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PREFACE 
This document contains work undertaken to fulfil the requirements for the degree of Doctor of 
Philosophy in Management Engineering, as prescribed by The Technical University of Denmark 
(DTU). The body of work changed over the life of the project from its inception in 2015, due 
principally to the cancellation of an underlying field project in an Australian red meat supply chain, 
which was to have provided new data for analysis. Serendipitously, at the same time, two 
opportunities arose to analyse other agribusiness supply chains, namely the pork supply chain in 
Denmark and the sisal supply chain in Tanzania, through the involvement of the original principal 
supervisor Associate Professor Morten Birkved, now a Professor at the University of Southern 
Denmark (SDU).  

Unfortunately, as it often does, life intervened in the original timeframe for the project. A family 
illness, subsequent death and the avalanche of administrative requirements that inevitably follow such 
an event necessitated a leave of absence. During that time, the original principal supervisor shifted to 
another university, and became a co-supervisor. Professor Michael Hauschild, who had previously 
been the co-supervisor, then became the principal supervisor and Associate Professor Stig Olsen 
joined as an additional co-supervisor.   

All the work for this PhD was undertaken at DTU’s Lyngby campus, other than a 3-month field trip to 
Australia in 2016 to gather data.       

The work is comprised of four papers, which are further expanded in the relevant chapters in this 
document. They are: 

1. Tracey A. Colley, Judith Valerian, Michael Z. Hauschild, Stig I. Olsen, Morten Birkved, “A 
blueprint for applying circular economy principles to the sisal supply chain in Tanzania” 
[Paper I], submitted to the Journal of Cleaner Production; 

2. Alexandra Bonou, Tracey A. Colley, Michael Z. Hauschild, Stig I. Olsen, Morten Birkved, 
“Life cycle assessment of Danish pork exports using different cooling technologies and 
comparison of upstream supply chain efficiencies between Denmark, China and Australia” 
[Paper II], submitted to the Journal of Cleaner Production, published online 10 October 2019; 

3. Tracey A. Colley, Morten Birkved, Stig I. Olsen, Michael Z. Hauschild “Using a gate-to-gate 
LCA to apply circular economy principles to a food processing SME” [Paper III], submitted 
to the Journal of Cleaner Production, published online 10 December 2019; and  

4. Tracey A. Colley, Morten Birkved, Stig I. Olsen, Michael Z. Hauschild, “Delta LCA of 
regenerative agriculture” [Paper IV], submitted to the Journal of Integrated Environmental 
Assessment and Management, published online 18 December 2019. 

 

Dissemination activities, which included one presentation and one poster at two conferences in 
November 2017, were incorporated into Paper III, so are not included separately. 
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POPULAR SUMMARY 
Small and medium sized enterprises (SMEs) are the backbone of economic activity across sectors and 
countries, yet their use of life cycle assessment (LCA) is limited. Given their pivotal role in 
economies, SMEs have been identified key stakeholders who need to be engaged if the United 
Nations’ Sustainable Development Goals are to be achieved, but SMEs face particular challenges and 
any SME engagement needs to make allowance for those challenges.   

This PhD investigates how LCA can be adapted for use by SMEs in agribusiness value chains in ways 
that create value for the core business by improving their environmental and economic sustainability. 
Four case studies of three agribusiness value chains were completed as part of this PhD, to analyse the 
different ways in which LCA can be used by SMEs and the value chains in which they are located. 
Chapter 1 includes an overview of SMEs (their existence and prevalence), the innovation focus of 
SMEs in agricultural value chains, and existing models for engaging with SMEs. The chapter then 
considers how circular economy thinking can be incorporated into agribusiness supply chains, in 
particular the primary production and processing stages, and how indicators can be used to measure 
performance on different levels in a value chain. The existence of management systems as a means of 
capturing metrics and improving performance is also addressed.   

Chapter 2 covers the sisal value chain in Tanzania, which produces sisal fibre, most of which is 
exported. Sisal leaves are comprised of only 3-5% fibre, so the processing of sisal leaves generates 
large volumes of solid waste. Nutrient depletion during sisal cultivation and subsequent loss during 
the anaerobic degradation of the sisal processing waste was identified in the initial stages of the case 
study as a potential economic threat to the industry, so an assessment of nutrient depletion during the 
cultivation stage was completed. A circular economy approach was then used to identify potential 
nutrient sources within the Tanzanian economy that could be used for codigestion with the sisal 
wastes, to produce a stabilised solid that could be recycled for its nutrient value and biogas which 
could be used in electricity generation. LCA was used to compare the different nutrient sources, 
identify the best co-substrates and highlight where additional data were required. The chapter 
concludes by suggesting how the LCA results could be used to maintain and improve the financial 
and environmental performance of the sisal value chain.   

The pork value chain in Denmark, Australia and China is covered in Chapter 3, using the LCA results 
from an existing report to develop two metrics that reflect the performance of the upstream (on-farm) 
portion of the supply chain. One metric was the human edible protein required (HEPR), which is a 
ratio of the amount of human edible protein consumed to produce one kilogram of human edible 
protein as pork meat and is an indicator of whether the supply chain is a net producer or consumer of 
human edible protein. This enables a comparison between supply chains producing the same product, 
in this instance pork meat, and supply chains producing different products, such as other sources of 
human edible protein, either animal or plant-based. The other metric was the amount of arable land 
required to produce one kilogram of human edible protein. The analysis showed that the HEPR was 
strongly dependant on the feed conversion ratio, which is a measure of the efficiency of a pig’s ability 
to convert feed grain to weight gain. The arable land use was also dependant on the HEPR but was 
more strongly dependant on the grain yield, which is largely influenced by factors such as climate and 
soil.  Danish pork production was found to be the most efficient of the three systems evaluated, as 
measured by both the HEPR and arable land metric. Australia was the second most efficient as 
measured by HEPR but the worst in the arable land metric due to low grain yields. China was the least 
efficient as measured by HEPR, and the arable land metric was between the Danish and Australian 
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values. Much of the discussions to date relating to pork have centred on its superior performance 
relative to ruminant supply chains in terms of greenhouse gas emissions, so the inclusion of these two 
metrics broadens the debate about food production in the context of the need to feed 9-10 billion 
people, and the emerging competition for land between food, fuel and fibre.  

Chapter 4 covers two case studies in the red meat supply chain. One case study investigates how well 
existing LCAs represent SME processors, whether climate change is a suitable proxy for other impact 
categories, and what circular economy opportunities exist for regional SME meat processors to reduce 
their environmental impacts using LCA as the analytical tool to prevent burden shifting. This 
identified that current LCA inventories do not appear to represent SME processors accurately, that 
climate change is not a suitable proxy for other impact categories and that there is significant potential 
for circular economy opportunities, particularly bioenergy production and use within the supply chain. 
The other case study looks at the major non-sheep processes contributing to the environmental 
impacts of sheep production in regenerative agriculture, using a delta LCA that models only the 
differences between conventional and regenerative agriculture. This identified that there appears to be 
significant potential with regenerative agriculture systems to offset a significant proportion of, if not 
all, supply chain climate change emissions. The ability of soil to sequester carbon and the impact of 
improved animal welfare on productivity in regenerative agriculture systems were identified as areas 
requiring further investigation.  

In Chapter 5, a model is proposed for integrating risk management, circular economy approaches and 
LCA to assist SMEs in agribusiness value chains. The model varies according to the current status of 
the value chain in terms of indicators, management systems, innovation focus and existing linkage 
models.    
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DANSK SAMMENFATNING 
Små og mellemstore virksomheder (SMV'er) er rygraden i økonomisk aktivitet på tværs af sektorer og 
lande, men alligevel er deres brug af livscyklusvurdering (LCA) begrænset. I betragtning af deres 
centrale rolle i økonomier er SMV'er blevet identificeret som vigtige interessenter, der skal engageres, 
hvis De Forenede Nationers mål for bæredygtig udvikling skal nås, men SMV'er står over for særlige 
udfordringer, og ethvert SMV-engagement skal sørge for disse udfordringer. 

Denne ph.d. undersøger, hvordan LCA kan tilpasses til brug af SMV'er i landbrugsværdikæder på 
måder, der skaber værdi for kernevirksomheden ved at forbedre deres miljømæssige og økonomiske 
bæredygtighed. Fire casestudier af tre agribusiness-værdikæder blev afsluttet som en del af denne 
ph.d., for at analysere de forskellige måder, hvorpå LCA kan bruges af SMV'er og de værdikæder, de 
befinder sig i. Kapitel 1 indeholder en oversigt over SMV'er, deres eksistens, prævalensinnovation af 
SMV'er i landbrugsværdikæder og i eksisterende modeller for samarbejde med SMV'er. Kapitlet 
overvejer derefter, hvordan cirkulær økonomitankegang kan integreres i forsyningskæder for 
agribusiness, især de primære produktions- og forarbejdningstrin, og hvordan indikatorer kan bruges 
til at måle ydeevne på forskellige niveauer i en værdikæde. Eksistensen af styringssystemer som et 
middel til at fange målinger og forbedre ydeevnen behandles også. 

Kapitel 2 dækker sisal-værdikæden i Tanzania, der producerer sisalfiber, hvoraf det meste 
eksporteres. Sisal blade består af kun 3-5% fiber, så behandlingen af sisal blade genererer store 
mængder fast affald. Ernæringsudtømning under sisaldyrkning og efterfølgende tab under den 
anaerobe nedbrydning af sisalforarbejdningsaffaldet blev identificeret i de indledende faser af 
casestudiet som en potentiel økonomisk trussel for industrien, så en vurdering af 
næringsstofudtømning under dyrkningsstadiet blev afsluttet. Derefter blev en cirkulær økonomi-
tilgang anvendt til at identificere potentielle næringsstofkilder inden for den tanzaniske økonomi, der 
kunne bruges til codigestion med sisal-affaldet, til at producere et stabiliseret fast stof, der kunne 
genanvendes for dets næringsværdi og biogas, der kunne bruges til elproduktion. LCA blev brugt til at 
sammenligne de forskellige næringskilder, identificere de bedste co-substrater og fremhæve, hvor 
yderligere data var påkrævet. Kapitlet afsluttes med at foreslå, hvordan LCA-resultaterne kunne 
bruges til at opretholde og forbedre den økonomiske og miljømæssige ydeevne i sisal-værdikæden. 

Svinekødværdikæden i Danmark, Australien og Kina er dækket af kapitel 3, hvor LCA-resultaterne 
fra en eksisterende rapport bruges til at udvikle to målinger, der afspejler ydeevnen i den opstrøms 
(on-farm) del af forsyningskæden. En måling var det krævede humane spiselige protein (HEPR), som 
er et forhold mellem mængden af humant spiseligt protein, der er forbrugt til at producere et kilo 
humant spiseligt protein som svinekød og er en indikator for, om forsyningskæden er en 
nettoproducent eller forbruger af humant spiseligt protein. Dette muliggør en sammenligning mellem 
forsyningskæder, der producerer det samme produkt, i dette tilfælde svinekød, og forsyningskæder, 
der producerer forskellige produkter, såsom andre kilder til humant spiseligt protein, enten dyre- eller 
plantebaseret. Den anden metrisk var den mængde dyrkbar jord, der var nødvendig for at fremstille et 
kilogram humant spiseligt protein. Analysen viste, at HEPR var stærkt afhængig af 
foderomdannelsesforholdet, hvilket er et mål for effektiviteten af et svines evne til at konvertere 
foderkorn til vægtøgning. Arable arealanvendelse var også afhængig af HEPR men var mere stærk 
afhængig af kornudbyttet, som i vid udstrækning er påvirket af faktorer som klima og jord. Dansk 
svinekødsproduktion blev fundet at være den mest effektive af de tre evaluerede systemer, målt ved 
både HEPR og agerjord. Australien var det næstmest effektive som målt af HEPR, men det værste i 
landbrugsarealet på grund af lave kornudbytter. Kina var det mindst effektive som målt ved HEPR, og 
landbruget var mellem de danske og australske værdier. Meget af de hidtidige diskussioner om 
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svinekød har centreret sig om dens overlegne ydeevne i forhold til drøvtyggers forsyningskæder med 
hensyn til drivhusgasemissioner, så inddragelsen af disse to målinger udvider debatten om 
fødevareproduktion i sammenhæng med behovet for foder 9- 10 milliarder mennesker og den nye 
konkurrence om jord mellem mad, brændstof og fiber. 

Kapitel 4 dækker to casestudier i rødt kødforsyningskæden. En casestudie undersøger, hvor godt 
eksisterende LCA'er repræsenterer SMV-processorer, om klimaændringer er en passende proxy for 
andre påvirkningskategorier, og hvilke cirkulære økonomimuligheder der findes for regionale SMV-
kødprocessorer til at reducere deres miljøpåvirkninger ved hjælp af LCA som analyseværktøj til at 
forhindre byrdeforskydning . Dette identificerede, at de nuværende LCA-fortegnelser ikke ser ud til at 
repræsentere SMV-processorer nøjagtigt, at klimaændringer ikke er en passende proxy for andre 
påvirkningskategorier, og at der er et betydeligt potentiale for cirkulære økonomimuligheder, især 
bioenergiproduktion og anvendelse inden for forsyningskæden. Den anden casestudie ser på de 
vigtigste processer, der ikke er får, der bidrager til miljøpåvirkningerne af fårproduktion i regenerativt 
landbrug ved hjælp af et delta-LCA, der kun modellerer forskellene mellem konventionelt og 
regenererende landbrug. Dette identificerede, at der ser ud til at være et stort potentiale med 
regenerative landbrugssystemer til at opveje en betydelig del af, hvis ikke alle, forsyningskædenes 
klimaforandringer. Jordens evne til at binde kulstof og virkningen af forbedret dyrevelfærd på 
produktiviteten i regenerative landbrugssystemer blev identificeret som områder, der kræver 
yderligere undersøgelse. 

I kapitel 5 foreslås en model til integrering af risikostyring, cirkulær økonomi og LCA for at hjælpe 
SMV'er i agribusiness-værdikæder. Modellen varierer afhængigt af den aktuelle status i værdikæden 
med hensyn til indikatorer, styringssystemer, innovationsfokus og eksisterende 
sammenkoblingsmodeller. 
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ACRONYMS 
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1 Introduction to Life Cycle Assessment (LCA) and Small and Medium 
Enterprises (SMEs) in agricultural value chains  

1.1 Small and Medium Sized Enterprises (SMEs) 
The definition of a small and medium-sized enterprise varies between countries and organisations, but 
includes one or more criteria such as the number of employees, annual revenue or turnover and total 
assets or balance sheet. The number of employees is the most commonly used criteria, and varies 
between countries (20 in Tanzania, 200 in Australia, 250 for countries in the European Union [EU], 
500 in the USA, 100-3000 in China depending on the industry sector), and between organisations 
(200 for the United Nations Development Programme [UNDP], 250 for the Organisation for 
Economic Co-operation and Development [OECD], 300 for the World Bank and International 
Finance Corporation) (Xiangfeng, 2008; De Vries et al., 2009; ISO, 2012; OECD, 2017). In this 
PhD, SMEs are defined by the single criteria of having less than 250 employees.  

SMEs “represent the backbone of economic activity” (OECD/WTO, 2015), although the contribution 
they make varies across sectors and countries (OECD, 2017). In the 36 OECD member countries,1 
SMEs currently account for 50-60% of value added, 70% of employment and 99% of all firms, 
whereas in developing and emerging economies, SMEs account for 33% of gross domestic product 
(GDP) and 45% of employment (OECD, 2017). Within these SMEs, micro enterprises (up to 10 
employees) account for 70-95% of all firms, but the 2017 contribution to employment varies from 
20% in Germany and Denmark to 60% in Greece, and from 15% in Switzerland to 45% in 
Luxembourg for value added (OECD, 2017). In many OECD countries, the manufacturing sector 
has fewer SMEs in terms of employment and value added than the wider economy, possibly due to 
the capital-intensive nature of production (OECD, 2017). SMEs tend to be under-represented in 
exporting and international trade and when they do export, it tends to be to neighbouring countries 
(OECD, 2016). Recent (2014) detailed data for the EU (FoodDrinkEurope, 2017a) indicated that food 
and drink manufacturers are the largest manufacturing sector in the EU, accounting for 13% of the 
value added, 15% of the turnover, 15% of employment and 25% of the total value of food and drink 
exports. Within the EU food and drink manufacturing sector, SMEs account for 48% of the turnover, 
47% of the value added, 62% of the employment and 90% of the enterprises. Of these SMEs, 79% are 
micro enterprises, with up to nine employees, which means that their presence is limited to local or 
regional markets (FoodDrinkEurope, 2017b).  

Challenges faced by SMEs include: difficulty in attracting and retaining staff; skills deficits; 
knowledge limitations; lower level of collaboration with education and training organisations; size-
related resource constraints (human and financial); a culture of risk aversion; limited management 
capacity; higher relative cost of regulatory compliance relating to market access requirements 
compared to non-SMEs; technology adoption lags; disproportionate impact from public sector 
corruption; poor management practices, such as governance (OECD, 2013, 2017; FoodDrinkEurope, 
2017b; World Bank, 2018); lack of strategic vision of leadership; prioritisation of daily activities over 

                                                           
1 OECD member countries include Australia, Austria, Belgium, Canada, Chile, Czech Republic, 
Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, 
Korea, Latvia, Lithuania, Luxembourg, Mexico, Netherlands, New Zealand, Norway, Poland, 
Portugal, Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, United Kingdom, United 
States.  
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strategy; and a lack of business discipline (Valdez-Juárez, Gallardo-Vázquez and Ramos-Escobar, 
2018). Opportunities provided by SMEs include: greater flexibility; ability to respond more rapidly 
to changes in market conditions; ability to differentiate and customise products; and responsiveness to 
customer needs (OECD, 2017). The SME sector can contribute to economic diversification and 
provide resilience to the impact that global commodity price fluctuations can cause in economies that 
are heavily dependent on the resource sector (OECD, 2017).  

SMEs have been identified as key stakeholders who need to be engaged if the United Nations’ 
Sustainable Development Goals are to be achieved (OECD, 2017). Current themes in research relating 
to SME and environmental management practices include: barriers to uptake; perceived 
implementation costs and benefits; antecedent factors that motivate change; the role and impact of 
regulation and voluntary schemes; the relevance and applicability of formal environmental 
management standards; and links between improved environmental and financial performance (Lewis, 
Cassells and Roxas, 2015).  

A study of SMEs in New Zealand found that collaborations can assist SMEs with adopting and 
maintaining environmentally responsible practices (Lewis, Cassells and Roxas, 2015). A study of 143 
SMEs in Mexico found that SMEs that develop social and sustainable practices also increase their 
level of innovation, improve their image with external stakeholders and profitability (Valdez-Juárez, 
Gallardo-Vázquez and Ramos-Escobar, 2018). In a recent review of two decades of sustainability 
management tools for SMEs (Johnson and Schaltegger, 2016), the two main reasons why such tools 
should be implemented were identified as managing legal compliance and managing stakeholder 
relations. These two factors are particularly relevant for SMEs in agribusiness value chains, due to 
trends on the part of regulators towards increasing regulation of environmental performance, and on 
the part of large companies towards marketing environmentally friendly products (Owsianiak et al., 
2017).    

1.2 SMEs, Agricultural Supply and Value Chains  

1.2.1 Introduction to supply and value chains 
The International Organization for Standardization (ISO) definition of a supply chain is a “linked set 
of resources and processes that begins with the sourcing of raw material and extends through the 
delivery of products or services to the end user across the modes of transport. The supply chain may 
include vendors, manufacturing facilities, logistics providers, internal distribution centers, 
distributors, wholesalers and other entities that lead to the end user” (ISO, 2007).  

The value chain concept was first popularised in the 1980s, adding the support activities of 
infrastructure, technology, human resource management and procurement to the primary activities of 
the supply chain (Porter, 1985). The concept was subsequently adopted in the field of agricultural 
development, particularly in developing and emerging economies (Springer, 2007; Herr and Muzira, 
2009; Lundy et al., 2009; Webber and Labaste, 2009; UNIDO, 2011). The focus of value chain 
concept is how intervention in the business-to-business environment and supporting services could 
improve “productivity, competitiveness, entrepreneurship and the growth of SMEs” (Webber and 
Labaste, 2009). In 2010, the value chain concept was included in the new standard ISO 26000 
Guidance on social responsibility, and included “the entire sequence of activities or parties that 
provide or receive value in the form of products, services or processes”, including activities within an 
organisation’s sphere of influence (ISO and OECD, 2019). The use of the term sphere of influence is 
deliberate, as it implies a responsibility on the part of supply and value chain participants to 
stakeholders outside of the value chain. The growth of global value chains, which are shaped by 
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transnational corporations which control 80% of global trade (UNCTAD, 2013), has the potential to 
bypass SMEs unless appropriate actions are taken by transnational corporations or other stakeholders, 
such as governments (Gurría, 2012). This PhD defines a value chain as a core supply chain and 
related value-adding supporting activities, such as the business environment (including 
innovation, governments, non-governmental organizations [NGOs]) and intergovernmental 
organizations [IGOs]) and services (including marketing, certification, finance, advice) (Webber and 
Labaste, 2009), as outlined in Figure 1.1.     

