VS.  Calculation of methane 
production/emissions from the covered and uncovered ponds is shown in Table 57. 
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Table 57 – Estimation of residual emissions from whole effluent treatment system 

  

Covered Pond 
Uncovered secondary 

and tertiary ponds 

VS excreted (whole herd, per finished pig – kg) 43.8 
13.1  

(flow from covered pond) 

Bo (m
3 CH4 / kg VS) 0.45 (0.38-0.52) 0.12 (0.10-0.14) 

MCF (%) 65% (55-75%) 90% (80-90%) 

Methane density (kg / m3) 0.662 0.662 

CH4 generated (kg per finished pig) 8.48 0.94 

VS reduction (inc. partitioning to sludge) 70% 40% 

VS remaining (kg per finished pig) 13.1 7.9 

 
 

Nitrogen Emissions  

 
Nitrogen emissions from covered ponds were assumed to be negligible because of 
the impermeable nature of the pond covers.  Nitrogen in the effluent stream was 
assumed to flow through the CAP to the secondary ponds, where losses were 
assumed to be equal to those reported in for conventional pond systems.  This 
resulted in the same level of nitrogen emissions for the covered and uncovered 
pond scenarios.   

 

Scenario 1 – Covered anaerobic pond with combined heat and 
power (CAP-CHP) 

 
This scenario investigated the reduction in emissions from the effluent treatment 
system relative to the standard QLD LC uncovered pond emissions if all of the 
methane gas generated in the CAP was used in a CHP unit.  The methane gas was 
used to generate electricity for farm use (and export off farm) and heat for farm 
use.  This was modelled based on expected performance from a correctly designed 
and maintained combined heat and power (CHP) unit.  Assumptions used to 
estimate energy generation from the CHP are provided in Table 58. 

 
Table 58 – Assumptions for farm scale combined heat and power (CHP) 

Parameter Value and Range 

Electrical energy conversion 
efficiency 

32% (29-36%) 

Thermal energy conversion 
efficiency 

40% 

Parasitic heat demand 0% 

Parasitic electrical demand 1% 

 
Electricity conversion efficiency is the most sensitive assumption for this scenario, 
as it determines the maximum offset available from electricity.  The value used 
(32%) is conservative compared to the specifications for new biogas engines 
available in Australia (see Table 59).  It was felt that-farm systems were unlikely 
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to operate consistently at full efficiency so a conservative value was applied.  To 
account for variation in this factor, an uncertainty range of 29-36% was applied.   

 

Scenario 2 – Covered anaerobic pond with flaring (CAP-F/LPG 
offset) 

 
This scenario investigated the reduction in emissions from the effluent treatment 
system relative to the standard QLD LC uncovered pond emissions if biogas was 
utilized for heating.  In this scenario it was assumed that liquid petroleum gas 
(LPG) was offset with biogas on an energy equivalence (MJ) basis.  Un-utilised 
methane was assumed to be flared.  The DCCEE has identified that closed flare 
efficiency is in the order of 98% (DCCEE 2011).  This value has been applied in the 
present study.   
 

Energy Generation Assumptions 

 
Table 59 – Genset specifications from Australian suppliers 

Engine type and size Electricity 
conversion 
factor (% of 
gas energy) 

Thermal 
efficiency 

% 

Manufacturer 

    

ENERGEN Microturbine T100  30% ± 1%  Energen Solutions, 
Brisbane 
 

SEVA Energie, AG SEV-MA 64 BG 
Biogas Engine (64 kW) Compact 
Series 
 

36.2 % 46.9 % SEVA Energie AG, Simons 
Green Energy Solutions, 
Sydney 

SEVA Energie, AG SEV-MA 365 BG 
Biogas Engine  (365 kW) Compact 
Series 
 

39.0 % 45.5 % SEVA Energie AG, Simons 
Green Energy Solutions, 
Sydney 

SEVA Energie, AG SEV-CA 230 BG 
Biogas Engine  (230 kW) Individual  
Series 
 

36.3 % 42.2 % SEVA Energie AG, Simons 
Green Energy Solutions, 
Sydney 

SEVA Energie, AG SEV-CA 600C BG 
Biogas Engine  (600 kW) Individual  
Series 
 

42.5 % 40.5 % SEVA Energie AG, Simons 
Green Energy Solutions, 
Sydney 

 
 