 

Figure 1.1: Visual representation of supply chain, life cycle analysis and value chain 

1.2.2 Focus on the agribusiness sector 
The agricultural sector is comprised of enterprises producing food, fibre and fuel and an overview of a 
traditional, linear agricultural supply chain is provided in Figure 1.2. The figure outlines the key life 
cycle stages, namely: upstream, also referred to as primary production or cradle-to-gate; core, also 
referred to as processing, manufacturing or gate-to-gate; downstream, also referred to as use and 
disposal or gate-to-grave; and the whole supply chain, which is often referred to as cradle-to-grave 
(EPD International, 2018). Using Austin’s categories, this is approximately equivalent to Level I for 
upstream, Level II for primary processing and Level III and IV for secondary processing (Austin, 
1992). Primary and secondary processing may occur on the same site, depending on the supply chain. 
This PhD focuses on the upstream and core life cycle stage of the supply chain. To address this, 
three case studies are presented as part of this PhD: sisal fibre production in Tanzania; pork 
production in Denmark, China and Australia; and red meat production in Australia. The 
current role of SMEs is investigated, and possible future scenarios incorporating improved 
sustainability outcomes are explored.  
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Figure 1.2: Overview of traditional linear agricultural supply chain  

There are existing links within and between supply chains in terms of flows of the primary raw, 
primary processed and secondary processed products and co/byproducts, which vary between supply 
chains. Using meat production as an example, if the human edible protein required (HEPR) (the mass 
ratio of human edible protein consumed by the animal to produce human edible protein) is above 1, 
then it means that products (usually grains) containing human edible proteins are being used to feed 
animals and the supply chain is a net consumer of human edible protein, rather than a net producer. 
Pork, chicken and grain-fed beef supply chains have HEPRs of 4.27, 4.30 and 2.0-3.3 respectively, 
whereas lifetime grass-fed beef and lamb HEPRs are 0.12 and 0.34 respectively (Wiedemann, 2018). 
An HEPR above 1 means that the meat supply chain is connected to the feed supply chains, as it 
consumes more human edible protein in the form of feed grains than it is producing in meat.     

The existence and prevalence of SMEs in agricultural supply chains varies between supply chains and 
locations, particularly between developed and developing/emerging economies. SMEs in supply 
chains may act individually or may group together to form cooperatives or trade associations, as 
evidenced by the dominance of farmer-owned cooperatives at the primary processor life cycle stage in 
some supply chains. One example is the global dairy industry, where Dairy Farmers of America, 
Fonterra from New Zealand, FrieslandCampina from the Netherlands, and Arla Foods from Denmark 
and Sweden occupy the fourth to seventh positions in the top 20 dairy companies (Coppes, Battum 
van and Ledman, 2018).  

The structure of and participants in a supply chain can vary between countries. For example, in the 
dairy industry in Australia and other developed countries, primary producers sell directly to primary 
processors, a number of which are farmer-owned cooperatives. In developing countries such as 
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Uganda, primary producers may sell to aggregators, who collect and transport the milk to primary 
processors, due to the small scale of primary producers and the distances between primary producers 
and primary processors (Kataike et al., 2019).  

In contrast to Europe, where 40% of agricultural commodities are marketed through a cooperative, in 
Africa less than 5% of agricultural surplus is marketed and sold through cooperatives (Francesconi 
and Wouterse, 2017), usually due to high levels of side selling. In most developing countries, food 
consumption is largely from local sources, and international trade accounts for only 5-10% of local 
production (World Bank, 2018).  

1.2.3 Models for engaging with SMEs in the agribusiness sector 
The Food and Agriculture Organization of the United Nations (FAO) has developed business models 
for engaging with small farmers and SMEs in agricultural supply chains, as part of the EU 
Agricultural Commodities Programme (EU-ACP) (Vorley et al., 2008). The FAO goals are “to 
strengthen small farmer market linkage capabilities, focussing on activities that build rural capacity 
and skills, stimulate value chain dialogue among actors, and facilitate access to finance and agro- 
enterprise services.” The three basic model types based on who is the main protagonist: bottom-
up, producer-driven organisation models, such as farmer co-operatives, preferably clustered around 
larger farmers supporting smaller farmers; top-down, buyer-driven models, driven by core/processors 
or downstream/users, such as retail or wholesale enterprises, usually large enterprises and often 
transnational corporations; and intermediary models, which may be driven by service providers, 
governments or NGOs. The type of model chosen depends on the characteristics of the product, such 
as perishability, seasonality, variability and product differentiation (vs bulk commodities), and the 
commercial buyer (processor, wholesaler, branded retailer, etc) (Austin, 1992). More collaboration is 
observed in chains that supply perishable goods (such as fresh fruit, vegetables and meat) or certified 
products (such as Fair Trade or organic). The FAO work addressed the risk that buyers will choose 
larger primary producers, at the expense of SME producers.    

A report from the World Bank (World Bank, 2018) analysed the results of 66 programs which linked 
large firms with SME agrifood and flower processors in 56 developing countries, to stimulate SME 
growth. Similar to the earlier FAO report (Vorley et al., 2008), three main categories of linkages 
were identified – top-down, bottom-up and industry-wide. Top-down (backward) linkages are: 
where leading firms work backwards through their own supply chain to identify SMEs that are critical 
to their own needs; can be either privately led or a combination of public and private cooperation, 
known as public private partnerships (PPP); and include product differentiation initiatives such as fair 
trade. Bottom-up (forward) linkages are: customised to meet SME needs; may be implemented prior 
to a top-down initiative; are mostly publically managed; and many involve other intermediaries such 
as NGOs and IGOs. Industry-wide (horizontal) linkages usually focus on a specific value chain, are a 
combination of top-down and bottom-up linkages and address reforms to the business environment. 
Industry-wide linkages may focus on activities such as: improving coordination between value chain 
actors; sharing or investing in infrastructure; improving financial issues such as regulatory reforms 
and access to financial services; implementation of standards; and usually have public or international 
donor support.  

Supply chain risks for leading firms attempting to link with SMEs in developing countries included 
logistical gaps, poor communication, poor infrastructure, lack of finance and a restrictive enabling 
environment. Two principal motivations were identified for public sector facilitation of linkages: 
growth of the agro-processing sector provided a means of achieving sustainable economic growth in 
the economy as a whole, given the dominance of agro-processing in manufacturing employment; and 
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linkages can provide an effective, rapid means of improving domestic performance, stimulating 
national capacity and supporting the expansion of crop production. The 2018 report showed that top-
down PPP linkages achieved the best overall results, in terms of the number of SMEs and farmers 
reached and overall increases in SME revenues. Industry-wide linkages were the most successful in 
terms of cost-benefit ratio for SMEs, and were more sustainable if privately led. Public linkages 
were: more primary producer oriented (farmer welfare and food security); were targeted at the dairy, 
livestock and oil industry sectors; and focussed on higher levels of processing. In contrast, private 
linkages were more focussed on: SME processors and aggregators; cash crops such as coffee and 
cacao; improving collection of raw materials to make them more transportable; and preferred smaller 
supplier bases with stronger suppliers, which tended to reduce the number of SMEs involved.     

One long-running, large-scale example of public industry-wide engagement with SMEs is the US 
Department of Energy (USDOE) Industrial Assessment Centers (IACs), a voluntary program which 
started in 1976 and has conducted over 18,801 assessments of manufacturing SMEs in the US, 
including 909 in food manufacturing (5% of all manufacturing SMEs) (US Department of Energy, 
2019c). IACs are located at universities spread throughout the US, and the results are publically 
available from the IAC Database, which is hosted on their website. Although it only covers energy, 
the implementation of some of the recommendations would also lead to reduced consumption of 
water and other inputs, such as chemicals, which are included in the savings but are not listed 
separately. The annual production for each plant is listed, as is the usage of energy sources, so it 
would be possible to use this data for benchmarking or producing a partial Life Cycle Inventory.    

In comparison, a similar programme on a smaller and more recent scale is the Sustainability 
Advantage program in the state of New South Wales (NSW), Australia (NSW Office of Environment 
& Heritage, 2019), which provides an initial assessment of the organisations’ environmental 
performance and ongoing support to improve performance. Of the more than 530 enterprises 
participating, there are 42 food manufacturing enterprises (8% of total) but nearly all of them (93%) 
are non-SMEs. For example, there are five red meat processing companies involved, none of which 
are an SME, compared to the total number of 33 red meat processing plants in the state, of which 
nearly 60% are SMEs (AUS-MEAT, 2019; NSW Environment Protection Authority, 2019). This 
indicates that unless support programs are designed with SME requirements in mind, they will 
not capture food manufacturing SMEs. 

1.2.4 Innovation in the agribusiness sector 
There are several examples of innovation by upstream/primary producers in supply chains, where 
farmers individually or cooperatively take action. One example is a small project to protect and 
enhance biodiversity as part of an agricultural enterprise in the Corowa District in southern New 
South Wales (Wythes, 2016). Undeveloped road reserves (known as paper laneways) were fenced off, 
planted with native vegetation including critically endangered species and then managed for 
conservation purposes (Australian Government Department of the Environment and Energy, 2018b). 
The locations of the laneway plantings were selected to enhance the connectivity to existing sections 
of remnant native vegetation thereby enhancing the existing biodiversity values of the farms. The 
ultimate aim was to create 30 kilometres of wildlife corridors in cooperation with the local Landcare 
group (NSW Government Office of Environment & Heritage, 2011). The benefit to farmers was that 
the converted laneways provided a windbreak for livestock, and farmers reported an increase in 
wildlife movement along the corridor (Wythes, 2016).   

Similarly, a recent report (Ogilvy et al., 2018) on a project funded by the Australian Federal 
Government as part of the National Environmental Science Program Emerging Priorities, found that 
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farmers using regenerative farming practices had increased the biodiversity and profitability of their 
farms, soil carbon levels and their own wellbeing. The regenerative farming practices included time-
based (short-duration, high-intensity, long-recovery periods) rotational grazing, low or no fertiliser 
inputs and destocking rather than supplementary feeding. The primary producers using the 
regenerative practices had formed an informal community of practice, and had claimed for years that 
it was possible to generate higher or more reliable profitability while conserving and regenerating 
native ecosystems within their property boundaries.  

The common element to both of these projects was that they were catalysed by the local primary 
producer communities of practice, groups run by local farmers, which focus on capacity building, 
knowledge transfer and mutual support. An Australian study (Ampt, 2013) found that the Federal 
Government’s National Landcare Program (NLP) of the 1990s, which originally started in 1988 as a 
collaboration between the peak environmental group, the Australian Conservation Foundation, and the 
peak primary producer group, the National Farmers Federation, had been instrumental in starting the 
integration of conservation and production in Australia. It is “an ideal example of the successful 
implementation of a top-down strategy to enhance and maintain a bottom-up activity”, and although it 
is viewed as successful on several levels, the lack of resources provided hampered its ability to make 
a significant difference. The NLP was officially superseded by the “Caring For Our Country” (C4OC) 
program in 2007, but about 4,500 Landcare groups, which includes approximately 40% of all 
Australian farmers, still exist and are being supported by the C4OC program through the provision of 
Landcare Facilitators in each of the 56 National Resource Management regions. There have been a 
number of other farmer-led innovations which integrate conservation into production, such as 
Yeoman’s Keyline system on the 1950s, Allan Savory and Dr Stan Parsons’s Cell grazing/Holistic 
Resource Management of 1990s, Colin Seis’ pasture cropping and Bruce Maynard’s advance seeding/ 
no-kill cropping, which have been spread by primary producer and Landcare groups. 

There are a number of schemes that differentiate products that are produced with higher levels of 
animal welfare. In addition to organic or biodynamic certification (which include some animal 
welfare issues) there are schemes such as the Pasturefed cattle assurance scheme (Certified 
Pasturefed, 2019), which ensure that cattle which are fed for their entire life on grass can be 
differentiated in the market from cattle that are finished on grain in a feedlot. Similar schemes are 
available for differentiating wool products, such as the Responsible Wool Standard (Textile 
Exchange, 2019), which requires primary producers to protect animal welfare, preserve land health 
and provides supply chain traceability.  

Fair Trade is a certification that intends to ensure the welfare of individuals involved in primary 
production and processing, particularly of commodities such as cacao and coffee, but smallholders 
and farm workers have traditionally not been included as they are not part of farmers’ cooperatives or 
they work for medium or large-sized farms (Del Rio et al., 2017). A recent review of Fair Trade 
Certified Coffee produced by farm workers and independent smallholders in Brazil, Honduras, 
Nicaragua and Peru found that the economic benefits were fairly minimal, but it did give the workers 
a sense of empowerment (Del Rio et al., 2017). The lack of economic benefit was cause by factors 
such as the fluctuation in world coffee market prices, low demand for Fair Trade Coffee, and the costs 
of complying with the certification scheme. In the Fair Trade USA certification system studied, the 
market access partners, such as the International Center for Tropical Agriculture who conducted the 
study as part of the Fair Trade USA “Fair Trade for all” initiative (FT4All), are a critical element in 
smallholders achieving and maintaining their certification, providing a similar function to a farmer 
cooperative.  
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In contrast to these examples of innovation amongst primary producers, studies of SMEs in the 
European food processing sector have indicated that they place more emphasis on food safety than on 
process or product innovation (Dora et al., 2013). A 2017 white paper (FoodDrinkEurope, 2017b) 
found that food and drink manufacturing SMEs struggle to incorporate innovation into their core 
business, making this a priority area requiring support in future EU policies. Similarly, a 2019 
publication (Mwongera et al., 2019) on climate-smart agriculture found that most studies to date have 
focussed on the primary production stage of the supply chain, neglecting the harvesting, storage, 
processing and marketing stages.  

The food and agribusiness sectors are traditionally low-tech with low levels of investment in research 
and development, but tend to benefit from research in related fields such as biotechnology and process 
engineering (Traill and Meulenberg, 2002). More recently, a study of innovation in traditional food 
chains (Kühne, Gellynck and Weaver, 2013) found that innovation was the exception rather than the 
rule, and that SMEs tended to rely on and learn from interactions with other firms. Innovation in the 
food industry can be categorised in terms of the dominant orientation of the enterprise involved, either 
towards product quality, the process or the market (Traill and Meulenberg, 2002). Enterprises 
oriented towards product quality would typically involve branded products, which are limited in 
terms of their feedstock and production methods, such as specific animal products (Lurpak butter, 
Jarlsberg cheese) and brands of alcohol (such as French wines or champagne). Innovation in process-
oriented enterprises focuses on improving the efficiency of production, including speed and 
flexibility to meet customers’ demands (Traill and Meulenberg, 2002). Enterprises with a market-
oriented innovation focus may look at changing customer demands for new products, such as 
increasing demands for vegetarian, vegan and low allergen (gluten-free, dairy-free, nut-free, egg-free 
etc) food. This may involve changing feedstocks, such as switching to insects or non-animal protein 
sources, such as Beyond Meat and Impossible Meat products. It may involve changing the type of 
product from the same feedstock, such as the increasing demand for retail-ready products such as pre-
prepared meals, rather than producing ingredients for cooking, such as meat portions. The dominant 
orientation will depend on the market sector the enterprise is operating in (local, regional, national or 
international) and how heterogeneous the market is, with higher levels of innovation in enterprises 
operating in heterogeneous markets and international markets, compared to smaller local, regional or 
national undifferentiated markets, such as bulk or unbranded products (Traill and Meulenberg, 2002). 
Food manufacturers can sell: directly to consumers (households) and the hospitality and food sector 
(restaurants, institutions); to wholesalers or to retailers. Thus, the innovation strategies they use will 
be influenced by their downstream stakeholders and customers (WRAP, 2018).       

1.2.5 The way forward - circular economy approaches to the agribusiness sector 
A circular economy approach, sometimes referred to as cradle-to-cradle, looks at optimising the 
value of products at all stages in their life cycle (Ellen MacArthur Foundation, 2015). A circular 
economy approach may have already been adopted within life cycle stages but the existence of 
circular economy adoption between life cycle stages within a supply chain and between supply chains 
would vary depending on the industry and location. Examples include integrating the beef and dairy 
supply chains in Sweden (Hessle et al., 2017) or chicken and olive production (Paolotti et al., 2016). 
In theory, it should be simpler to apply circular economy approaches along a single supply chain if the 
transport distances between the life cycle stages were shorter. For example, it may be difficult for 
primary producers whose products or co/byproducts are exported to distant markets to implement 
circular economy principles, effectively meaning that nutrients, water and energy are exported with 
the product. This PhD focuses on how circular economy principles can be applied to SMEs 
within and between life cycle stages in a single agricultural supply chain, and between supply 
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chains, to improve sustainability outcomes. The existing circular economy conceptual diagram is 
very focused on the use stage of the supply chain, but this PhD aims to look at linkages further up the 
supply chain, particularly between the upstream/primary production and core/processing stages, as 
shown in Figure 1.3.   

 

Figure 1.3: Circular economy as envisaged in this PhD (adapted from Ellen MacArthur Foundation, 
2015) 

To implement a circular economy approach, there is a need for indicators, to be able to determine if 
the proposed changes are a net improvement or if they have simply shifted a problem to another part 
of the supply chain or another category of impacts. In line with a recent review of circular economy 
indicators (Saidani et al., 2019), this PhD has adopted three levels of circular economy 
implementation – micro, meso and macro – but re-oriented to a supply chain approach, rather than a 
geographic focus. In this PhD: micro indicators relate to performance or consumption within 
one supply chain stage; meso indicators are aligned with the existing life cycle assessment (LCA) 
midpoint impact categories (MICs) and endpoint impact categories (EICs) and the inventory 
data used to calculate them; and macro indicators enable the comparison between the same 
supply chain in different locations or between different supply chains producing a similar 
product, such as human edible protein. 

Pathogens are a potential constraint on applying circular economy principles to food supply chains, 
as recycling may pose a risk to the crop or livestock depending on the nature of the pathogen, as 
evidenced by recent outbreaks of African Swine fever in the pork industry which have spread to 
Europe and Asia (World Organisation for Animal Health, 2019). Pathogen outbreaks which have 
impacted both humans and livestock include Q fever outbreaks in Europe in 2007-2009, which spread 
from dairy sheep and goats to humans (Roest et al., 2011; van der Hoek et al., 2012; Bontje et al., 
2016), and strains of avian influenza which originated in intensive livestock production in China in 
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1997 and 2013, and then spread to humans (WHO, 2019). Potential risks posed by pathogens must 
therefore be addressed qualitatively as part of applying circular economy principles, to avoid disease 
transmission to food production or to humans.  

1.3 SMEs, Life Cycle Assessment (LCA) and Life Cycle Management (LCM) in 
agribusiness value chains 

1.3.1 Existing uses of LCA and LCM in agribusiness value chains 
Life Cycle Thinking (LCT) has a number of key principles: it must consider all life cycle stages of a 
product, service or organisation, from primary production or raw material extraction, through 
processing, distribution, retail, use to the end of life of the product; it should consider inputs to 
production, such as raw material consumption, and subsequent outputs of emissions and waste, in 
addition to the product or service, and what the environmental, social or financial impact will be; it 
must consider how to avoid burden shifting, from one life cycle stage to another, or from one impact 
category to another, or from one supply chain to another; and should avoid sub-optimisation, by 
considering circular economy opportunities within and between life cycle stages in the current and 
interlinked supply chains. This is based on existing definitions (Remmen and Munster, 2003; 
Remmen, Jensen and Frydendal, 2007), but the last part, which incorporates circular economy 
thinking, is new.  

LCM incorporates a number of different aspects. It can be used as a management approach, with the 
aim of operationalising LCT and ensuring “continuous improvement based on a life cycle 
perspective” (Remmen, Jensen and Frydendal, 2007) in ways that “aim at long-term value creation” 
(UNEP/SETAC Life Cycle Initiative, 2009). LCM can be a management system, which can be 
integrated into other management systems, such as environmental or quality, to analyse and manage 
performance. LCA can also provide a framework to look at the entire value chain, including 
enterprises that are not in the span of control, but are within the sphere of influence of the primary 
enterprise. The ultimate aim of LCM is to minimise the negative and maximise the positive impacts of 
a product, service or organisation, from environmental, social and financial perspectives. LCM can 
incorporate a wide range of tools in addition to LCA, such as Life Cycle Costing, Cost Benefit 
Analysis, risk assessment and so on.  

The Life Cycle Management Capability Maturity Model (LCM-CMM) (UNEP/SETAC Life Cycle 
Initiative, 2009; Swarr, 2015) is a structured approach to assessing the current level of maturity of an 
enterprise in implementing LCM, and can assist with developing a framework to accelerate the 
implementation of LCM and LCT within an enterprise.   

LCA is a rigorous, scientific analytical method which comprehensively analyses the impact of a 
product, service or organisation (UNEP/SETAC Life Cycle Initiative, 2012). It ideally investigates the 
whole supply chain, but can analyse specific sections, such as a cradle-to-gate assessment of a farm. It 
usually involves environmental impacts, but can also include social and financial impacts. The 
environmental impacts assessed can range from single issues such as carbon or water footprints, to a 
comprehensive range of MICs, through to EICs. MICs include climate change, resource depletion, 
land use, water use, human toxic effects, ozone depletion, photochemical ozone creation, ecotoxic 
effects, eutrophication, acidification and impacts on biodiversity. EICs relate to areas of protection, 
such as human health, ecosystem quality and resource depletion. 

The results from LCA studies can be used in a number of different ways, such as internally within an 
enterprise: during the design of a product or service (eco-design); to assess the impacts of current 
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operations; or to assess potential changes to current operations. They can also be used externally: to 
communicate with consumers, through eco-labels or Environmental Product Declarations (EDPs); and 
as part of voluntary or mandatory environmental reporting. They can be used to identify hotspots in 
the supply chain, which are defined as any process that contributes more than 20% to an impact 
category (Dijkman et al., 2017). 

The barriers to SMEs using sustainability tools such as LCA are similar to the challenges faced by 
SMEs that were identified in section 1.1. They include internal and external deficiencies, including 
(Johnson and Schaltegger, 2016): 1) lack of awareness of sustainability issues; 2) absence of 
perceived benefits; 3) lack of knowledge and expertise; 4) lack of human and financial resources; 5) 
insufficient external drivers and incentives; 6) unsuitability of formal management tools to informal, 
flexible SME structures and culture; and 7) complexity of sustainability management standards and 
tools. This is borne out by recent LCM projects, such as an LCM-CMM pilot project in Colombia, 
which was project-managed by the local government environmental agency (SDA) (Moreno et al., 
2015). Initially one-third of the companies were food manufacturers, but ultimately no food SMEs 
were involved in the actual projects. In contrast, a recent New Zealand LCM-CMM of the kiwifruit 
industry successfully targeted SMEs using a sector-based approach (Seidel-Sterzik, McLaren and 
Garnevska, 2018b, 2018a).  

There a number of ways that LCA and LCM have been used in agricultural supply chains, as outlined 
in Table 1.1. 
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Table 1.1: Summary of uses of LCA in the agricultural sector 

Application Stakeholder Use of results 
Full product 
LCA, footprint 
(carbon, water, 
land use) or 
group of impact 
categories, for 
whole or part of 
the supply chain  

Industry sector 
groups, 
universities, 
research 
organisations, 
consultancies  

• Comparing supply chains between countries or production systems (organic, grain-fed vs grass-fed beef, Australian 
house constructed out of brick cladding/steel frame compared to timber/timber or brick /timber) 

• Identify hotspots in the supply chain (on-farm/hatchery, feed production, enteric methane production, transport, 
processing) 

• Identify priorities for further research  
• Identify differences in allocation systems (dairy vs beef, sheep wool vs sheep meat) 
• Identify contribution of transport to supply chain (carbon footprint vs food miles) 
• Identify future scenarios to improve performance (feed, circular economy, waste management, future energy systems) 
• Develop eco-efficiency indicators, eg sugar cane industry 

Large processor 
companies (eg 
Arla, Danish 
Crown, Tassal, 
Inalca [vertically 
integrated, owns 
farms])  

Internal focus with external reporting via Sustainability Reports 
• Confirm which areas of supply chain are contributing most of impacts (eg packaging, transport, primary production, 

processing), covers primary production and processing 
• Assess difference between options such as product variants, eg cheese with vs without rind, compare glass vs 

disposable plastic/paper carton 
• Develop plans to improve performance and reduce adverse impacts, eg engaging with primary producers, changing 

protein content of feed, transport logistics efficiency 
• Identify data gaps, eg freshwater audit of hatchery and marine farming, more detailed audit of energy users 
• Assess new technology, eg super-chilling  
• Data for benchmarking and ongoing monitoring of performance improvement 
External focus 
• EPD, eg Inalca (meat), Successori Reda (wool), wood products 

 Retail companies 
who interface 
directly with 
consumers (eg 
Walmart, Tesco, 
Woolworths, 
Coles, Coop) 

Internal focus with external reporting  
• Part of external reporting for Corporate Sustainability, Triple Bottom Line 
• Focus on potential improvements to supply chain efficiency, eg advice to suppliers on how to become more efficient 

External focus 
• Accreditation through other schemes eg Green Star – performance rating for buildings (Green Building Council of 

Australia) 
• EPD for meat, eg COOP 
• Carbon Footprint for various products, eg 1,100 Tesco own brand products 
• Category Sustainability Profiles (Walmart and The Sustainability Consortium) to communicate with suppliers 
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Application Stakeholder Use of results 
Full product 
LCA, footprint 
(carbon, water, 
land use) or 
group of 
impact 
categories, for 
whole or part 
of the supply 
chain 

Government 
(federal, state, 
local) 

• Monitor current performance, inform policy development and evaluate implementation, eg ecological footprint of city 
of Melbourne (includes food), Australian National Grains LCA project (varies by region), LCA of farming systems in 
NSW, Australian cotton industry, rice production, Danish agricultural biogas strategy, shopping bags (food retail 
outlets), waste recycling vs landfill disposal (including food waste), emerging biofuels industry (Queensland 
Government) 

• Use EPD or eco-labels in Sustainable Public Procurement 
• Require LCA as part of the application process eg Australian Renewable Energy Agency  

Organisational 
LCA - 
Environmental 
Product & 
Loss account 

Large primary 
processor, fast 
moving 
consumer goods 
company 

• Identify hot spots in supply chain, including upstream and downstream indirect activities 

• Inform strategic environmental management, with ultimate aim of improving company performance 

• Identify potential improvements, such as transport, packaging, stakeholder engagement 
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1.3.2 LCA studies to date – goal, scope, inclusions, exclusions 
Each of the following case study chapters of this PhD thesis provide an overview of LCAs in the 
relevant sector, with full details included in the Appendices for each chapter. As a general rule, LCAs 
in the agricultural sector to date have tended to assess only a limited range of MICs and usually no 
EICs (Cederberg et al., 2012; Wiedemann, 2018; Knudsen et al., 2019). The MICs assessed depends 
on the goal and scope of the LCA, with most covering climate change and fossil fuel energy use. The 
goal and scope of LCAs will vary depending on the geographical location of the supply chain and 
issues of local importance. In Australia, water use was included in early studies, given the 
significance of water within the Australian context. In recent years, LCA studies have included land 
use, and segregated arable and non-arable land use, as there are far greater areas of non-arable land 
than arable in Australia. Biodiversity and animal welfare have only been assessed infrequently and 
Organic system are often used as a defacto indicator (Scherer et al., 2018; Knudsen et al., 2019). 
Although climate change is one of the most frequently studied MICs in agricultural LCAs, most 
LCAs and carbon footprints usually exclude soil carbon from the analysis.  

1.3.3 Use of LCA studies – product labelling  
The metrics covered in Environmental Product Declarations (EPDs), which use LCA as the analytical 
tool, depend on the market requirements, but usually includes inventory data (such as water use, 
energy use [fossil and renewable]) and MICs such as climate change, acidification, eutrophication, 
photochemical oxygen creation potential and water scarcity potential (EPD International AB, 2016; 
European Commission, 2016b; EPD International, 2018).  

1.3.4 Role of SMEs in LCAs to date 
The involvement of SMEs in existing agricultural LCAs has principally been as data providers, 
rather than as the instigators or primary users of study results. LCAs vary between studies that model 
the farm stage and studies that use primary data (Wiedemann, 2018). Furthermore, studies that use 
primary data differ from studies that use regional or national industry average data from pre-existing 
surveys and studies that collect data from case study farms. Some studies use average data from farm 
surveys and then compare the results to case study farms. Differences between production systems 
can be significant. In some countries, where LCA studies are used to inform government policy, 
SMEs then become the beneficiaries of government policy.  

1.4 Management Systems and SMEs  
The type of management systems used by SMEs depends on the product they are producing, the 
market they are selling into and the regulatory regime at their location. Using primary production in 
Australia as an example, as agriculture has the highest human fatality rate of any industry in Australia 
(Safe Work Australia, 2019), each farming enterprise must have a Workplace Health and Safety plan, 
where hazards have been identified and risk management procedures developed. An overview of the 
ISO 31000 Risk Management Framework is provided in Figure 1.4.  

Looking at the processing stage in the supply chain, food processors in developed countries will be 
required by law to have management systems for: Occupational Health and Safety (OHS) for their 
own workers; Quality Assurance (QA) or Quality Management System (QMS), and possibly Hazard 
Analysis and Critical Control Points (HACCP), for food safety; and an Environmental Management 
System (EMS). As these three systems tend to have specific requirements relating to external 
stakeholders, including different government departments, they will generally have been developed as 
stand-alone systems. These systems may or may not been accredited to a widely accepted standard 
such as the ISO 14001 Environmental Management System, ISO 9001 Quality Management System, 
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or ISO 45001 Safety Management System. Even if the management system is not accredited to the 
ISO system, its design may be based on the ISO standards. Livestock processors may also have 
systems in place to track livestock back through the production system, to assist with tracking disease, 
such as the National Livestock Identification Scheme for red meat (National Livestock Identification 
Scheme, 2019) and pork meat (Australian Pork Limited, 2019) in Australia. Customers may have 
additional requirements, such as enhanced animal welfare, which are in addition to the minimum 
mandatory regulatory requirements and which are normally integrated into the QA/QMS system. The 
existence of management systems means that there is some element of data capture and performance 
management.  

          

Figure 1.4: Risk and Environmental Management Frameworks, from ISO 31000 and 14001 respectively  

Given that there are a number of the components of ISO’s management system standards are similar, 
ISO has developed guidance on integrated use of management system standards (IUMSS), including 
ISO 9001 (Quality), ISO 14001 (Environment), ISO 26000 (Social Responsibility), ISO 31000 (Risk 
Management) and ISO 50001 (Energy) (ISO, 2018).  

In contrast, SMEs in the fibre or fuel supply chains in developing countries may not have any formal 
management systems in place, unless there is a market requirement. This may mean that there is very 
little data capture and performance management.      
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1.5 Overview of the current research 
The overarching research question for this PhD is: 

How can Life Cycle Assessment (LCA) be adapted for use in small and medium-sized 
enterprises (SMEs) in agribusiness value chains, in a way that creates value for the core 

business needs of an SME by improving both the environmental and economic sustainability? 

This question concerns both analysis and synthesis of improvement potentials, and these are 
addressed separately through the more detailed research sub-questions addressed in the chapters 
evaluating the three agribusiness value chains, sisal in Tanzania, pork in Denmark/China/Australia 
and red meat in Australia. The common research question for all cases was: how can LCA results be 
used to develop key performance indicators (KPIs) or eco-efficiency indicators that can be 
integrated into existing agribusiness value chain SME management systems? 

The key concepts from this introductory chapter that are used in subsequent chapters include: 

1) Engagement schemes for agribusiness value chains need to be designed with the specific 
needs and challenges of SMEs in mind, or SMEs will not be captured.  

2) Indicators at micro, meso and macro levels assist with understanding the current operation 
of value chains and identifying options for potential future improvements. 

3) The existence, type and extent of management systems will be determined by the product, 
production location, final market and SME location in the supply chain. This can range from 
SME fibre producers and processors in developing countries, which may not have any 
management systems, to food processors in developed countries, which will probably have 
occupational health and safety, food safety/quality management and environmental 
management systems, due to external compliance requirements.  

4) Innovation in processing SMEs will depend on the category of focus – product, process or 
market. 

5) Linkages with agribusiness value chains can be top-down, bottom-up or intermediary 
moderated (such as industry-wide or locational linkages).   

The four cases in three different value chains studied in this PhD indicate the contrast between value 
chains in different locations operating in different markets and producing different products. The sisal 
value chain in Tanzania includes fibre and fuel, and represents a value chain which has very little in 
the way of indicators, management systems and innovation but does have some linkages. In contrast, 
the meat value chains in Australia and Denmark, which include food and fuel, have quite extensive 
indicators, management systems, innovation foci and linkages. Learnings from the more advanced 
value chains can be applied to less advanced value chains, including how results from LCAs can be 
incorporated into government policy and support programmes. The difference between advanced 
value chains, represented by pork production in Denmark and Australia, can highlight which approach 
to incorporating LCA into government policy and support is the most effective. Using a risk 
management and circular economy approach to how LCA is applied to agribusiness value chains can 
avoid burden shifting and sub-optimisation, and highlight where value chains need to create new 
linkages to realise the full potential of value chain integration.   
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2. LCA and the Sisal Value Chain in Tanzania  

2.1 Background to the sisal case study 
The presented case study arose out of the involvement of Professor Morten Birkved (the primary 
supervisor of this PhD thesis, at that time), with Sokoine University of Agriculture (SUA) in 
Tanzania, as part of a Danish International Development Agency (DANIDA) funded programme 
relating to capacity building in universities in Africa. As part of the DANIDA programme, staff at 
SUA undertook a course on LCA, and the SUA staff then identified a research project that was of 
relevance to Tanzanian agriculture. The sisal industry had previously been a significant industry in 
Tanzania, providing employment and a significant share of export earnings and the current 
Government has plans to revitalise the industry. A project to use LCA to assess the sisal industry was 
selected by SUA as a suitable subject for the research project. A project team was then formed, with 
an SUA employee (Judith Valerian) collecting data from two estates in Tanzania, and the PhD student 
(Tracey Colley) being responsible for the remainder of the project. The intention was that the results 
of this study would form the basis of a subsequent, larger project, possibly another PhD, on the 
revitalisation of the sisal industry. An article has been written on the basis of this project as part of 
this thesis, and is currently under review by a peer-reviewed journal (see Paper I in Appendix 1). This 
chapter describes the historical context and presents the current status of production and ongoing 
programmes in place for the sisal industry, then provides an overview of the main aspects of the LCA 
case study followed by an in-depth discussion of possible future trajectories for sisal production in 
Tanzania.  

2.2 The sisal supply chain and LCA studies to date 
To the best of our knowledge, the only published LCA study of sisal is relatively recent (Broeren et 
al., 2017), and compares sisal production in Brazil with Tanzania, which together are responsible for 
nearly half of global sisal production (FAOSTAT, 2019). The principal difference between these 
countries is that production in Brazil is mostly on smallholder2 farms, ranging from 5 to 100 hectares, 
and primary processing (decortification) is done in-field using raspadora machines. These machines 
do not use water, although about 10% of farms wash the raw fibres to remove residues (Broeren et al., 
2017) and the residues remaining from the fibre removal are returned to the farm fields. In Tanzania, 
most primary processing occurs at centralised primary processing plants located on large estates, 
which consume large volumes of water.   

2.3 The sisal value chain and SMEs in Tanzania 

2.3.1 Historical context of Tanzanian sisal production 
Table 2.1 provides a summary of the historical background of the sisal industry in Tanzania. 

Table 2.1: Historical background of sisal value chain in Tanzania 

Year Detail 
1893 Sisal (Agave sisalana) imported into Tanzania from Mexico’s Yucatan Peninsula by 

Dr Richard Hindorf, an agronomist with the German East Africa Company after a 
German purchase of a coastal strip of Tanzania in 1891. Sisal is suited to marginal 
lands that are not suitable for other crops (Cantalino et al., 2015), in semiarid regions 
with rainfall ranging from 500-1,200 mm per year (CFC/UNIDO 2001). Large sisal 
estates, owned by colonials (Germans, then the British after World War I), were 
developed. Main applications for hard-natural sisal fibre were yarn, twines, ropes, 

                                                           
2 Smallholders in Tanzania are defined as farmers with 6 – 200 hectares of land. 
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Year Detail 
sacks, home furnishings, cloths, paper and carpets (Kimaro & Msanya 1994).  

1950s Sisal fibre started being replaced by cheaper, synthetic fibres (Tambyrajah et al. 2012; 
CFC/FAO 2009). 

1964 Peak Tanzanian sisal production of 233,540 tons produced from 226,620 hectares, 
corresponding to 26% of the total world production (FAOSTAT, 2019). Export 
earnings from sisal contributed 33% of Tanzania’s foreign exchange income 
(Tambyrajah, Patel and Faaij, 2012). 

1961-7 1961 - Tanzanian independence from Britain. 
1964 - Presidential Directive decreed that communal schemes should be created to 
enable smallholder participation in the sisal industry.  
1967 - Arusha Declaration - approximately 60% of sisal estates, mostly those owned 
by foreign investors, were nationalised. 

1974 Global sisal market peak production of over 866,122 tons, of which 17% was 
Tanzanian production. Direct employment in the sisal industry in Tanzania peaked in 
the late 1960’s – early 1970’s at 40,000-50,000 (Kimaro and Msanya, 1994).  

1990s-
2000s 

Global research into more diverse range of sisal coproducts including acids, alcohol, 
animal feed, bank notes, biogas, cortisone, cigarette paper, fertiliser, inulin, pesticides, 
packaging boxes, sapolin, sugars, veterinary drugs and waxes (Common Fund for 
Commodities and UNIDO, 2001; FAO and Common Fund for Commodities, 2001; 
Common Fund for Commodities, 2005; Common Fund for Commodities and FAO, 
2009; UNIDO and Common Fund for Commodities, 2010; Magoggo, 2011; Andrade, 
2012; FAO Committee on Commodity Problems, 2013; Fortucci and Mbabaali, 2015).  

1997 Privatisation of parts of the industry occurred after the Sisal Industry Act of 1997 
(Government of Tanzania, 1997).  

1999 Sisal Smallholder and Outgrower Scheme (SISO) developed by Tanzania Sisal Board 
(government entity) and Katani (private company) on 5 state-owned sisal estates in the 
Tanga region, Northern Zone. About 2,000 farmers and over 12,000 hectares by 2012 
(Sutton and Olomi, 2012). Processing in plants on the estates.  

2009 SISO scheme expanded by the Tanzanian Government, Oxfam and Katani to the 
Shinyanga region, Lake Zone, starting with hedge sisal-harvesting using raspadoras. 

2017 Lowest world production since records began in 1961 with only  202,223 tonnes 
(FAOSTAT, 2019), 32,402 tonnes from Tanzania (16% of the global production). 
Brazil is world’s largest producer (39% of global production). In the 2017-2018 year 
sisal exports contributed 0.7% of total Tanzanian export revenues (Bank of Tanzania, 
2018). The sisal industry directly employs nearly 30,000 people (Sembony, 2018). 

 

2.3.2 Current sisal production in Tanzania 
Figure 2.1 provides an overview of the structure of the Tanzanian sisal industry, which contains 
companies ranging from small to large. The sisal supply chain is comprised of: primary production, 
which occurs on estates and smallholder and outgrowers’ farms; primary processing, which occurs in 
stationary decortification plants on estates and an unknown number of raspadoras; and secondary 
processing, which occurs in a small number of spinning and two weaving mills (Tancord and 
Tanzania Packaging Materials) (Tenga, 2008; Sutton and Olomi, 2012; Mwimo et al., 2016; Broeren 
et al., 2017). Historically, sisal primary production and processing (decortification, sun drying, fibre 
brushing, grading and baling) occurred on large estates of between 3,000-7,500 hectares, which 
employed more than 500 people (Sutton and Olomi, 2012). Today, most stationary plants have 
equipment that is over 60 years old, so is inefficient and has high operating and maintenance costs. 
The number of enterprises involved in each life cycle stage decreases along the supply chain as most 
sisal fibre is exported rather than being processed in the local mills (Sutton and Olomi, 2012; Mwimo 
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et al., 2016). Some of the secondary processing products are exported and some are used within 
Tanzania, such as bags and twine, which are used to package agricultural products.  

 

Figure 2.1: Structure of the sisal industry in Tanzania, 2019 

Additional background information on the sisal industry, including recent developments with SISO 
primary producers, is contained in Appendix 2.  

Table 2.2 provides an overview of the sisal industry in Tanzania. There are a number of large 
vertically integrated companies, which own primary production estates and primary processing, with a 
handful also owning secondary processing (FAO Committee on Commodity Problems, 2013). The 
Tanzanian definition of an SME is an enterprise with 20 employees or less (ISO, 2012), but this PhD 
is using the definition of an SME as employing less than 250 people to ensure consistency between 
the case studies. Almost all the SMEs in the sisal supply chain in Tanzania are involved in the primary 
production stage, with a small number of primary processors (raspadora operators) in the Shinyanga 
region of the Lake Zone, although most could be classified as micro enterprises, with less than 10 
employees (European Union, 2003). The land area occupied by SME SISO farmers represents 30-
40% of the total sisal production area in Tanzania and there is some evidence this is growing 
(Sembony, 2016). This is reflected in the increase in total production from the Lake Zone, which is 
dominated by SISO producers, from 1,000 tonnes of fibre in the year 2000, to 9,009 tonnes in 2017, 
compared to total Tanzanian production of 20,489 and 47,515 tonnes for 2000 and 2017 respectively 
(London Sisal Association, 2018). This equates to an increase from 5% to 20% of total Tanzanian 
production in the Lake Zone alone from 2000 to 2017, in addition to the SISO farmers in the Tanga 
region.  
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Table 2.2: Overview of enterprises involved in the sisal supply chain in Tanzania (Tenga, 2008; Sutton 
and Olomi, 2012; Mwimo et al., 2016; Zakaria, 2016; Poole, 2017)   

Company  Supply chain section Details 
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SME (less than 250 employees) 
Smallholders and 
Outgrowers (SISO) X   

2,500 growers in Tanga region, also growers in 
Shinyanga region (Government target in 2011-2020 
Sector Development Plan was 10,000). 25% of 
production in 2012. 

Raspadora operators  X  Exact number of growers involved is unclear - small 
number in Shinyanga region (5+), Lake Zone. 

Small estates X X  Exact number is unclear 
Non-SME (over 250 employees) 

Various companies 

X X  

Companies include (but are not limited to): AMC 
Ltd; China State Farms Agribusiness Corporation; 
Dominion Plantations; Fibre & Products Ltd; Gombi 
Agricultural Industries; Kauzemi Plantations; 
Kwashemshi Estate Ltd; Le-Marsh Enterprises; L. 
M. Investments; Lim-Puma Limited; Marungu Sisal 
Estate; Mtapwa Sisal Estate; New Kimamba Fibres 
Ltd; New Msowero Farms Limited; SFI Tanzania 
Ltd; Silver General Distributors Ltd; and Unicord. 

D. D. Ruhinda & Co. 
(D D Ruhinda and 
Company Limited, 
2019) 

X X X 

1,734 hectares Mkumbara Estate, 280 employees.  
Tanga Sisal Spinning Mill produces yarn and twine. 

Highland Estates Ltd 
(Highland Estate, 
2019) 

X X X 
2 sisal estates (Ubena and Pangawe), 9,000 hectares 
1 spinning and weaving plant at Ubena Estate. 
Also known as African Fibres. 

Katani Ltd (Katani 
Limited, 2019) 

X + 
SISO X X 

8 decortification plants in the Tanga region on 5 
TSB estates (Hale, Mwelya, Ngombezi, Magoma, 
Magunga), Hale biogas plant - sisal waste 
codigested with beef manure (owned by Mkonge 
Energy Systems), 30% of industry output, spinning 
+ weaving mill (Tancord) at Ngomeni, producing 
carpets, ropes, baskets. 
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Company  Supply chain section Details 
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Mohamed 
Enterprises Tanzania 
(METL) Group 
(MeTL, 2019) 

X X X 

11 sisal plantations in 5 regions (Morogoro, Tanga, 
Kibaha Coast, Kilimanjaro and Lindi) including 
Mjesani, Mazinde, Bamba and Lanzoni Estates (in 
the Tanga region, formerly Ralli Estates), Hasani, 
Mikindani, Fatemi and Alavi Sisal Estates (formerly 
Karimjee Jivanjee Estates), Mabogo, Kwalukonge 
(both Tanga), Hussein (Kilimanjaro) and Kikwetu 
(Lind). 13,000 hectares sisal crop, producing 10,000 
tonnes fibre / year. Decortication plants on each 
estate. 35% of Tanzania’s total sisal output // 1 
spilling mill (21st Century Holdings Ltd), 4,000 
tonnes yarn / year, then ropes, fabric, cloths and 
floor coverings (carpets, mats) // 2 sisal-bag 
manufacturing plants, Morogoro and Moshi 
(Tanzania Packing Materials), employs 650 people, 
10 million bags / year.  
12,000 employees in sisal business.  

REA Vipingo Group 
(REA Vipingo, 2019) 

X X X 

3 estates (Mwera, Sakura and Kigombe) owned by 
Amboni Plantations Limited, producing over 7,000 
tonnes fibre/ year // Amboni Spinning Mill Limited 
produces yarns, twines and ropes //  
Employs over 4,000 people.  

Sagera Estates 
Limited (Sagera 
Estates Limited, 
2019) 

X X X 

4 sisal plantations near Tanga (Kwarungu, Kwa 
Mdulu, Lubungo, Amboni). Mill producing yarn 
(Usambara Spinning Mill), annual production of 
over 5,000 tonnes fibre, 2,400 tonnes yarn. 

 

The Tanzanian Sisal Board, a Tanzanian government entity, has developed a Sisal Sector 
Development Plan covering the period from 2011 to 2020, which aims to increase production volumes 
significantly from 34,589 tonnes in 2011/2012 to 53,237 tonnes in 2020/2021, and to increase the 
yield from 0.8 tonnes/hectare to 1.6 tonnes/hectare over the same period (Sembony, 2018). If this 
increase is achieved, then the area of land required to produce sisal will decrease, as the yield increase 
is a factor of two, whereas the production increase is a factor of 1.5. The vision for the industry (FAO 
Committee on Commodity Problems, 2013) aims to increase participation to 345,000 smallholders 
outside estate plantations by 2025, partly through the provision of mobile decorticators. Smallholders 
are expected to use food intercropping with sisal, to increase local food production. At the same time, 
the plan aims to optimise the use of sisal waste for biogas and then electricity production.   

2.3.3 Ongoing sisal research in Tanzania 
The Mlingano Agricultural Research Institute (ARI-Mlingano) in the Tanga region in Tanzania 
undertakes sisal research, under the direction of the Tanzanian Sisal Board. Research relating to in 
vitro propagation of sisal using meristematic tissue culture (MTC) started in 2000 as part of a project 
funded by the Common Fund for Commodities (CFC) and the United Nations Industrial Development 
Organization (Common Fund for Commodities, FAO and UNIDO, 2005; Ubwani, 2017). The 
research was aimed at improving the quality of the planting materials, so as to increase yields, similar 
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to recent research investigating the increase of fibre yields by coplanting with legumes, as an 
alternative to applying costly fertilisers. The three main methods of propagating sisal planting 
materials are growing sisal bulbils (seeds) into seedlings in a nursery, removing suckers from mature 
plants or MTC. MTC involves in vitro propagation of genetic material, and as Figure 2.2 indicates, 
consistently yields higher fibre fractions than the current industry value of 4%. Production of 
seedlings from bulbils in nurseries using coplanting with cowpea (a legume) yields almost the same 
fibre content, which has implications for improving yields for smallholder and outgrower farmers.  

 

Figure 2.2: Percentage fibre yield for different propagation systems, Magoma Sisal Trial data, 2017 
(Tanzania Sisal Board, 2017) 

There is currently some engagement between the sisal supply chain and other agribusiness supply 
chains on a local scale, mostly by SME sisal producers and primary processors. Sisal waste from 
raspadora decorticators can be used for stock feed. Some smallholders and outgrowers operate in 
several supply chains, particularly those who are only using part of their land for sisal production or 
sisal hedging plants, or who use inter-row coplanting with food crops to supplement their sisal 
income.  

2.4 PhD case study- future sisal supply chain scenarios in Tanzania 
Nutrient depletion is defined as a reduction in nutrient levels in soil, based on the amount of nutrients 
removed in harvested plant material compared to nutrients added to the system through fertilisers or 
recycled composted plant materials. Nutrient depletion was identified as a significant issue in sisal 
production in Tanzania (Hartemink, Kekem and Van Kekem, 1994; Hartemink and Wienk, 1995; 
Hartemink, Osborne and Kips, 1996; Hartemink, 1997). The current study was therefore designed as 
an investigation of how circular economy principles could be applied to the sisal supply chain in 
Tanzania, using LCA as the assessment tool. An overview of the system studied is provided in Figure 
2.3.  
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 Figure 2.3: Overview of system boundaries for the sisal case study 

The research questions for this case study were: 

• Can LCA be used to confirm the existence and quantify the extent of nutrient depletion in 
sisal production?; and 

• Can a blueprint for applying circular economy principles to agribusiness supply chains be 
developed using LCA as a screening tool to assess a wide range of impacts, by evaluating 
sisal production in Tanzania? 

The following paragraphs provide a summary of the key issues, findings and limitations of the case 
study, and further details are contained in the article based on this case study, which is contained in 
Appendix 1 as Paper I.  

Key issues covered in the article include: 

• The link between sisal yield and the area of land required to grow sisal; 

• Three factors influencing the export sisal fibre yield per hectare - the mass of sisal leaves 
produced per hectare per year, the total fibre fraction of the sisal leaf, and the export fibre 
fraction of the total fibre fraction; 

• The link between soil nutrient depletion and yield decreases;  

• Differences between yield from plantations using fertiliser: site 1, representing industry best 
practice, and site 2, representing industry average practice (yield data were taken from a 
recent study (Broeren et al., 2017)); 

• Use of parameters within each subprocess of the LCA model to calculate nutrient balances for 
5 major nutrients (nitrogen, phosphorus, magnesium, potassium and calcium) and identify the 
existence and extent of nutrient depletion during sisal production; 

• Large volumes of solid and liquid waste generated during primary processing of sisal, and 
related adverse environmental impacts; 
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• Potential sources of nutrients in Tanzania, from agricultural and other sources; and 

• Potential to codigest combined sisal waste stream with other nutrient sources, using the 
methane generated to generate electricity which is then exported to the Tanzanian electricity 
grid, and applying the digestate remaining to plantation fields to correct the nutrient 
deficiency issue. 

Key findings were: 

• Potential 25% reduction in land area used to grow sisal if yield can be increased to the peak 
average Tanzanian yield from 1964; 

• Potential 40% reduction in land area used to grow sisal, when considering the yield values 
recently reported by Broeren et al for sisal in Tanzania (Broeren et al., 2017); 

• Nutrient depletion per tonne of sisal export fibre for site 1 (representing industry best practice, 
using fertilisers) was 36.3 kg of potassium, 29.5 kg of magnesium, 19.3 kg of nitrogen, 1.9 kg 
of phosphorus, but calcium was not being depleted (due to the use of limestone); 

• Nutrient depletion per tonne of sisal export fibre for site 2 (representing industry current 
practice, with limited fertiliser use) was 87.4 kg of potassium, 68.2 kg of magnesium, 37.2 kg 
of nitrogen, 8.1 kg of phosphorus and 282.9 kg of calcium; 

• Beef, dairy and chicken manure, marine fish processing waste and human faeces and urine 
were assessed as have the required carbon to nitrogen (C:N) ratio for codigestion with the 
combined sisal waste stream; 

• For site 1, the required nutrient inputs for 1 tonne of sisal export fibre for codigestion equated 
to 161 dairy cows, 349 beef cows, 27,134 chickens, 2,500 kg fish, 3,808 people/day for 
human urine and 27,366 people/day for human faeces. The latter two nutrient inputs equate to 
10 and 75 people / day respectively over a year;  

• For site 2, the required nutrient inputs for 1 tonne of sisal export fibre for codigestion equated 
to 407 dairy cows, 886 beef cows, 69,150 chickens, 6,343 kg fish, 9,613 people/day for 
human urine and 69,342 people/day for human faeces. The latter two nutrient inputs equate to 
26 and 190 people / day respectively over a year; 

• For site 1, nutrients available in the digestate from the codigestion for all nutrient sources 
would correct the nutrient depletion identified for potassium, magnesium, nitrogen and 
phosphorus. Amounts in excess of calculated depletion per tonne of sisal export fibre could be 
used to correct historical depletion, and current fertiliser use could be reduced; 

• For site 2, nutrients available in the digestate from the codigestion for all nutrient sources 
would correct the nutrient depletion identified for nitrogen and phosphorus, none of the 
wastes provided the total required amount of calcium or magnesium and only dairy manure, 
beef manure and human faeces provided the required amount of potassium; 

• If no current beneficial reuse of the nutrient cosubstrate is assumed, then the best cosubstrate 
was beef manure followed by marine fish processing waste. If the nutrient cosubstrates have a 
current beneficial reuse, then the marine fish processing waste and urine are the best options; 
and 
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• Most of the benefit came from the saving from the Tanzanian grid electricity provided by the 
biogas generation using the methane from the anaerobic digester. It is important to note that 
the existing biogas plant in Hale has had difficulty exporting power to the electricity grid 
reliably due to the repeated theft of power cables.  

There were a number of limitations to the study, including: 

• Data on nutrient content of waste streams was taken from the literature, mostly from North 
American sources, so may not be accurate for Tanzania; 

• Data on dry and wet deposition of nutrients is based on research from decades ago 
(Stoorvogel and Smalling, 1990), so rates may have changed, eg increase in nitrogen wet 
deposition due to increased storm activity due to climate change; 

• While determining a precise link between nutrient levels and sisal yield would be useful, yield 
is probably also impacted by other factors, such as soil water availability and temperature; 

• Measured biological methane potential for each of the combined waste streams would provide 
a more accurate estimates of methane generation and subsequent electricity production; 

• Status of current use of codigestates was not available and would be useful, and information 
on whether they are currently degrading aerobically or anaerobically (modelling assumed all 
codigestates were currently degrading aerobically, anaerobic degradation would release 
methane and contribution to several MICs and EICs); and 

• Study uses mass balance approach to nutrient balances, and does not consider impacts of soil 
carbon or moisture.  

The study concluded that: 

• LCA can be used to confirm the existence and quality of the extent of nutrient depletion in 
sisal production; 

• There is significant potential for using LCA as the screening tool to assess circular economy 
approaches within the Tanzanian economy to address the issue of nutrient depletion and 
subsequent yield reductions in sisal production. The added benefit of yield improvements is a 
decreased demand for agricultural land, making land available for alternative uses such as 
food or fuel production;  

• The blueprint for applying circular economy principles to agribusiness supply chains has a 
number of stages as follows:  

1) Confirm the existence and extent of the issue (in this case, nutrient depletion); 
2) Use national data to identify the potential circular economy flow; 
3) Assess the suitability of each flow for the required purpose (in this case providing 

nutrients for codigestion with sisal waste); and 
4) Use LCA to assess scenarios, highlight preferred scenarios, and discuss limitations to 

the analysis. 
• Assumptions had to be made where data were limited or unavailable, and this could form the 

basis of further work. 
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2.5 Integrating research findings into the sisal value chain 

2.5.1 Current status 
A summary of the current status of the four key sisal industry value chain issues, as outlined in 
Chapter 1, is provided in Table 2.3. 

Table 2.3: Current status of four key sisal industry value chain issues 

Issue Current status 
Indicators Limited amount of data available on sisal production. Most primary producers will 

know the land area currently under cultivation and the amount of fibre produced, 
but are unlikely to know the percentage of fibre in leaves, as the leaves are 
generally not weighed before processing. These data will enable an estimate of the 
yield of sisal fibre per hectare, but not the fibre fraction of leaves or the export fibre 
fraction of the total sisal fibre. The percentage of the total sisal fibre that is export 
quality may be known if the fibre is brushed, graded and weighed for each 
producer, but if the unbrushed fibre is collected with fibre produced by other 
smallholder or outgrowers and sold as a bulk lot, then it may not be possible to 
determine the export fibre fractions. 

Management 
systems 

Given that most SMEs in the sisal supply chain in Tanzania are involved in the 
primary production stage with a few in the primary processing stage, and many of 
them are micro enterprises (less than 10 employees), it is unlikely that they will 
have the resources to develop and implement Environmental Management, Quality 
Management or Supply Chain Risk Management Systems individually. Larger firms 
may have internal system but the current status is unclear.  

Innovation 
focus 

Product: Industry very stable, main product has not changed. Bulk product, with 
little differentiation with respect to producer type or system (organic, fair trade etc).  
Process: Primary production – ongoing MTC and coplanting trials, biogas 
developments with Katani and possibly other large processors; 
Markets: There has been some work on developing new products and markets for 
these, however the market remains fairly limited.  

Linkage 
model 

Intermediary/industry wide: 1) SISO model was developed in a cooperation 
between non-SME processors, the government, SME growers and an NGO 
(Oxfam); 2) The NGO and the government have attempted to stimulate processor 
life cycle stage, with varied success. Raspadoras (primary processing) in Lake 
Region have been the most successful, secondary processing (weaving, spinning) 
less so.  

 

There are a number of potential risks in the sisal supply chain in Tanzania, such as: 

• Continued nutrient depletion leading to: 
o ongoing yield decreases, 
o increases in pest and disease infestations, and 
o ultimately, crop failure; 

• Loss of electricity supply due to grid reliability issues, some of which may relate to climate 
change (increasing storm activity etc), leading to shutdown of primary and secondary 
processing facilities if they do not have backup power, some of which may result from 
cultural issues such as theft of cables; 

• Decreased availability of water for primary processing plants on estates, which use large 
volumes of water, due to climate change; 
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• Decreased availability of labour for estate-based primary processing plants, due to rural 
populations moving to cities for better paying jobs or becoming smallholder sisal farmers, due 
to improved economics; 

• Increasing pressure to manage current adverse impacts from waste products, such as human 
and fish processing wastes; and 

• Development of a sisal certification scheme similar to that for coffee and chocolate, which 
favours Brazilian SME primary producers and processors.  

2.5.2 Future industry engagement options for the sisal industry in Tanzania 
The Tanzanian government has identified increased participation of SISO farmers in the sisal value 
chain as key to reducing rural poverty. However, there are a number of potential LCM areas that need 
to be addressed in future development of the sisal supply chain in Tanzania.  

From the case study analysis, it was determined that nutrient depletion is a critical issue for the 
sustainability of the industry, and the amount of depletion per tonne of sisal fibre was calculated for 
two sub-case studies. The two sub-case studies represented industry best practice, which involved 
some use of fertiliser (lime, potash and superphosphate), and industry average performance, where 
there was no fertiliser use. It could be assumed that the SME producers adopted similar practices to 
the industry average performance, with no addition of fertilisers to replace nutrients removed in sisal 
production, which means that the amount of depletion per tonne of sisal produced can be assumed to 
be the same as the amount calculated in the case study. Soil testing is expensive and in this production 
context, not realistic. In terms of indicators, the results of the case study can be converted into KPIs 
or eco-efficiency indicators that can be integrated into existing systems, such as providing SME 
primary producers with an amount of recycled nutrients for each mass of sisal fibre they produce. One 
potential option may be to implement a simple bar code type system to track each producer and their 
performance in an SME recognition scheme, to track how yields are changing over time.  

Unless required by buyers, the development of management systems by individual SME primary 
producers or processors is unlikely to occur.   

In terms of innovation in primary production, co-planting of food crops with sisal is synergistic in 
some cases, as soil moisture tends to be higher near sisal so that crop yields are higher, and coplanting 
with legumes has been found to increase sisal production. This could be used both on smallholder and 
outgrower land, or within sisal estates, to increase local food production. In terms of engagement 
with other agribusiness supply chains, in areas where livestock is produced in additional to sisal, 
there is currently the potential to recycle sisal waste for stock feed, mostly at smaller raspadora 
operator sites. Sisal waste from larger, centralised estate-based processing plants is not currently used 
for stock feed due to the scale of the operations as too much waste is produced, making it expensive 
and logistically difficult to transport.  

In terms of innovation in processing, sisal waste is likely to be used for bioenergy production and the 
digestate will not be suitable for animal consumption. Sourcing waste material from other 
agribusiness sectors for codigesting with the sisal waste material will depend on the location of the 
sisal processing and biogas plant relative to the nutrient sources, as large transport distances are likely 
to be cost prohibitive. For example, the Arusha and Shinyanga regions are relatively close Lake 
Victoria and the settlements of Musoma and Mwanza respectively, so may be able to access fish 
processing and human wastes from the settlements for codigestion, although locally-sourced human 
waste may be preferable. Similarly, biogas plants in the Coast, Tanga and Mtwara regions may be 
able to use marine fish processing waste or human waste from large settlements such as Dar es 
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Salaam, Tanga or Mtwara respectively. For the Arusha and Kilimanjaro sisal growing regions, there 
may be human waste available from tourism facilities. Additionally, the case study analysed primary 
processing at sisal estates that uses significant quantities of water, not raspadora-type primary 
processing, which was investigated as part of the previously reported sisal LCA (Broeren et al., 2017). 
Smaller biogas digesters located at raspadoras, such as skid-mounted mobile units, could be 
considerably smaller as the raspadora process does not use water.  

Linkages within the sisal value chain may include: a focus on value adding within Tanzania to 
promote local employment and poverty reduction, using a combination of bioenergy, bionutrient 
recycling, product differentiation and marketing; product differentiation through accreditation, 
labelling and marketing for products originating from SMEs, similar to cocoa and coffee schemes; 
optimisation of bioenergy potential, through the use of biogas digesters which include nutrient 
addition from cosubstrates to optimise biomethane production; enhanced recycling of nutrient and 
carbon content of sisal waste to boost yield in sisal primary production through correcting nutrient 
deficiencies and improving soil carbon content; enhanced SME primary production through the use of 
coplanting sisal with legumes; and structuring of support systems, including capacity building, to 
obtain data necessary to quantify productivity improvements, making data available for future LCAs. 

Given the number and sizes of SMEs (namely several thousand SMEs and many of them micro 
enterprises with less than 10 employees), any SME engagement would preferably be done through an 
industry-wide, intermediary model with primary producer groups or cooperatives, preferably with the 
support and cooperation of an industry group such as the Tanzanian Sisal Board or Sisal Association 
of Tanzania and possibly an NGO (such as Oxfam).  

Taking into account the above points, there are a few possible scenarios, depending on the 
combinations of SMEs in the primary production and primary processing sectors, as outlined in Table 
2.4.  

Table 2.4: Possible linkages within sisal value chain, including improved data capture for LCA and LCM 
principles 

Enterprises involved  Possible linkages Data harvesting 
SMEs + NGOs + 
government 

• Development of a labelling or 
certification scheme which differentiates 
SME producers from non-SME producers 

• Development of SME primary producer, 
primary processor and secondary producer 
cooperatives, linked to certification 
scheme  

• Bar code system to track sisal fibre 
production, payments and digestate 
provided for different producers 

• Number of SMEs 
involved in each stage of 
production, land area, 
production, productivity 

SME primary 
producers + non-
SME primary 
processors 

• Development of additional biogas projects 
at larger, centralised plants with higher 
water use  

• Identification and use of nutrient sources 
for codigestion with sisal wastes 

• Digestate from biogas provided to farmers 
on basis of weight of wet sisal fibre, to 
correct nutrient deficiency 

• Loyalty scheme, so producer can qualify 
for training or support (technical, financial)  

• Weight of leaves 
• Weight of fibre before 

drying 
• Weight of fibre of various 

grades after brushing 
• Assume a standard water 

loss on drying 
• Amount of biomethane 

production (metered into 
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Enterprises involved  Possible linkages Data harvesting 
• Development of green refineries for 

coproducts from sisal waste, sisal bole etc  
engine) 

• Amount of electricity 
production 

• Amount of nutrients 
recycled 

• Input use per tonne of 
fibre produced, eg water, 
electricity, diesel etc 

SME primary 
producers + primary 
processors 

• Development of small scale biodigester 
projects located at raspadora site, with 
electricity generation to run equipment or 
gas used for domestic purposes, possibly 
mobile skid-mounted 

• Use of human urine as codigestate, 
provided by people working for primary 
producers and processors 

• Digestate from biogas provided back to 
primary producers 

Government + SME 
primary producers 

• Use of tax from this industry sector to fund 
1) capacity development, such as farmer 
training workshops, intercropping trials, 
soil monitoring projects (soil carbon and 
moisture); 2) audit scheme covering 
consumption (energy, water, etc) and 
production (fibre, waste etc) to obtain 
benchmark data for SMEs and assist with 
developing other support schemes 

• Involvement in tax refund 
scheme means SME has 
option to sign up to 
ongoing monitoring 
scheme to track 
performance 

• Data on consumption and 
production, ie inventory 
data 

Government + SME 
primary processors 

• Use of tax from this industry sector to fund 
capacity development, such as marketing, 
business management, product 
development 

As above 

Intermediary (NGOs, 
IGOs, government) + 
SMEs 

• Case study audits to assist with developing 
certification scheme for SMEs, particularly 
primary producers 

• Grant/loan schemes to fund capital 
investments 

• Capacity development and audit schemes 
in cooperation with Government and 
industry groups 

• Data on consumption and 
production, ie inventory 
data 

 

Ideally a data collection and management system would be implemented which uses the latest 
advances in data management, such as automated recording and uploading of data to websites using 
bar code systems and mobile networks, rather than a paper based systems. This would enable real 
time tracking of key micro metrics such as production, bioenergy production, water use and the 
subsequent calculation of meso and macro metrics. 

The main limitation to implementing the linkages and data collection will be the availability of 
funding, particularly to support the industry on an ongoing basis.  
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3 LCA and the Pork Value Chain in Denmark, China and Australia 

3.1 Background to the pork case study 
This presented case study arose out of the involvement of Professor Morten Birkved (the primary 
supervisor of this PhD thesis, at that time), with the GlobalMeat project “Sustainable pork for the 
global market”, which was funded by the Ministry of Environment and Food of Denmark and the 
Danish AgriFish Agency. As part of the project, LCA was used as the analytical tool to compare the 
use of five super-chilling techniques on nine Danish pork products, to enable their export to distant 
markets (such as China, Japan and Australia) by ship as chilled pork, rather than frozen pork. The 
GlobalMeat project found that super-chilling and transport only marginally increased the carbon 
footprint of the product, and that most of the emissions related to on-farm activities, particularly feed 
production. The final project report was completed in 2016 (Bonou and Birkved, 2016).    

The question which then arose was – although it is technically feasible to export Danish pork products 
to distant markets, is it more sustainable? The current case study addressed this by using two LCA 
MICs, HEPR3 and arable land use, to assess the relative sustainability of the supply chains in 
Denmark, China and Australia. An article has been written on the basis of this project as part of this 
thesis, and is under review by a peer-reviewed journal presenting the initial LCA of super-chilling and 
the subsequent supply chain assessment (see Paper II in Appendix 1). 

3.2 LCA studies to date in the pork supply chain 
Pork supply chains vary between countries, due to factors such as climate, land availability, land 
productivity, consumer demands and regulatory requirements. 

Pork production, sometimes also called swine or hog production, has often been studied using LCA, 
particularly in developed countries (Basset-Mens and van der Werf, 2005; Dalgaard, 2007; Nguyen, 
Hermansen and Mogensen, 2011; Verge et al., 2012; Reckmann, Traulsen and Krieter, 2013; Noya et 
al., 2017) and, to a lesser extent, in developing or emerging countries (Luo et al., 2015; Zhou et al., 
2018) where the studies are often limited to single MICs such as carbon footprinting. The earliest 
studies are from the mid-late 1990s / early 2000s (Cederberg and Darelius, 2001)  and covered a 
limited range of MICs, such as energy consumption, climate change, eutrophication and acidification, 
but more recent LCA studies have covered a wider range of impact categories such as ozone 
depletion, land and water use (Wiedemann, 2018). Studies have used different system boundaries, 
ranging from farm (gate-to-gate), post processor, up to the whole supply chain. The functional units 
have reflected the system boundaries, ranging from kilograms of weight gained or live weight, to 
kilogram of meat or human edible protein. The locations covered have included whole countries, or 
specific regional studies (Galicia and Catalonia in Spain, Lombardy in Italy, Ontario in Canada, 
Flanders in Belgium, Western Cape in South Africa). They have compared different production 
systems, such as organic and conventional, and used different modelling approaches, such as 
attributional, consequential or both (Nguyen, Hermansen and Mogensen, 2011).  

Climate change MIC data have widely been used to compare pork production to meat production from 
methanogens such as cattle and sheep, given that the emissions of greenhouse gases from 
monogastrics such as pork and chicken are significantly lower than methanogens. LCA studies have 
been used to identify hotspots in the supply chain, which are invariably the farm life cycle stage, 
particularly the feed production and manure management. This information has then been used to 

                                                           
3 Human Edible Protein Required (HEPR) is the ratio of human edible protein consumed in the feed material per 
kilogram of human edible protein produced. 
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identify potential improvements, consider future production scenarios and for comparison with other 
pork and non-pork production systems.  

A comprehensive overview of pork LCA studies from Denmark, Australia and China is included in 
Appendix 3 and a summary is provided in Table 3.1.  

Table 3.1: Summary of pork LCAs from Denmark, Australia and China 

LCA Study Details 
Denmark, 
2007 
(attributional) 
(Dalgaard, 
Halberg and 
Hermansen, 
2007) 

•  Funded by the Danish government (ie active support) and Danish Meat 
Association 
• Conducted by Aalborg University as part of a PhD project 
• Data used: Danish national average 
• LCA aims: identify hot spots; clarify transport contribution to overall impacts 

(food miles) for exports to the United Kingdom (UK); compare 1995-2005 & 
2005-2015 performance  
• LCA use: inform government policy, especially relating to manure biogas 

potential 
• 3 MICs: climate change (excluding soil carbon and land use), acidification and 

eutrophication 
Denmark, 
2011 
(attributional 
and 
consequential) 
(Nguyen, 
Hermansen 
and Mogensen, 
2011) 

•  Funded by Danish Crown (farmer cooperative, processor) and the Danish 
government  
• Conducted by Aalborg University as part of a PhD project 
• Data used: Danish national average and 25% highest efficiency farms 
• LCA aims: assess future scenarios for feed efficiency and genetics, include 

transport to distant markets  
• LCA use: reinforce existing government policy, especially relating to manure 

biogas potential 
• 5 MICs: climate change (excluding soil carbon and land use), acidification, 

eutrophication, land use, non-renewable fossil fuel use 
Australia, 2010 
(attributional) 
(Wiedemann et 
al., 2010) 

•  Funded by the Pork Cooperative Research Centre (CRC), with matching funds 
from the Australian Government (ie passive) 
• Conducted by an independent consultant 
• Data used: 2 different management systems (conventional vs deep litter) 
• LCA aims: identify hot spots; identify potential areas to improve performance  
• LCA use: inform industry position on biogas, in terms of support to members 
• 3 MICs: climate change (excluding soil carbon and land use), primary energy, 

water use 
Australia, 2012 
(attributional) 
(Wiedemann, 
McGahan and 
Murphy, 2012) 

•  Funded by the Pork CRC, with matching funds from the Australian 
Government (ie passive) 
• Conducted by an independent consultant 
• Data used: case study farms representing more system types and locations 
• LCA aims: identify manure mitigation options  
• LCA use: inform industry position on biogas, in terms of support to members 
• 4 MICs: climate change (excluding soil carbon and land use), cumulative energy 

demand, water use (consumptive and stress weighted) 
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LCA Study Details 
Australia, 2018 
(consequential) 
(Wiedemann 
and Watson, 
2018) 

•  Funded by the Pork CRC, with matching funds from the Australian 
Government (ie passive) 
• Conducted by an independent consultant 
• Data used: marginal pork suppliers (ie piggeries with the greatest potential to 

expand) 
• LCA aims: to determine the carbon footprint of future Australian pork 

production and identify future research needs of the industry relating to feed and 
other impact MICs 
• LCA use: inform industry position on biogas, in terms of support to members 
• 1 MIC: climate change (including land use change but excluding soil carbon)  

China (various 
from 2014-
2018)1 

•  Funded by the Chinese government  
• Conducted by universities and research centres  
• Data used: varies, not always transparent 
• LCA aims: identify hot spots and potential for improvement 
• LCA use: unclear, possibly to assist with government policy 
• MICs: mostly just climate change (excluding soil carbon and land use) 

Note – 1) (Jianyi et al., 2014; Luo et al., 2015; Xu and Lan, 2016; Zhou et al., 2018). 

3.3 Background to the pork value chain and SMEs in Denmark, Australia and 
China 
There is a plethora of data available on global pork production from industry groups which Denmark 
participates in, such as InterPIG (Agriculture and Horticulture Development Board, 2018) and the 
Agri Benchmarking Pig Network (Deblitz, Verhaagh and Rohlmann, 2018). Denmark is a member of 
both networks, China is only a member of the Agri Benchmarking Pig Network and Australia is not a 
member of either network. However, at least one Australian pork organisation uses the data from the 
InterPIG project (Campbell, 2015; Pork CRC, 2017), which is published annually by an industry 
association in the UK (Agriculture and Horticulture Development Board, 2016, 2017, 2018).  

An overview of the global pigmeat industry is provided in Table 3.2. 

Table 3.2: Overview of the global pigmeat industry (Danish Agriculture & Food Council, 2018) 

Issue Detail 
World 
production 

• 82,482 M tonnes from a total pig population of 646.8 million head. 
• China (including Hong Kong) was the largest producer, with 46% of the world 

production, followed by the USA (9%), Germany (5%), Spain, Brazil and Russia 
(3% each) and EU-28 countries contributed 20% of global production. 

• Denmark contributing 1% of global and 6% of EU-28 production. 
Consumption • China was the largest consumer (56,727 M tonnes), followed by USA (9,565 M 

tonnes), Russia (3,839 M tonnes), Brazil (3,839 M tonnes) and Japan (2,754 M 
tonnes). 
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Issue Detail 
Exporters • USA, Germany, Spain, Denmark and Canada were the largest exporters by 

weight, and the exports as a percentage of national production were 22%, 44%, 
18%, 89% and 63% respectively. 

• Self-sufficiency values were 122% in USA, 132% for Germany, 211% for 
Canada, 512% for Denmark and 125% for Brazil, reflecting their status as net 
exporting countries. 

Importers • China, Japan and Mexico were the largest importers, with 1,840, 1,487 and 
1,005 M tonnes respectively. 

• Even though China is the largest importing country, imports only accounted for 
3% of Chinese consumption, ie, it is 97% self sufficient. 

• Self-sufficiency values were 46% for Japan and 63% for Mexico, reflecting their 
status as net importers. 

• China - largest exporters to China are the USA, Spain, Germany, Canada, 
Denmark and the Netherlands, with 24%, 15%, 15%, 12%, 9% and 8% of imports 
respectively. 

• Australia - imported approximately 84,000 tonnes of pork from the EU-28 in 
2017, and just over 50% is from Denmark, 97% was cuts, 1% was bacon and 
byproducts and there were small amounts of canned meat and sausages, but no 
live pigs or sows. 

 

A summary of information about Danish production from sources in Denmark is provided in Table 
3.3 and illustrated in Figure 3.1. Detailed information is included in Appendix 2.  

Table 3.3: Summary of the Danish pork value chain (Danish Agriculture & Food Council, 2017; Danish 
Pig Research Centre (SEGES), 2017; Statistics Denmark, 2018)  

Issue Details of Danish (DK) pork value chain 
Economic 
contribution 

• The most significant supply chain in the agriculture sector. 
• 74,000 people employed in the whole agriculture, forestry and fishing industry, 

including 3,227 pig farms and 6,298 people in Danish pork processors.  
Exports •  Largest Danish agricultural export, 4.8% of total export earnings. 

• Exports are 22% live pigs (mostly weaners), the remaining pork meat and type 
of product varies between markets. Trend towards less primary processing in 
Denmark, more export of live pigs. Trend towards less secondary processing 
in Denmark and increased export of whole carcases and sides. Total tonnes of 
pork exported has increased due to increasing live meat trade.   

• Destination – 72% to other EU countries, 13% to China and Hong Kong, 6% 
to Japan and 2% to Australia.  

• Product type – live pigs mostly go to other EU countries (Germany, Poland), 
pork meat mostly to other EU countries (100% of carcases, 95% of bacon, 
69% of cuts, 98% of sausages), 61% of by-products to China. 
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Issue Details of Danish (DK) pork value chain 
Industry 
structure 

• Trend towards fewer, larger farms, but nearly all private / family-owned 
SMEs, company ownership of land only possible since 2015.  

• 75% of pig feed sourced in Denmark, several of the large feed companies are 
farmer-owned cooperatives (Danish Agro, DLC Group). 

• Primary processing (live pig to carcase) dominated by Danish Crown, farmer-
owned cooperative, which owns 75% of processing capacity. A German 
company owns 19% of processing capacity (previously Tican, another farmer-
owned cooperative), remainder are SMEs. Same companies do secondary 
processing (carcase to cuts and retail-ready products).  

• Pork production is the most significant supply chain in the agriculture sector 
and pork exports are the largest Danish agricultural export. 

• Main industry groups include Danish Agriculture and Food Council (DAFC) 
(Landbrug & Fødevarer Svineproduktion) which hosts the Danish Pig 
Research Centre (SEGES). 

• Potential constraints on recycling /circular economy include potential threat 
from African Swine Fever and Pork Epidemic Diarrhoea viruses. 

  

 

Figure 3.1: Overview of Danish pork supply chain 

Detailed information on the performance on farms and processing for average Danish production is 
included in the annual InterPIG reports (Agriculture and Horticulture Development Board, 2016, 
2017, 2018). This includes micro metrics for each country (such as finishing-feed conversion ratio 
and daily liveweight gain, carcase meat production per sow per year, average liveweight at slaughter 
and average carcase weight) and an average rearing feed conversion ratio and sow feed per sow per 
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year for EU participants. Meso metrics, such as whole-herd feed conversion ratio (FCRH)4, are 
included in the LCA studies for Denmark, which so far have been updated approximately every 5 
years. Macro metrics, which enable comparisons of pork supply chains in different locations, pork 
with other meat types or pork with non-meat sources of human edible protein, have not been included 
in annual reports or LCAs to date.   

The structure of the Danish pork industry is consistent with the rest of the EU, where 40% of 
agricultural products are marketed by cooperatives (Francesconi and Wouterse, 2017). Table 3.4 
provides a summary of similar information for the Australian pork value chains. For China, 
information is limited, given its limited applicability elsewhere and availability only in Chinese.  

                                                           
4 The whole-herd feed conversion ratio is the average amount of feed required from all pork production stages to 
produce 1 kg of weight gain.  
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Table 3.4: Overview of pork value chains in Australia and China 

Issue Australia (AU)1 China (CN)2 
Primary 
producers 

• 2,984 registered pig production sites in 2017-2018, mostly in grain growing areas. 
• Mostly family-owned farms. 
• Some contract growing (eg, Westpork). 
• Some non-SMEs, as part of vertically integrated supply chains.  
• Trend towards fewer and larger farms - in NSW, 72% of sows are on 2% of farms. 
• Outdoor production is growing, but extra risk due to feral pigs acting as pathogen vectors, 

eg brucellosis and leptospirosis; 90% of production was fully housed in 2015. 
• Production occurs in all states (Western Australia, South Australia, Tasmania, Victoria, 

NSW and Queensland). Significant variations in climates between the regions.  
• Bioenergy Support Program, hosted by Pork CRC, provides free technical advice to 

Australian pork producers relating to biogas capture and use in biodigesters. Federal 
Government Carbon Farming Initiative / Emissions Reduction Fund includes approved 
methods for destruction of methane: 1) from manure in piggeries and 2) from piggeries 
using engineered biodigesters. As part of the Emissions Reduction Fund, carbon credits 
can be generated for projects that offset greenhouse gas emissions, which assists with 
economics of manure biogas projects. Due to the cost and complexity, it is likely that only 
larger farms will develop biogas projects, eg Blantyre Farm, Blackwood Piggery, 
Berrybank Farm, Australian Pork Farms Investments Brinkley Piggery, CPC Piggeries 
Goondiwindi Piggery, Kia Ora Piggery, Pigco Thyra Piggery, PIC Grong Grong Piggery, 
Rivalea Corowa, Rivalea Bungowannah, Sunpork Tong Park Piggery, Windridge Farms.  

• Trend away from backyard (<50 pigs) 
and small (50-3,000 pigs) farms to small 
(specialised household, local community) 
and modern intensive farms. Backyard 
and small farms produce feed for pigs, 
modern intensive farms are often 
“landless”, located near major markets, 
leading to significant nutrient losses.  
• Largest producers in the world include 

publicly listed companies, eg WH Group 
(Hong Kong, 1,135,000 sows, ranked #1 
in world, purchased US company 
Smithfield Foods), CO Foods (based in 
Thailand, ranked #2 in world), Wens 
(Guangong, 500,000 sows, ranked #3 in 
world), Muyan Foodstuffs (China, ranked 
#4 in world), COFCO (China, ranked #11 
in world), Truein, Zhengbang Group.  
• Some were previously government-

owned enterprises, eg COFCO. 
 

Feed 
production 
(refer to 
paper II) 

Whole-herd FCRH 3.1: 98% from Australia - 1.65 kg wheat, 0.7 kg barley, 0.35 kg 
sorghum, 0.17 kg canola meal, 0.1 kg field peas, 0.07 kg lupins, 0.003 kg soy meal; 
remainder (2% or 0.047 kg soymeal) from USA, Brazil and Argentina. For all feed 
components, interannual variation in yield occurs due to climatic conditions such as 
drought.    

• FCRH 2.8-3.24: 68-77% from China - 
corn, wheat bran, rice bran, 12% of 
soymeal; remainder of soymeal (16-18% 
of total feed) from Brazil (48%), USA 
(39%) and Argentina (11%). 
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Issue Australia (AU)1 China (CN)2 
Processors – 
primary and 
secondary 

• A few domestic SME processors, eg Wollondilly Abattoir, Macleay River Meats, 
Hawkesbury Valley Meats. 
• One cooperative abattoir, export licensed - Booyong Service Processing (owned by 

Northern Cooperative Meat Company). 
• Non-SME integrated primary and secondary processors, mostly private companies, 

domestic and export, eg Big River Pork, Don KR Castlemaine (Don KRC), Diamond 
Valley Pork. 
• Some separate secondary processors, eg Primo Smallgoods. 
• 417,400 tonnes total primary production in 2017-2018, 293,500 tonnes sold as fresh pork 
• 2/3 of processed pork is made from imported pork, 78,300 tonnes from Australian pork in 

2017-2018 (20% of Australian production). 

• China’s Ministry of Commerce issued a 
plan in 2013 to consolidate pork 
processors, due to food safety issues. A 
number of processors have vertically 
integrated to control food safety.  

Supply chain • Aggregation at processor level. 
• Some vertically integrated supply chains (primary producers and processors), eg SME – 

Cowra Piggery & Abattoir; non-SME - SunPork Farms (37 sites, 2 processing plants, 
Swickers Kingaroy and Eagle Farm) (SunPork, 2019), Riverlea (Corowa), Linley Valley 
Pork. 
• Change in manure management, with use of covered anaerobic lagoons and capture and 

combustion of biomethane generated, decreasing climate change emissions in last 10 
years. 

• Some are vertically integrated (primary 
producers, processors, retailers), eg CP 
Foods (owns pork and grain farms, 
processing and retail), COFCO (primary 
producer and processor, branded 
products). 

Industry size, 
export, 
imports 

• Imports: only processed products, mostly from Denmark, USA, Canada and Netherlands; 
297,000 tonnes in 2017-2018; no fresh imports due to strict biosecurity protocols.  
• Only Australian meat product that competes against imports. 
• Small amount (13%, 55,900 tonnes in 2017-2018) of production exported to Singapore, 

New Zealand, Papua New Guinea, the Philippines, Hong Kong, Japan, Russia, South 
Korea, South Africa, China (runners).  
• Domestic consumption has increased by 36% since 2010, 11.8 kg per capita per annum in 

2017-2018. 
• Industry employs more than 20,000 people and contributed about $2.8 billion in gross 

domestic product to the national economy (Department of Primary Industies, 2015). 

• 46% of world’s production, next largest 
producer is USA, with 9% of world’s 
production (Denmark is 1% of world’s 
production). 
• 97% self-sufficient, but still world’s 

largest pork importer.  
• Small amount of exports from mainland 

China, mostly to Hong Kong. 
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Issue Australia (AU)1 China (CN)2 
Value chain 
participants  

• Australian Pork Limited (APL), producer-owned company, manages research and 
development, marketing, policy etc. Funded by statutory producer pig slaughter levy that 
was $3.43 per carcase in 2017-2018, of which $3.25 goes to APL. Has 257 levy-paying 
producer APL members representing 93% of levies paid, 16 associate producer members 
and 10 corporate members. APL has commissioned the LCA work in this industry. Have 
to apply for membership, which is automatically granted, to avoid non-active members. 

• Pork Cooperative Research Centres (CRCs): first Pork CRC (Internationally Competitive 
Pork Industry) operated from July 2005 to September 2011; second Pork CRC (CRC for 
High Integrity Australian Pork) ran from July 2011 to June 2019, located at University of 
Adelaide; and new Pork CRC started June 2019, Australasian Pork Research Institute Ltd, 
still located at University of Adelaide. Manages the industry’s research portfolio, most 
research undertaken by Australian universities, with some State and Federal Government 
involvement (CSIRO, NSW Department of Primary Industries, Department of Agriculture 
and Food Western Australia), although there is some international collaboration, eg 
University of Alberta, Danish Agriculture and Food Council, Copenhagen University, 
USDA, Iowa State University. 

• Primary producer associations in Queensland, Victoria, South Australia, West Australia 
and NSW, as well as an Australian Pig Breeders Association and Australasian Pig Science 
Association.  

• State governments also conduct separate research, NSW and South Australia are the most 
active, eg Elizabeth Macarthur Agricultural Institute in NSW (some APL/Pork CRC 
funding, additional from industry and Federal Government Research Council), SARDI in 
South Australia (Pork CRC, 2018). 

• Chinese value chain is unique in terms of 
the involvement of the government in the 
supply chain, probably at the expense of 
producer organisations. China’s Ministry 
of Agriculture released a 5-year swine 
industry plan (2016-2020) which called 
for an industry overhaul to increase 
productivity, in part through increasing 
farm size.  

Pathogen 
risks 

• Many pig diseases not present in Australia due to strict biosecurity controls and 
quarantine requirements, Quality Assurance program (APIQ√®) and Physi-Trace system. 

• A number of pathogen issues, such as 
African Swine Fever. 

Notes – 1) Information from (Department of Primary Industies, 2015; Australian Pork Limited, 2018b, 2018a; Pork CRC, 2018; Pig Industry Yearbook 2019, 
2019; Australian Government, 2019; Australian Government Clean Energy Regulator, 2019). 2)  Information from (Cheng et al., 2011; Bai et al., 2014; Gale, 
2015, 2017; Day, 2017; Deblitz, Verhaagh and Rohlmann, 2018). 
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3.4 PhD case study – a comparison of pork supply chain efficiencies in Denmark, 
China and Australia 
The system boundaries for this case study are outlined in Figure 3.2.  

 

Figure 3.2: System boundaries for this case study (indicated by the large box), the cooling stage (the 
highlighted box) is the new life cycle stage compared to earlier LCA studies  

The research questions for this case study were: 

• Can super-chilling be used to export Danish pork products to distant markets safely from a 
food safety perspective; if super-chilling is technically viable, which of the available 
technologies are the best from an environmental perspective and how does the performance 
of each of the five super-chilling technologies compare to each other and to freezing, the 
current method; and how do the extra stages of super-chilling and export contribute to the 
overall environmental impact of the pork products?; and 

• What are the upstream supply chain efficiencies of the chosen markets, as measured by the 
HEPR and arable land required per kilogram of human edible protein produced?   

The first research question related to a study completed by a former DTU colleague, Alexandra 
Bonou (supervised by Morten Birkved). The author of this PhD reviewed the report prepared by 
Alexandra Bonou, and slightly enhanced the mass allocation keys for the current evaluation. The 
values reported in Paper II are thus slightly different from those included in the original report.    

The following paragraphs provide a summary of the key issues, findings and limitations of the case 
study, and further details are contained in the article based on this case study, which is contained in 
Appendix 1 as Paper II.  

Key issues covered in Paper II include: 

• Range of metrics available for upstream (on-farm) pork production, including bottom-up or 
micro level metrics (such as rearing FCR [FCRR], finishing FCR [FCRF]), meso level metrics 
(such as whole-herd FCRH) and top-down or macro level metrics which look at the entire 
supply chain (such as HEPR or arable land use per kilogram of human edible protein); 

• Regulatory requirements for manure management and disposal in Denmark, Australia and 
China; 

• Main production stages in pork production, include sow herds (which produce weaned 
piglets) and finisher herds. In some cases, production is integrated and all stages occur at the 
one location, with the farm using the recycled manure to grow crops for pig feed. Much of the 
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focus is on the FCRF, which measures the efficiency of weight gain in finisher pigs. In 
Denmark, a significant proportion of weaned piglets are exported. There is a trend in China 
towards landless production systems, which have related environmental issues of manure and 
nutrient management; 

• Competition for arable land, given the increasing world population and corresponding 
increased need for food production; 

• Currently recorded worst case yields within the period 2008-2017 were used to indicate the 
impact of yield on arable land use results; 

• Different amounts and extents of data are available from different supply chains:  

o Denmark has a wide range of information, much of which is updated annually 
through its involvement in the InterPIG and Agri Benchmarking projects. The small 
size of the country and uniform climate mean that production is similar country-wide, 
so data is reported as a national average. Data on feed composition and origin have 
been updated less frequently, although there is a publically available excel 
spreadsheet (SEGES Svineproduktion, 2018) and an online database (Nordic Feed 
Evaluation System, 2019) that provide detailed feed information. Manure is assumed 
to be stored and recycled to crops. By-products from meat processing are assumed to 
be used for biogas production, which replaces cogenerated electricity and heat. Yield 
information (live weight to carcase weight, LW:CW) was also included in the annual 
reports (Agriculture and Horticulture Development Board, 2018). 

o Australia has a more limited range of information and a larger range in production 
systems, given the size of and different climates within the country. Different 
production systems include conventional slatted floor for the entire lifetime, bed 
bedding for the grow-out stage, organic systems which include outdoor access. LCA 
studies to date have included case studies of production systems in different regions, 
including detailed feed tables for each case study piggery, aggregated by proportion 
of the production in each region to provide estimates of the national herd FCRH (but 
not a detailed national herd feed table, as is available for Denmark).  

o A lot less information is available in English from China on the FCRH and feed 
rations for pork production, and much of that information comes from the US 
Department of Agriculture, which uses multiple sources of market data to estimate 
values. Given this lack of detailed information, the mass of “other” in the Chinese 
feed ingredients was calculated using a worst and best-case scenario, one as sprouted 
wheat and one as a non-human edible protein product without land use such as fish 
meal, respectively.  

Key findings in Paper II included: 

• From the LCA of nine pork products using six different super-chilling technologies, assessed 
using five MICs (climate change, acidification, eutrophication, water resource depletion and 
land use): 

o Super-chilling is a viable technology for pork export to distant markets such as China 
and Australia;  
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o Most of the impacts for pork production relate to on-farm emissions for all MICs;  

o Super-chilling and transport to distant markets only contributed a small amount to the 
total impacts for all MICs; 

o Ham was the product with the highest impacts, feet (pork trotters) were the product 
with the lowest impacts;  

o Freezing used significantly more energy than all the super-chilling technologies, so 
had higher impacts in all MICs; 

o Immersion was the least efficient super-chilling technology, due largely to the extra 
packaging required, and the other technologies (chilling rooms, impingement, spiral, 
cryogenic and contact) had very similar results. Contact super-chilling is not suitable 
for irregularly-shaped cuts such as ribs, neckbones and feet (pork trotters). 

• From the comparison of up-stream pork production efficiencies, it was found that: 

o All supply chains had HEPRs of over 4, meaning they are all net consumers of human 
edible protein; 

o HEPR values were lowest in Denmark (4.17), due to higher FCRH, Australia was next 
(4.27) and China (4.56-5.52) was the least efficient, which is consistent with FCRH 
values;  

o The Chinese HEPR value of 4.56 assumes that a portion of the feed comes from non-
human edible protein sources (such as fishmeal) with the lower FCRH, while the 
HEPR value of 5.52 assumes that the equivalent portion of the feed comes from 
sprouted wheat and uses the higher FCRH;  

o Over four times as much arable land is required in Australia (161 m2/ kg human 
edible protein) compared to Denmark (38 m2/ kg human edible protein), due mostly 
to the much lower yield per hectare in Australia. Chinese arable land use (41-51 m2/ 
kg human edible protein) is slightly higher than Denmark, with ratios of 1.1 and 1.4;  

o Arable land requirements using lowest recorded yields due to drought in the last 10 
years increased the arable land required by 26% in the Danish case, 34% in the 
Australian case and 29-33% in the Chinese cases; 

o Soy production in Brazil is depleting soil nutrients, so it is expected that yields will 
decrease over time. Brazilian soymeal is used in all three countries, but to different 
extents.  

o The combined impact of climate change and nutrient depletion in soy cultivation 
means that the LCA of food systems need to be reviewed regularly, as the yield of 
crops used for feed will change over time.    

There were a number of limitations to the case study, including: 

• Handling of co-products in the assessment can impact the results – in this case study, system 
expansion was used to handle some co-products, using a change to upstream meat production. 
This led to significant credits in a number of MICs, which indicates the relative efficiency of 
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pork production compared to the livestock data sets in the Ecoinvent. If the system expansion 
had used a human edible protein product rather than a meat product, the analysis would have 
yielded different results.  

• The analysis did not consider the ultimate sustainability of pork production relative to other 
meats or non-meat protein sources. 

• The analysis did not consider losses once the pork product reached the destination port in the 
final markets due to difference in availability and reliability of effective cold chains. This 
could be a significant point of difference between markets, which it may be useful to consider 
in the average HEPR and arable land use for the exported product.  

In response to the research questions, the study concluded that:  

• The use of super-chilling to export Danish pork to distant markets is technically viable. Of the 
available super-chilling technologies, chilling rooms, impingement/spiral, and cryogenic have 
the lowest environmental impact, although the difference between the technologies is not 
large. The achievable in-plant efficiency of the technologies should be assessed and 
confirmed rather than relying on theoretical calculations, particularly for the chilling room 
option. The pork product with the lowest impact was the feet (pork trotters), while ham has 
the largest impact, but once again, the difference between the products was not significant. 

• Danish pork production is currently more efficient than Chinese and Australian pork 
production, and the super-chilling and export only contribute a small amount to the overall 
impacts compared to the emissions from the upstream (on-farm) life cycle stage. 

• HEPR and arable land use are useful metrics to assess agrifood supply chains with, and 
should enable comparison between pork produced in different regions, pork compared to 
other meat types and pork compared to non-meat sources of human edible protein. 

3.5 Integrating research learnings into the pork value chain  

3.5.1 Current status  

In terms of the key characteristics within the existing value chains: 

• Number and quality of indicators, varies significantly between value chains, with most in 
Denmark, then Australia and with far fewer metrics available for China 

• Management systems use also varies between value chains – as developed countries, both 
Denmark and Australia have regulatory regimes which require management systems for 
occupational health and safety for all life cycle stages, with additional requirements for 
environmental and quality/food safety management at the processor stage. The current usage 
rates of management systems within Chinese pork value chains was not assessed.  

• In terms of product innovation focus, Denmark has invested in the clean, green credentials 
of its pork production system, and to a lesser extent, so has Australia. There is some organic 
production, which differentiates products, but mostly it is a bulk, undifferentiated product. 
Process innovation is occurring in both primary production and processing in Denmark and 
Australia. Market innovations in Denmark and Australia involve responding to consumer 
demands for health and retail ready products, including responding to importing country 
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requirements. Innovation in Denmark and Australia is communicated through the industry 
groups and their respective research programmes, which means that the information is 
transparent and relatively easy to find. Similar details from China were not found, so were not 
assessed, but given that most Chinese production is consumer domestically, it may not be as 
relevant for the Chinese market or it may be available in Chinese only.       

• Linkages in Denmark are a combination of bottom-up through farmer cooperatives and 
groups such as the Danish Agriculture and Food Council (DAFC) with industry-wide 
involvement of the Danish government. This has led to close, proactive collaboration between 
the industry and government regulators, which has benefited the industry in terms of support 
for biogas projects. In contrast, the linkages in Australia have mostly been through the 
industry group and is much more market driven, as it is likely to favour larger primary 
producers and processors, particularly non-SME enterprises. This is evidenced by the small 
number of piggery biogas projects currently in existence – out of nearly 3,000 production 
sites, there are currently only about 12 biogas projects, of which at least 3 are owned by non-
SMEs (Australian Government Clean Energy Regulator, 2019). Linkages in China appear to 
be mostly industry-wide on the part of the government, although there are some top-down 
linkages from retailers, as some retailers are vertically integrated supply chains. 

3.5.2 Future industry engagement for pork value chains  

When synthesising the information in the preceding sections, it is useful to put the available 
indicators into a framework, as outlined in Table 3.5. The FCRH would be the simplest metric for a 
combined sow-finisher farm, and provides an overview of production efficiency. There are a number 
of micro metrics which impact the FCRH, including herd productivity factors (such as pigs 
weaned/sow/year, mortality rates (rearing, finishing), FCRR (rearing), FCRF (finishing) and sow 
feed/sow/year) and management efficiency factors, such as feed losses (due to physical loss of 
containment, spoilage etc).   

Table 3.5: Metrics for pork supply chains 

Data 
source 

Micro metrics Meso metrics Macro metrics 

Industry 
reports 

•  Finance metrics (feed, 
labour, variable costs, 
finance costs) 
•  Production metrics (eg 

FCRR, FCRF, mortality 
rate etc) 

  

LCA  •  Feed composition 
•  Feed origin (to provide 

feed yield) 
•  Life Cycle Inventory - 

finance metrics converted 
to raw material equivalents 

• Whole-herd FCRH 
• Standard MICs and 

EICs 

• HEPR – 4.27 for AU 

This study   • HEPR – 4.17 for DK and 
4.56-5.52 for CN  
• Arable land use in m2 per kg 

human edible protein - 38 for 
DK, 41-51 for CN and 161 
for AU 
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It is likely that primary producer SMEs will continue to use micro metrics, and that the meso and 
macro metrics will not be of great use to them, unless they choose to make climate change reduction a 
business goal or point of differentiation compared to other producers.  

In terms of climate change impacts, a meso metric, the difference in approach between Denmark and 
Australia is significant for SMEs.  

In terms of other meso metrics, such as the acidification and eutrophication MICs, it is likely that it 
will be regulators who use this information to develop policy and regulations to reduce impacts. In 
effect, the knowledge gained from the LCA will be converted into procedural requirements. This has 
already happened in Denmark. The current market-driven, neoliberal approach to environmental 
management in Australia is unlikely to change in the current political climate, which will be at the 
expense of SMEs farmers and processors. By adopting an approach similar to Denmark, China could 
assist the pork sector to improve performance more rapidly than a regulatory-only approach.  

The macro metrics may be of use to value chain stakeholders such as the industry group and 
governments, in terms of developing strategies and policies to improve these metrics. The HEPR 
metric is dependent on the FCRH and sources of human edible protein in the feed, whereas the arable 
land use is determined by the latter factor and the yield of the grain protein sources. It may be possible 
at an industry or government policy level to look at supporting the development of supplies of non-
human edible protein, such as food waste or fish processing waste, or protein sources that do not use 
arable land, such as seaweed. Similarly, for the arable land metric, it may be useful to switch to 
sources of human edible protein with a higher yield, such as peas grown in Denmark rather than soy 
imported from South America, where yields are declining due to nutrient depletion. In this way, 
results from LCA studies are not used directly by SMEs, but primary producer SMEs may end up 
changing practices based on government or industry support for changes in production. 

In terms of processor SMEs, innovation focus and potential future linkages, the main outcome of 
the LCA is likely to be the relatively small impact they have on the supply chain as a whole. 
However, there is still potential for enhanced management of wastes, biogas production and 
subsequent electricity generation, which will probably only happen in SMEs for which there is 
industry or government support. Based on the government approaches to industry support with 
primary producer biogas, this is more likely to happen in Denmark and possibly China, than it is in 
Australia, where the government takes a much more market-driven approach.  
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4 LCA and the Red Meat Value Chain in Australia  

4.1 Background to the two red meat value chain case studies 
This section was originally the main focus of the thesis, as a continuation of a study of the carbon 
footprint on red meat processing in Australia, which the PhD student had completed as part of a 
Master’s thesis (Colley, 2012).  Following the cancellation of the underlying project in Australia that 
was to have provided new primary data, the overall focus on the first case study was reduced and the 
second case study was then included. There have been many studies on the upstream/on-farm portion 
of supply chains, without consideration of the potential significance of processing, marketing and 
storage (Mwongera et al., 2019). These case studies address these aspects. The first case study applies 
circular economy principles to a single meat processing site using LCA to assess renewable energy 
integration options and the second case study evaluates regenerative agriculture using a delta LCA in 
an grass-based sheep system. Two articles have been written on the basis of these case studies as part 
of this thesis, and are currently under review by a peer-reviewed journal (see Papers III and IV in 
Appendix 1).    

4.2 LCA studies to date in the meat supply chain in Australia 
A 2009 review of Australian agricultural LCAs found that nearly all Australian meat LCA studies 
report on greenhouse gas emissions (global warming potential or carbon footprint) and some reported 
on resource usage (water, primary energy), indicating the importance of these MICs to Australian 
agriculture (Harris and Narayanaswamy, 2009). Only dairy LCAs had looked at eutrophication and 
ecotoxicity, and no studies had looked at acidification. Subsequent studies have looked at land use in 
addition to greenhouse gas emissions, and water and energy use (Ridoutt et al., 2014; Ridoutt, 
Sanguansri and Alexander, 2015; Stephen. G. Wiedemann et al., 2015; Wiedemann, Yan and 
Murphy, 2016). Australian studies have similar results to studies in other countries, namely that most 
of the environmental impacts are associated with farm and feedlot activities (Wiedemann, McGahan, 
Murphy, Yan, et al., 2015). A detailed analysis of red meat LCAs that incorporate the core meat 
processing stage is included in the appendices of Paper III (see Appendix 1).  

For ruminants such as cattle, there are numerous Australian LCA studies which cover a variety of 
impact categories relating to resource usage and emissions (Gregory M. Peters et al., 2010; Ridoutt, 
Sanguansri and Harper, 2011; Ridoutt et al., 2012, 2014; Stephen G. Wiedemann et al., 2015a; 
Wiedemann, McGahan and Murphy, 2016; Wiedemann, Yan and Murphy, 2016). Energy use is 
dominated by farming activities in farm gate studies and meat processing in processing plant gate 
studies. Consumptive water use was lower in Australia than northern hemisphere studies, due to the 
lower usage rates of irrigation and more than 90% of the consumption occurred on the farm. Stress-
weighted water use was higher in Australia than in New Zealand, which reflects the differences 
between the climates. Land occupation tends to be higher in Australia than in Europe, due to the 
extensive nature of production and lower stocking densities but arable land is generally a small 
proportion of the total (0-4%) for grass-fed systems. Climate change impacts vary between studies 
but are usually dominated by enteric methane emissions from digestion (54-84%), followed by carbon 
dioxide from energy consumption (9-13%) and then nitrous oxide emissions from manure (6-13%). 
Nitrous oxide emissions are lower in Australia compared to Europe and North America as drier 
conditions lead to lower emissions from manure and extensive systems use lower fertiliser and fuel 
inputs. Grass-fed beef has a HEPR of less than 1, indicating that this supply chain is a net producer of 
human edible protein (Wiedemann, 2018). Grain-finished beef has lower greenhouse emissions than 
lifetime grass-fed per mass unit, mostly due to decreased enteric methane emissions due to the shorter 
time taken to reach the required final weight for sale and the higher digestibility of grain compared to 
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grass. However, grain-finished beef tends to have higher levels of intramuscular fat (marbling) and 
trimmable fat (selvedge fat and intermuscular) (Williams, 2007; Leheska et al., 2008) and this is 
currently not accounted for in the LCA functional unit, which only reports the total mass, not the mass 
of protein. LCA studies of milk production use functional units such as energy-corrected milk 
(Cederberg et al., 2009) or fat and protein-corrected milk (Gerber et al., 2010), which is a way of 
providing a consistent means for comparing milk that removes variations due to different breeds. 
Grain-finished beef has higher values for water consumption and arable land use, and has a HEPR of 
greater than 1, meaning that the supply chain is a net consumer of human edible proteins 
(Wiedemann, 2018).  

Australian LCA studies of sheep have yielded similar results to beef studies (Gregory M Peters et al., 
2010; Stephen G. Wiedemann et al., 2015a; Stephen. G. Wiedemann et al., 2015; Wiedemann, Yan 
and Murphy, 2016). MICs assessed include resource use (energy, water, land) and emissions 
(greenhouse gas emissions).  Energy use was lower per mass unit than beef, mostly due to lower on-
farm consumption, but most consumption still occurred on the farm (43%), followed closely by meat 
processing (35%), then transport (26%). Consumptive water use was similarly lower per mass unit 
than beef, and occurred almost entirely on the farm. Land occupation was more varied, ranging from 
less than to significantly (>100%) more than beef production, the latter being in areas with lower 
stocking densities. However, arable land use still only accounted for 3% of the total, and this was 
dominated by feed grain production, in part for supplementary feeding during droughts. Stress-
weighted water use varies considerably between production regions, but was similar to beef 
consumption. Climate change impacts were once again dominated by on-farm enteric methane 
emissions, with carbon dioxide emissions from meat processing and transport contributing smaller 
amounts. For both sheep and beef systems, the impact of soil carbon on climate change impacts has 
only been included relatively recently, and there is still a lack of data relating to soil carbon in 
Australia (Wiedemann, 2018). Appendix 4 provides an overview of relevant soil carbon issues, such 
as the different carbon pools and how that might impact the potential for soil carbon sequestration in 
Australia. No LCAs of lot-fed lamb supply chains have been conducted to date, even though this is a 
growing market segment (Meat & Livestock Australia, 2005; Dickson and Jolly, 2011; Chadwick and 
Pearce, 2013; Agriculture Victoria, 2017). 

Biodiversity has three main elements: different species types; differences between individuals within 
a species; and different ecosystems (Steinfeld et al., 2006). Livestock production systems have 
historically contributed directly or indirectly to biodiversity loss through modifying or destroying 
ecosystems, such as the deforestation of the Cerrado biome in Brazil for soybean production for 
animal feed (Cederberg et al., 2012). However, there are some documented exceptions, such as cattle 
grazing in the semi-natural grasslands of Europe, which contain large proportions of the most 
threatened species of birds, insects and vascular plants in Europe (Emanuelsson U., 2008). The 
greatest threats to biodiversity in Australia relevant to agriculture are: natural habitat loss and 
fragmentation; competition and land degradation from livestock and feral herbivores (such as goats, 
feral pigs and rabbits); alteration of natural water flows; and removal of resources such as wood 
(Cresswell and Murphy, 2017; Australian Government Department of the Environment and Energy, 
2018a). Some LCA studies have considered biodiversity and have contained no or only limited 
information regarding animal welfare, but use often organic or extensive pasture-based systems as 
proxies (Cederberg et al., 2012). A Swedish study focusing on animal welfare potentials of livestock 
production proposed maintaining the biodiversity hotspots of European semi-natural grasslands by 
adopting extensive beef grazing production systems (Cederberg et al., 2012). 
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Consumer awareness of animal welfare issues has continued to increase since the initial research in 
the 1960s (Brambell et al., 1965), due to a range of factors including: documentaries such as Food Inc 
and Cowspiracy (Kenner, 2008; Anderson and Kuhn, 2014); footage from activists of animal living 
conditions (Chen, 2016); concerns about food safety as a result of past scandals such as dioxin 
contamination and BSE (Miele and Parisi, 2001); and concerns about residues of chemicals such as 
antibiotics and pesticides. Consumers believe that there is a direct link between animal welfare and 
food safety and health (European Commission, 2016a), so animal welfare concerns have a 
anthropocentric orientation. Consumer concerns have contributed to the development of more 
comprehensive food certification schemes relating to animal welfare, which go beyond compliance 
(Faucitano et al., 2017; Ministry of Environment and Food of Denmark, 2018). Vegetation has an 
impact on the surrounding environment due to shading and evapotranspiration, and has been shown to 
decrease ambient temperatures in urban environments (Qiu et al., 2013). Similarly, livestock 
production in South American countries such as Colombia are looking at adopting Intensive 
Silvopastoral Systems to mitigate some of the adverse effects of climate change, but a need for further 
studies into the ameliorating effects of evapotranspiration and vegetation on the ability of livestock to 
regulate their temperature has been identified (Cuartas Cardona et al., 2014). There may therefore be 
synergies between maintaining or improving animal welfare and productivity, and increasing the 
amount of on-farm vegetation providing shade in extensive pastoral systems (United Nations, 2013).  

Discussions are ongoing over how moving from intensive monoculture agriculture back to 
regenerative agriculture adapted to the local environment, can improve sustainability, biodiversity and 
animal welfare outcomes (United Nations, 2013; Tree, 2018), an agricultural version of rewilding 
(Lorimer et al., 2016). These discussions have resulted in the development of future food production 
scenarios which provide complementary pathways to reducing animal product consumption. 
Regenerative agriculture using an Australian sheep farming example, looking at offsetting supply 
chain climate change emissions, is covered in Paper IV (see Appendix 1).  

4.3 Background to the red meat supply chain and SMEs in Australia 
The 2016-17 Rural Environment and Agricultural Commodities Survey reported that of the 
769,202,000 hectares of land in Australia, 51% was agricultural land, and 95% of this was being 
actively used for agricultural production5. Of the land actively being used for agricultural production, 
8% was used for crops, 10% for grazing on improved pasture and 81% for grazing on other (non-
improved) grazing land. This highlights the relatively small amounts of arable land available in 
Australia and the dominance for non-arable or grazing land. In 2016-17 there were 88,073 
agricultural businesses, of which 94% were livestock related (Ernst & Young, 2018), direct 
employment in the industry was 191,800, indirect employment was 246,300, so the total employment 
in the livestock industry was 438,100 people. During the 2008-2012 period, the National Livestock 
Identification System (NLIS) database recorded 185,113 producers, which would include all 
properties with cattle, sheep or goats, including dairy farms, saleyards, hobby farms and all non-
commercial premises such as research facilities, universities, travelling stock reserves etc (Iglesias 
and East, 2015). 

Beef production is broadly split between northern and southern Australia, which reflects variations in 
climate, land, markets and related infrastructure (Australian Competition and Consumer 
Commissions, 2017). The average herd size is 1,576 head per farm in the north, compared to 412 head 
per farm in the south. Most (46%) of the cattle herd was in Queensland, followed by 18% in NSW, 

                                                           
5 The remaining 5% is split fairly evenly between land that is set aside for conversation or protection purposes, 
and “other land not used for agricultural purposes” 
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14% in Victoria, 8% in both the Northern Territory and Western Australia, and 4% in South Australia. 
Cattle numbers include farms and feedlots. In contrast, sheep production is found mostly in NSW 
(36%), followed by 21% in both Victoria and Western Australia, 17% in South Australia and the 
remainder split between Queensland and Tasmania. This also reflects the variation in climate, which 
determines the suitability for different livestock types. Goat production is on a much smaller scale, 
with an unreported size for a national herd in 2016-17 (due to wild goat populations) and annual 
slaughter of 2.1 million head (Ernst & Young, 2018).   

The key points on the stakeholders in the red meat supply chain relating to LCA and the Australian 
red meat value chain are summarized below (see Appendix 4 for comprehensive details): 

• SMEs are mostly found at the primary producer stage, both farms and feedlots, although most 
of the feedlot capacity is owned by non-SMEs. 

• There are a number of SMEs at the processor stage, although most of the production capacity 
is owned by the larger, non-SME export-oriented companies. 

• There is significant aggregation at the feedlot and processor level. 

• There are only two meat processing farmer-owned cooperatives, which contribute only a 
small amount to the total Australian red meat production. Farmer-owned cooperatives have 
never played a large role in the Australian meat processing industry. 

• The red meat sector differs from the dairy sector, where farmer-owned cooperatives 
dominated the industry in the past but no longer do (Dairy Australia, 2018), and only about 
10% of the cattle herd is dairy. 

• SME primary producers have mainly acted as data providers for LCA studies, either through 
annual/five-yearly government surveys or directly as case study farms.  

• It is unclear if processor data for LCA studies comes from SMEs or non-SMEs, although it is 
probably the latter. 

• LCAs have been instigated by industry groups and completed by consultancies, with funding 
support from industry and matching funds from Government. 

• Results from LCAs have been used by the primary producer and processor group, Meat & 
Livestock Australia (MLA), to identify hot spots in the supply chain and options for 
improving performance, which have focussed principally on on-farm productivity 
improvements and more recently, on biogas capture and utilisation in the processing sector 
(although mostly with the larger, non-SME processors). 

• There are significant differences in the way that LCA studies have been initiated, funded, 
conducted and used in the meat sectors in Australia compared to the pork supply chain in 
Denmark. In particular, the government has taken a much more passive role in Australia, 
compared to the leading role the Danish government has taken in driving the sustainability 
agenda in the Danish pork industry. 

• Soil carbon is an area where additional research is required. 
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4.4 PhD case study – applying circular economy principles to meat processing 
using LCA to assess renewable energy integration options 
This case study evaluated using the processing stage as the point of entry to the supply chain, and then 
assessed opportunities to integrate along the supply chain, downstream to transport and upstream to 
on-farm biosequestration and transport. An overview of the system studied is provided in Figure 4.1. 

 

Figure 4.1: System boundaries for current study - livestock production system for cattle, sheep, goats and 
pigs 

The research questions for this case study were: 

• Do current life cycle inventories and LCA studies adequately represent SMEs in the meat 
processing sector?; 

• Is climate change a suitable proxy for other impact categories in meat processing?; and 

• What are the circular economy opportunities for SME regional meat processors to reduce 
their environmental impacts using LCA as the analytical tool to prevent burden shifting? 

The following paragraphs provide a summary of the key issues, findings and limitations of the case 
study, and further details are contained in the article based on this case study, which is contained in 
Appendix 1 as Paper III.  

Key issues covered in Paper III (Appendix 1) include: 

• A qualitative review of risks and opportunities in the supply chain, with a focus on risks with 
catastrophic consequences (SAI Global, 1999) and opportunities for supply chain integration 
in the surrounding geographic area. 

• Assessment of circular economy opportunities for SME meat processors to reduce their 
environmental impact, using LCA as the analytical tool to prevent burden shifting. This 
included an assessment of future energy supply scenarios, including renewable energy 
sources such as solar photovoltaics, wind, biogas, tallow and biomass.  

• A more detailed inventory of meat processing then previous LCA studies and an assessment 
of whether existing life cycle inventories adequately represent SMEs such as the single study 
processing plant. 

• An assessment as to whether climate change is a suitable proxy for other MICs and EICs. 

• Use of system expansion to cover all co-products and by-products, rather than allocation. 

                            

System boundary for current study

Upstream/ "on-farm"

* livestock raising
* pasture cultivation

* feed cultivation
* feed preparation

* packaging

Core/ processing

* processing
* packaging

* waste treatment & 
disposal

Downstream/ 
consumption

* product storage
* product use

* end-of-life, including 
packaging
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• An estimate of the amount of non-arable land necessary to grow the required amount of 
biomass for processing plant energy needs and to offset all supply chain emissions, and how 
this compares to the livestock catchment area for the processing plant. 

Key findings in Paper III included: 

• Using risk assessment in conjunction with LCA assisted with highlighting priority areas for 
the site to target in terms of improvement plans, as there was alignment between risk, cost and 
LCA results. 

• Inventory data and LCA results were different to previous LCAs, suggesting that SMEs may 
not be well represented by existing published data. 

• System expansion resulted in large credits, particularly for edible offal, highlighting the 
importance of optimising the use of this co-product. 

• Climate change was not a suitable proxy for other MICs and EICs. 

• The best future energy scenario included: capturing biogas from the anaerobic ponds and 
using it for electricity generation (along with solar photovoltaics and wind energy); using 
tallow to generate electricity to provide the residual electricity required; converting tallow 
into biodiesel for the site-owned product transport fleet; and growing biomass for the thermal 
energy needs of the processing plant using the nutrient content of the treated effluent.  

• For the best future energy scenario, less than 0.5% of the processing plant catchment area of 
non-arable land was required to grow the biomass for thermal energy needs. 

• If all supply chain emissions were offset using biomass to replace fossil fuels, the area of land 
required equated to 12% of the non-arable land for lifetime grass-fed beef (ie not grain-fed 
feedlot-finished beef) from the processing plant catchment area. 

There were a number of limitations to the study, including: 

• This study only looked at a single SME site, so it was not possible to make conclusions 
regarding other SMEs within the same supply chain. 

• The limited range of mid-point impact categories reported in existing LCA studies, 
particularly for the on-farm life cycle stage, has meant that comparisons could only be made 
for life cycle inventory and LCA results which have been reported such as climate change and 
fossil fuel consumption. 

• The biomass assessment looked at lifetime grass-fed beef, but the results would be different 
for grain-fed beef, which has lower non-arable and higher arable land use, with lower 
potential for growing biomass for offsets. 

The study concluded that there is significant potential for supply chain integration in the red meat 
sector, particularly in terms of offsets from biomethane for electricity production and biomass 
coproduction from non-arable livestock catchment land for biomass production.  
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4.5 PhD case study – delta LCA regenerative of agriculture in a sheep supply 
chain 
This case study looked at using a delta LCA, where only the changes between the existing system and 
the new system are modelled, to assess a sheep supply chain in NSW (Australia) that is operating 
using regenerative agriculture production methods. It looked at using biomass plantings, soil carbon 
sequestration and biomass use to offset fossil fuel consumption that in turn will offset supply chain 
climate change emissions. It was assumed that improvements in animal welfare would lead to 
productivity improvements so that the net effect would be that up to 20% of non-arable land could be 
changed from pasture to vegetation and the overall farm productivity would be maintained. This was 
based on a recent report produced as part of an Australian Federal Government scientific research 
project (Ogilvy et al., 2018), which found that regenerative agriculture is, on average, more profitable, 
more biodiverse and achieves better wellness of farmers than comparable conventional agricultural 
systems. Three cases using different soil carbon levels were modelled, the highest of which 
represented values after soil enrichment with a stable carbon pool such as biochar. An overview of the 
system studied is provided in Figure 4.2. 

 

Figure 4.2: System boundary for delta LCA of regenerative farm (compared to conventional farm) 

The research questions for this case study were: 

• What are the major non-sheep processes contributing to environmental impacts of sheep 
production in regenerative agriculture, using a delta LCA as the analytical tool, where only 
the differences between the existing and proposed new system are modelled?; 

• Using a maximum of 20% of the total non-arable land used for sheep production, can the 
climate change impacts of sheep production be offset by 1) sequestration in soil carbon and 
biomass and 2) use of biomass as a fossil fuel substitute?; and 

• Can regenerative agriculture reduce the environmental impacts of sheep production? 

The following paragraphs provide a summary of the key issues, findings and limitations of the case 
study, and further details are contained in the article based on this case study, which is contained in 
Appendix 1 as Paper IV. 

Key issues covered in Paper IV (Appendix 1) include: 

• Changes in farming due to regenerative agriculture, such as the cessation of fertiliser use, 
reduction in chemical use for sheep drenching and weed spraying (from broad acre spraying 
to spot spraying), increased soil infiltration of rainfall, leading to lower runoff and greater 
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provision of stock watering from bores and troughs, rather than dams (which have very high 
loss rates). 

• Other changes included replacement of grid electricity with electricity generated onsite using 
solar photovoltaics. 

• Which farming inputs contribute the most savings to MICs and EICs. 

• Non-livestock climate change emissions savings from using regenerative agricultural 
practices, including substituting grid electricity use with electricity generated onsite from 
solar photovoltaics. 

• Potential for offsetting supply chain carbon emissions, using soil carbon sequestration, 
biomass growth and use of biomass to offset solid fossil fuel use. Three different soil carbon 
sequestration rates, two different solid fossil fuel substitutions and a range of different 
allocations of non-arable land to biodiversity plantings, biomass plantings or both were used.  

Key findings in Paper IV included: 

• A delta LCA is a useful way of highlighting which non-livestock farming source has the most 
significant impact on the sustainability of the farm.  

• Regenerative agriculture has a positive impact on all impact categories, ranging from small 
(4% in climate change) to significant (108% for fossil fuel depletion). The change in climate 
change impacts is small as is the change in most of the emissions coming from the livestock, 
which is constant in both systems. Most (97% on average) of the savings came from the 
cessation of phosphate fertiliser use.  

• Replacement of grid electricity with electricity from solar photovoltaics provided small 
climate change savings but significant fossil fuel savings, due to the generation mix in 
Australia. Solar photovoltaics had higher results for the MICs of mineral resource depletion, 
ozone layer depletion and ionizing radiation. 

• Reduction in on-farm pesticide only contributed a small amount of the human health and 
freshwater ecotoxicity MICs, due to the dominance of phosphate fertiliser contributions 

• As water supply system losses account for nearly 80% of total fresh water consumption, 
changing to regenerative agriculture, which necessitated a switch from dam-water to bore 
water, reduced overall systems losses and therefore consumption. If a 25% reduction in 
supply losses was assumed, then the overall consumption decreased by 19%, whereas if a 
50% reduction in supply losses was assumed, the water consumption decreased by 39%.  

• Significant potential exists to offset supply chain emissions, using a combination of soil 
carbon sequestration, biomass growth and biomass use for offsetting fossil fuel use. The 
amount of land required depends on assumptions such as the soil carbon uptake, solid fossil 
fuel being replaced and proportion of land used for permanent biodiversity plantings relative 
to biomass plantings, but ranged from 9.3% to 20% of the non-arable land available.  

• Rate of soil carbon sequestration has a significant impact on the results.  

There were a number of limitations to the study, including: 
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• Savings from replacing grid electricity with solar photovoltaics would vary depending on the 
underlying generation mix of the system. 

• Water use savings were based on estimates, and the actual savings would need to be 
confirmed by looking at changes to actual water consumption data.  

• Sequestration of carbon in biomass has a physical limit, which is reached once the biomass 
has matured. Once this point is reached, the annual amount of carbon dioxide sequestered 
tapers off.  

• Use of biomass to offset fossil fuels would depend on the existence of a local user, so this is a 
location-specific issue. It may be an existing user, such as a meat processing plant, or a future 
user, such as a small, distributed green biorefinery.   

• Achievable levels of soil carbon sequestration need to be investigated further, including the 
equilibrium in levels of soil carbon, and inter-annual variability.  

• Need to confirm the link between animal welfare and productivity in regenerative agriculture 
systems, particularly the benefits of the increased amounts of above-ground biomass on 
thermal comfort and health stress. 

The study concluded that it appears that regenerative agriculture may have significant potential to 
address the climate change impacts of red meat production, but further detailed field studies are 
required.  

4.6 Integrating research learnings into the red meat supply chain  

4.6.1 Current status 
A synthesis of the metrics in the preceding sections is provided in Table 4.1. HEPR information from 
existing LCA studies is provided in the LCA row, HEPR information estimated as part of this PhD is 
included in the final row of the table and details of the calculations are provided in Appendix 4. This 
indicates that whether sheep production from feedlots is a net human protein producer or consumer 
depends on the FCR. Regardless, the best (lowest) FCR for the lamb lot feeding stage of 4.7 is 
significantly higher than the Australian pork FCR of 3.1, even though the net FCR for lot fed finished 
lamb still ends up being less than 1 due to the low FCR in the on-farm backgrounding stage.  

Table 4.1: Metrics for red meat supply chains 

Data source Micro metrics1 Meso 
metrics 

Macro metrics 

Industry 
reports 

•  Finance metrics (feed, 
labour, variable costs, 
finance costs) 
•  Production metrics (eg 

stocking rate [dry sheep 
equivalent], lambing %, 
mortality rates, growth rates) 
• “Environmental” metrics (eg 

% ground cover, herbage 
mass, % tree cover) 

Total farm 
productivity 
(eg tonnes of 
product 
[meat, wool] 
produced, 
converted to 
per hectare 
per year 
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Data source Micro metrics1 Meso 
metrics 

Macro metrics 

LCA2  • Feed composition, origin and 
yield 

• Standard 
MICs and 
EICs 

• HEPR 
o  0.35 - 1.0 for sheep meat3 
o  0.1 for grass fed beef 
o  2 - 3.3 for grain finished beef 
o  0.7-5.2 for grain finished 

lamb4 
This study 
(calculation 
details 
provided in 
Appendix 4) 

  • HEPR 
o  0 for sheep or beef meat from 

regenerative agriculture 

Notes – sourced from 1) (Wright, Wright and Reid, 2005; Bell, Graham and Langford, 2007), 2) (Wiedemann, 
2018), 3) Includes use of supplementary grain feeding and forage crops to manage summer feed deficiencies, 
including grain spilled after harvest of crops, 4) - (Meat & Livestock Australia, 2005; Chadwick and Pearce, 
2013). 

SME primary producers use micro metrics and total farm production meso metrics, such as the tonnes 
of wool or meat produced per year, as the latter statistics determine farm income. Macro metrics are 
not currently used by the industry.  

The use of management systems depends on the stage in the supply chain, and is usually determined 
by whether or not there is a legal requirement, on the part of the government or buyers, to have the 
system in place. Primary producers will generally have an occupational health and safety management 
system, because it is a legal requirement. Most feedlots will also have an environmental management 
system, which is a requirement of regulatory approval of the site. Larger non-SME farms may have an 
environmental management system, depending on the parent company. Public companies, such as the 
largest primary producer, Australian Agricultural Company, may have a sustainability policy and 
annual sustainability reporting, but at present, sustainability reporting is voluntary. Nonetheless, listed 
companies are legally required to disclose material business risks, such as climate change, but recent 
reports have indicated that Australian companies have limited disclosure and consideration of climate 
change risks (Australian Securities and Investments Commission, 2018; Market Forces, 2019).  

The innovation focus varies along the supply chain, primary producers are investing in product 
innovation through differentiation, such as production systems with higher environmental (organic), 
animal welfare (responsible wool) or standards. Process innovation in primary production can include 
a range of different regenerative agricultural practices. Marketing innovation on the part of 
individual primary producers will generally be linked to changes in the product or process. For 
processors, the innovation focus will vary between enterprises, the type of product produced 
(differentiated or not) and the market they are selling into (local, export, high value export eg prime 
beef to Japan and Korea vs ground beef to the USA hamburger market).  

The linkage model used also varies along the supply chain. For primary producers, the linkages are a 
combination of industry-wide linkage with a combination of enterprises, government and NGOs 
(such as Landcare), or are bottom-up, through farmer groups. For processors, linkages are generally 
industry-wide, although there are some top-down linkages on the part of major buyers such as retail 
chains and fast food chains.  
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4.6.2 Potential future pathways 
As with the pork case study (see Chapter 3), SME primary producers will continue to use micro 
metrics and total farm production meso metrics. Macro metrics are not likely to be particularly 
useful to primary producers, but many be of interest to other value chain stakeholders, such as 
industry groups or government policy makers, to measure overall industry performance improvements 
and compare this value chain to other value chains producing human edible protein.  

Usage of management systems will probably increase over time as regulations become more 
stringent, but the primary driver is still likely to be a regulatory requirement to have a system. Non-
SMEs in the supply chain, especially public companies, are the exception, where the use of a 
management system and related external reporting is targeted at a range of external stakeholders such 
customers, shareholders, the local community, investors, suppliers and government (Australian 
Council of Superannuation Investors, 2017).  

Climate change adaptation is and will continue to be an innovation focus for agriculture in Australia. 
For domestic markets, innovation may focus on enhancing market offerings (such as more retail-
ready products) or continued product innovation, such as differentiation between production systems 
(eg lifetime grass-fed, organic, sourced from regenerative agriculture etc). Process innovation in 
primary production may increasingly include animal welfare, biodiversity and climate change 
adaptation, although marketing schemes aligned to these innovations will need to be developed and 
implemented.   

There may be increased top-down linkages, such as market pull in the domestic market from retailers, 
as a response to increasing consumer demands for “environmentally friendly” products with higher 
levels of animal welfare, although there may be a shift away from meat to other protein sources. There 
may also be increasing bottom-up linkages from farmers looking to “climate proof” their production 
systems (Ogilvy et al., 2018). However, industry-wide linkages, mediated by government and 
industry groups, are likely to continue to be the dominant linkages for the foreseeable future.  
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5 LCA and SMEs in agribusiness value chains – the way forward 

5.1 Existing linkage models using LCT, LCM and LCA  
The LCM-CMM model is relatively new (Swarr, 2015) and has been used in a number of SME case 
studies (Moreno et al., 2015; Swarr et al., 2015; Seidel-Sterzik, McLaren and Garnevska, 2018a, 
2018b), all of which used the intermediary linkage model for engagement with SMEs, with an entity 
such as a government environmental agency or industry group initiating and managing the project. 
The United Nations Environment Programme (UNEP) / Society of Environmental Toxicology and 
Chemistry (SETAC) Life Cycle Initiative LCM-CMM pilot project involved eight LCM-CMM case 
studies, including three food SMEs, RUCID in Uganda, NEHSU Foods in Cameroon and Finca 
Mountain in Peru. All three of these food SMEs investigated process innovation projects (Swarr et 
al., 2015). However, the cluster case study in Colombia did not include any food SMEs, but only non-
SME food enterprises (Moreno et al., 2015), so in the context of this thesis highlights the problems 
with engaging with food processing SMEs. The New Zealand case study focused on enablers and 
barriers to LCM uptake in the kiwifruit industry, from the perspective of primary producers, 
processors and the primary producer industry group, Zespri (Seidel-Sterzik, McLaren and Garnevska, 
2018a, 2018b) but did not analyse actual LCM projects.  
 
The largest, longest running SME support program that the author is currently aware of, namely the 
US Department of Energy Industrial Assessment Centers (US DOE IACs), where SMEs are provided 
with a no-cost energy audit (US Department of Energy, 2019a, 2019b). Assessments centers are 
located within 28 universities spread across the USA, and data from the audits is collated into an 
online database. To date, 18,843 assessments have been completed, including 912 food manufacturing 
assessments that made 7,641 recommendations for savings worth US$173M. This is another example 
of an intermediary linkage model, where university assessment centres, funded by the US 
government, make a site visit to collect all data and undertake the assessment. The innovation focus 
in this program is on the process, and given that the plants are located in the USA, they would have 
management systems in place for some issues, such as food and worker safety. This program focuses 
on eco-efficiency, so is similar to benchmarking at the life cycle inventory stage of LCA.  
 
Other more recent examples of linkage models, include Food Innovation Australia Ltd (also known as 
the Food and Agribusiness Growth Centre) funded by the Australian Federal Government. Many of 
the case studies featured on their website relate to new, premium/gourmet, retail ready or export-
oriented foods, rather than bulk commodities, so the innovation focus appears to be products and 
markets, rather than process. While many of the enterprises funded by them appear to be SMEs, 
Goodman Fielder, the tenth largest food manufacturer in Australia, also received funding (IBIS 
World, 2018).  
 
The advantages of sector-based approaches to LCM include the streamlined collection and 
management of data, economies of scale, ease of administration, improvement of the reputation of the 
product, enhanced knowledge sharing and creating and increasing the momentum for LCM within the 
sector (Seidel-Sterzik, McLaren and Garnevska, 2018b). The disadvantages of sector-based 
approaches to LCM are the time involved in the cooperation process and the loss of the first-mover/ 
early-adopter advantage. LCM may include the use of LCAs, so the advantages and disadvantages 
would be expected to be similar for using sector-based approaches in the proposed context.    
 
Multi-criteria decision analysis (MCDA) is an evaluation method which is used to solve problems 
with multiple aspects, using subjective weighting (Sparrevik et al., 2011). Weighting was not used in 
any of the LCA case studies in this PhD, although internal normalisation was used to compare 
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different potential scenarios in the sisal and red meat case studies. A recent review (Zanghelini, 
Cherubini and Soares, 2018) found that MCDA was generally used at three different times in LCA 
studies: 1) at the goal and scope definition stage, to identify MICs and EICs and aspects of the life 
cycle inventory that are to be assessed; 2) at the life cycle inventory stage, to interpret aspects of the 
inventory; and 3) at the life cycle impact assessment stage, to analyse trade-offs between MICs and 
EICs. The use of MCDA at each of these stages incorporates the values of the decision makers and 
stakeholders undertaking the assessments, which has the potential to influence the results in a manner 
that is not transparent and introduce an additional source of uncertainty due to the loss of information 
when data are aggregated  (Zanghelini, Cherubini and Soares, 2018). Given that the LCA studies in 
this PhD assessed and reported all MICs and EICs, the use of MCDA would not necessarily add value 
but instead, may add to existing uncertainty and make the decision-making process less transparent.     

5.2 Model from case studies in this PhD 
This PhD proposes a model that will support engagement and improvements within a sector, using the 
intermediary linkage model, which are described in detail below and outlined in Figure 5.1 and 
Figure 5.2. The aim of the model is to improve the performance of an industry sector as a whole, 
ideally with a focus on process innovation, rather than assisting individual SMEs with product or 
market innovation projects. The intention is that the model could be used in primary production or 
processing life cycle stages in the food, fibre and biofuel industries. A cascading approach is used 
for the risk assessment, LCA and environmental management assessment stages. If implemented 
on an industry sector basis, the proposed model could allow detailed inventory data to be collected 
from individual sites and aggregated, thereby protecting the confidentiality of individual enterprises 
while providing an assessment of the average performance of the industry sector. The intermediary 
will collect data relating to circular economy opportunities from a wider range of sources. Ideally the 
program would be hosted by, or at least involve, a university or research institution, similar to the US 
DOE IAC model, to ensure that data collection is managed appropriately and that the organisation is 
credible, so that outcomes from the research are more likely to be accepted by policy makers.  

The risk assessment can be tailored to the value chain under assessment, and will vary due to issues 
such as climate, physical location of the supply chain life cycle stages, product characteristics and 
market requirements. The risk assessment may be qualitative or quantitative, depending on the supply 
chain, and for the initial assessment may focus only on risks that have a catastrophic impact (death, 
toxic release off-site with detrimental effect, huge financial loss and so on) for the first iteration of the 
model. The risk assessment can identify priority areas requiring assessment of alternatives in the LCA 
stage. The use of LCA ensures that hot spots in the value chain can be identified, and that proposed 
projects will avoid burden shifting and sub-optimisation by applying circular economy principles. The 
LCA should investigate a range of MICs and EICs, not single issues such as carbon, water or land 
footprints, and should investigate macro indicators that relate to the sustainability of the industry 
sector as a whole, such as HEPR for food production, to ensure that burden shifting does not occur 
between MICs or EICs. The LCA should use system expansion for handling co-products or by-
products, as this provides more information on the significance of these flows than allocation.  

The detailed inventory data and results from the risk assessment and LCA could then be used for 
creating new or enhancing existing KPIs, and benchmarking as part of an environmental 
management programme. KPIs should include a combination of lead indicators, which predict 
performance, and lag indicators, which monitor actual performance. The aim of management systems 
is continuous improvement, so it would be preferable if the assessment stages were repeated on an 
agreed basis (such as every 5-10 years) or in response to significant new information. If the initial 
assessment identifies projects that could have a significant impact on the industry sector performance, 
such as sector-wide implementation of bioenergy projects or enhanced nutrient recycling, it may be 
necessary to repeat the assessment more frequently in the initial period. It would be useful to include 
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data management, including automated data collection and reporting, in the initial project scope, to 
ensure that ongoing management of the performance elements of the model are as sustainable as 
possible from the perspective of ongoing human resource allocation.  

Figure 5.1 highlights the proposed model that could be used for an industry such as the sisal industry 
in Tanzania, where the SMEs do not currently have metrics or management systems. The 
intermediary will need to visit the SMEs to obtain relevant data from the sites relating to risk, 
environmental and life cycle assessment issues. The results of the risk assessment, LCA and 
environmental management assessment will be used together to develop or enhance KPIs for 
sustainability for the sector. The intermediary can then track progress towards sustainable production 
and consumption goals in the sector using the KPIs. This model is more likely to be used in the fibre 
and fuel sector or in developing countries, where there is less regulatory or purchaser pressure to have 
management systems in place. This model could be used in an industry-wide project to target both 
primary producers and processors, as there will be issues that are common to both stages in the supply 
chain. If there are significant differences between geographic locations in the same industry sector, 
such as infrastructure and resource availability (primary and recycled), it may be more practical to 
develop separate but related support programs that address the locational issues. For example, in the 
sisal industry in Tanzania, given the difficulty with long distance transport due to the road 
infrastructure, local sourcing of nutrients for codigestion with sisal wastes would be necessary. The 
overall KPI for the sisal industry would be the yield per hectare, which is a lag indicator, while 
monitoring recycling of nutrients is a lead indicator, which should assist with predicting yield 
increases.          

 

 
 
Figure 5.1: Model for applying circular economy principles to agribusiness value chains, through using 
an SME engagement model tailored to SMEs that currently do not have management systems  
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Agribusiness SMEs that have some management systems in place, for example due to regulatory or 
purchaser requirements, are illustrated in Figure 5.2. In this case, the SMEs will already be collecting 
some data (micro metrics) as part of their existing management systems, although the data collected 
will vary depending on issues such as the industry, location, regulatory regime, product produced and 
final market for the product. Similarly, an industry group may already be converting the micro metrics 
from primary production or processing into meso metrics, as is the case with the Danish pork 
industry. The SMEs may require some assistance to collect additional inventory data, for example 
through the provision of additional metering, which may be provided by the intermediary on a short-
term basis.  

It may be appropriate to use the LCM-CMM framework to engage with SMEs who already have some 
management systems in place and provide an overall structure, without seeming overwhelming, as it 
may do for enterprises that have no management systems at all. Using pork production in Denmark 
and Australia as an example, the regulatory regime requires risk management systems, such as food 
safety systems for food processors, and Occupational Health and Safety systems for primary 
producers and processors in agribusiness supply chains. KPIs developed from the linkage project may 
be included in mandatory reporting requirements of the SMEs or may be part of a voluntary approach. 
In developing countries, where the priority of governments is lifting their people out of poverty, the 
potential risk that a top-down approach may allow end-of-supply chain transnational corporations to 
target a handful of preferred suppliers should be given careful consideration in the design and 
implementation of any linkage schemes. Including social KPIs in the linkage scheme, such as the 
proportion of SMEs actively engaged in projects, may help to address this potential risk, as may 
ensuring that NGOs and IGOs are involved.  

 

Figure 5.2: Model for applying circular economy principles to agribusiness value chains, through using 
an SME engagement model tailored to SMEs that currently have environmental and risk management 
systems 
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By using an industry-based approach, the intermediary would avoid developing a generic system that 
inadvertently fails to engage agribusiness SMEs, such as the Sustainability Advantage program 
managed by the NSW State Government.   

Regardless of the approach taken, the aim should be to create a transparent, accountable system to 
move the industry sector towards sustainable consumption and production. This means including 
communication strategies and stakeholder engagement as a primary consideration in the design of the 
system. Successful existing models include Landcare in Australia, which targets primary producers 
and has created a community of farmers, about 40% of the total number of farmers, who are helping 
to transition the industry towards more sustainable production.  

5.3 Conclusions from research questions in this PhD 
SMEs in agribusiness value chains will continue to be data providers for LCA studies and the 
beneficiaries of the results of LCA studies, such as policy interventions to support bioenergy. The 
overarching research question was: how can life cycle assessment be adapted for use in SMEs in 
agribusiness value chains, in a way that creates value for the core business needs of an SME by 
improving both the environmental and economic sustainability? The main conclusions relating to the 
research questions, which are collective information from the four case studies, are: 

• Risk management 
o Many of the risk issues (constraints) relate to the existence and prevalence of 

pathogens, which may change with climate change; 
o Many of the opportunities relate to bioenergy production through vertical integration 

along the one supply chain and horizontal integration between supply chains, using a 
circular economy principles and LCT;  

o The assessment of opportunities can include economic issues, such as ranking of fuels 
based on cost, which can then be used to prioritise the options which are assessed in 
the LCA stage 

• Life Cycle Assessment 
o A gate-to-gate LCA can provide useful information, such as input or outputs to 

include in metrics, by focusing on the part of the supply chain that an SME can 
control and allowing the assessment of location specific circular economy 
opportunities; 

o Life Cycle Inventory benchmarking can indicate that SME data are different to 
published industry KPI data, which are often sourced from non-SMEs; 

o If the collection of micro metrics, such as life cycle inventory data, were part of an 
industry or economy-wide project such as the US DOE IAC, then more 
comprehensive and up-to-date life cycle inventory data could be available to the LCA 
community, to assist with policy interventions. Any scheme should be designed with 
the specific needs of SMEs in mind, or they will not be captured; 

o Use of system expansion (rather than allocation) for the handling of co-products and 
by-products in an LCA provides useful information, such as the importance of edible 
offal in the red meat case study;  

o Use of a wider range of MICs and EICs in LCA provides data which is useful to 
environmental management, such as the importance of packaging and refrigerant 
management in the red meat case study; 

o LCA can be used to assess nutrient depletion in primary production; 
o LCA hot spot results can be integrated into management systems, some will be 

relevant for SMEs (eg refrigerants, packaging) and some will be relevant for the 
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industry sector as a whole (eg edible offal). This needs to be assessed on a case-by-
case basis, depending on the industry sector; 

o Some of the improvement options need to be handled on an industry-wide basis, such 
as a marketing programme in the red meat industry to increase consumer acceptance 
and consumption of edible offal. This could also be included in site KPIs; 

o In all value chains studies, the uptake of bioenergy had the most significant potential 
to improve the overall performance of the value chain in terms of climate change, 
with potential benefits to animal welfare and biodiversity;  

• Indicators and management systems 
o Metrics (micro, meso and macro) are most useful to an SME when they relate to 

issues that they can either directly control or influence. Macro metrics are often 
outside the span of control of an SME and relate to micro or meso metrics which may 
have temporal variation, such as crop yields;  

o Slight changes to current micro and meso metric reporting would assist with overall 
monitoring of macro metrics, eg regular reporting of annual whole herd FCRH and 
feed origin for pork supply chains;  

o Macro metrics HEPR and the m2 of arable land used to produce 1 kg of human 
edible protein are useful for assessing supply chains producing human edible protein, 
and provide additional context to discussions about food sustainability; 

• Linkage models and innovation focus 
o Programs need to be designed with SME requirements in mind, particularly the need 

for linking economic benefits to environmental improvements; 
o Learnings from food to fibre value chain include potential for automated information 

on production, use of industry group to collect, analyse and regularly report micro 
and meso KPIs, to enable benchmarking of primary production and processing; 

o Learnings from food value chain in Denmark compared to Australia includes 
enhanced used of LCA outcomes from industry studies for policy formulation, 
particularly incorporating the requirements of SMEs into policy design; and 

o Advantages in active engagement of governments in LCA studies, particularly 
when outcomes highlight need for structural changes to energy systems, which is 
regulated by government.  

5.4 Future research work 
The results of this PhD study have highlighted a number of areas of potential future work, namely: 

• Analysis of nitrogen and phosphorus consumed and biodiversity impacts per kg of human 
edible protein produced, to enable a more thorough comparison of human edible protein 
supply chains, both meat and plant-based, relating to planetary boundaries; 

• For the pork supply chain, an investigation into how non-human edible sources of protein can 
reduce the HEPR or human edible protein from non-arable land sources, such as seaweed; 

• Analysis of soil carbon sequestration potential under different scenarios, ranging from 
changes in farming practices (such as increases in vegetative cover, use of native grasses with 
larger root mass, time-controlled rotational grazing) which impact the labile carbon pool, to 
the use of soil amendments such as biochar which impact the stable carbon pool; 

• Potential for extensive pasture-based regenerative agriculture to offset supply chain emissions 
in ruminant supply chains; 

• Biodiversity benefits of biomass plantings in regenerative agriculture, through reconnection 
of vegetation fragments and creation of wildlife corridors; 
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• Data capture systems for agribusiness supply chains that use a variation of the Australian 
National Livestock Identification Scheme (which includes individual codes for each physical 
location), and integrate this with automated utility meter recording and uploading, in order to 
streamline data collection from SMEs for production and consumption data. The system could 
also include capture of consumption of inputs such as packaging, chemicals etc;  

• Quantifying the animal welfare benefits which result from increasing the proportion of on-
farm biomass in regenerative agriculture that is available for managing thermal comfort, and 
the trade-off between land allocation for biomass and overall farm productivity; and  

• An LCA of sheep lot feeding systems in Australia looking at a full range of MICs and EICs.  

5.5 Concluding remarks – towards sustainable agribusiness value chains 
The proposed model assumes that agribusiness SMEs, both primary producers and processors, will 
need support to identify and implement projects that improve their performance, through the 
involvement of an intermediary such as government, industry bodies, NGOs, IGOs or a combination 
of these entities.  

A side benefit will be the collection of inventory data, which allows benchmarking of performance 
and proactive identification of areas for further improvement, particularly in areas that require 
government policy intervention, such as the primary production biogas industry in Denmark. 
Consideration of how ongoing data collection and management can be streamlined, for example 
through the use of automated data capture and reporting, should be considered to ensure that the 
ongoing costs of any projects are minimised while ensuring data integrity. Ideally, a global system 
would be developed which is based on the US DOE IAC scheme where performance is tracked by the 
industry sector, but enhanced to collect a wider range of data as required for a life cycle inventory. 
This would enable tracking of performance improvements and ensure that LCAs included the most 
recent relevant data, without the usual cost of time and money to collect primary data of appropriate 
quality. If data were collated from agribusiness primary production and processing, it could enable a 
comparison of performance between production systems, which could highlight local issues and the 
potential for improvement projects.    

The prevailing political climate in the country or region implementing the linkage scheme will 
undoubtedly have an influence on the design of any linkage scheme. Schemes are more likely to be 
successful if they are part of a sustained campaign, rather than one-off interventions.   

Agribusiness SMEs make a significant contribution to every national economy, both in terms of the 
number of people they employ and the contribution they make to national economies as a whole. 
However, unless interventional programs are designed with the specific characteristics of SMEs in 
mind, this group is often inadvertently excluded. The projected increases in world population and the 
increasing pressure that will put on food production and arable land use, as well as the emerging 
competition for land between food, fuel and fibre, means that the agribusiness sector is an area of 
sustainability which humanity must address as a priority.  
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The purpose of this research was to develop a blueprint for applying circular economy principles to 

agribusiness supply chains, using life cycle assessment (LCA) as a screening tool to assess a wide range of 

environmental impacts. A nutrient balance of sisal production was undertaken to quantify the extent of 

depletion of the nutrients calcium, potassium, nitrogen, magnesium and phosphorus in the soil in current 

industry practice. Potential savings in land area required for sisal production of 25-47% were calculated using 

yield differences reported in literature. A circular economy assessment within Tanzania identified the national 

waste streams with the most potential to address the nutrient depletion issue. The authors modelled the 

anaerobic digestion process of these streams as cosubstrates with sisal processing waste, subsequent biogas 

production and its use for electricity production substituting electricity consumption from the Tanzanian grid, 

using Life cycle assessment (LCA) to assess and compare the scenarios. Results indicated that if the 

cosubstrates have no current beneficial use, then the beef manure and marine fish processing wastes were the 

best cosubstrates, whereas if the cosubstrates have a beneficial reuse as fertiliser, then the marine fish 

processing wastes and human urine are the best cosubstrates. The processes with the largest contributions to 

environmental impact in the modelled systems were offset national electricity production and the onsite 

waste management (anaerobic digestion and biogas combustion). The authors concluded that there is 

significant potential to improve the sustainability of Tanzanian sisal production, using waste recycling from 

within the Tanzanian economy. 

Keywords: LCA, nutrients, circular economy, yield, sisal 

1. Introduction 

Sisal (Agave sisalana) was imported into Tanzania from Mexico’s Yucatan Peninsula during 1893 and is suited 

to marginal lands in semiarid regions with rainfall ranging from 500 -1,200 mm per year (CFC/UNIDO, 2001). In 

2014 Tanzania was the world’s second largest producer of sisal behind Brazil and produced 29,563 tonnes of 

the global total of 247,543 tonnes (FAOSTAT, 2014). There are three key factors that determine the export sisal 

fibre yield per hectare: the mass of sisal leaves produced per hectare per year, the total fibre fraction of the 

sisal leaf, and the export fibre fraction of the total fibre fraction. The fibre fraction in each sisal leaf ranges 

from 2.7 to 7.3 % (Lock, 1969), but the industry average value used for Tanzania is 4%, so each tonne of sisal 

fibre generates 24 tonnes of solid waste material (dry weight) (Broeren et al., 2017). This waste composts in an 

uncontrolled fashion in waste retention areas, leading to both aerobic and anaerobic decomposition. As early 
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as the 1970’s, research had indicated that successive cycles of sisal cultivation without fertiliser use or 

recycling of composted sisal waste material depleted reserves of nutrients in the soil (Nandra, 1971, 1977) and 

all subsequent research has confirmed this effect (Van Kekem and Kimaro, 1986; Kimaro and Van Kekem, 

1987; Kips, Mbongoni and Ndondi, 1989; Ngailo, Ndondi and Kips, 1990; Hartemink, Kekem and Van Kekem, 

1994; Hartemink and Wienk, 1995; Hartemink, Osborne and Kips, 1996; Hartemink, 1997). The production of 

sisal feeds into the issue of land use and productivity that will become increasingly significant in Africa, given 

that the FAO has projected that a 70% increase in food production will be required globally by 2050 (FAO, 

2018) and that Africa has the highest rate of population growth as between 2015 and 2050 more than half of 

global population growth will occur in Africa (United Nations, 2015). Further details on sisal production 

methods in Tanzania, the historical use and consumption of sisal fibre, historical data on global sisal 

production and yield, and sisal composition are provided in Supplementary Material A.  

The national electrification rate in Tanzania was 30% in 2014 (International Energy Agency, 2016) and 84% of 

electricity in the Tanzanian electricity grid was sourced from hydroelectricity and natural gas in equal amounts, 

with the balance of electricity being provided by oil (15%), biofuels (0.4%) and solar PV (0.3%) (International 

Energy Agency, 2017).  It has been estimated that projects using sisal waste to produce biogas, which is then 

used for electricity production, could provide 102GWh, which equates to 18.6 MW of installed capacity  or 3% 

of Tanzania’s electricity production in 2009 (Terrapon-Pfaff, Fischedick and Monheim, 2012a). Research from 

the late 1990s (Kivaisi and Rubindamayugi, 1996; Jungersen, Kivaisi and Rubindamayugi, 1998) indicated that 

sisal pulp and sisal wastewater provided methane yields of 400 m3 CH4 per ton of volatile solids, while 

highlighting the adverse environmental effects of current sisal waste disposal practices, which were resulting 

in the release of offensive odours, disease vector propagation, climate change impacts from uncontrolled 

methane emissions and the pollution of ground and surface waters. The related issues of yield, land use, 

nutrient depletion and waste management within the sisal supply chain therefore create opportunities in 

Tanzania.  

The circular economy concept involves changing from the current linear economic model (take-make-use-

dispose) to recycling and reuse of technical and biological nutrients between stages within a supply chain and 

between supply chains, so that overall leakage (losses), raw material use and waste generation are minimised 

(Ellen MacArthur Foundation, 2015). The concept is inspired by and seeks to mimic natural cycles, such as the 
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water, carbon or nitrogen cycles. There are three key principles: preserving and enhancing natural capital by 

controlling stock which are finite by using flows from renewable resources to balance the system; optimising 

resource yields, by designing for the highest utility and efficiency of inputs, components and products at all 

times; and fostering system effectiveness, by identifying and eliminating negative externalities such as land 

use, pollution (noise, water, air, land), climate change and the release of toxins (Ellen MacArthur Foundation, 

2015). The characteristics include: designing out waste; building resilience by incorporating diversity in the 

system design; transitioning to renewable sources for all inputs, such as energy and fertilisers; applying 

systems thinking which includes feedback loops and interconnections between supply chains; and thinking in 

terms of cascading links within and between systems (adapted from (Ellen MacArthur Foundation, 2015)).    

2. Method 

Life cycle assessment was used to assess circular economy options for the sisal supply chain in Tanzania.  The 

objectives of the work were: to quantify how much the current land use for sisal production could be reduced 

if the maximum yield could be achieved industry wide; to undertake a circular economy assessment of sisal 

production in Tanzania, with a focus on which waste streams would provide suitable cosubstrates for 

anaerobic digestion with sisal waste from a nutrient perspective; to undertake a life cycle assessment of sisal 

production in Tanzania from a circular economy perspective, using the functional unit of one metric tonne of 

sisal export fibre at the export sea port; and to investigate how biogas generation from anaerobic digestion of 

sisal wastes and cosubstrates could contribute to renewable electricity supply in Tanzania.  

Field visits were performed and the Hale and Mkumbara estates were visited to obtain primary data 

representative of Tanzanian conditions and are included in Supplementary Material B.1 and B.2. To accentuate 

the impact created by differences in yield, different assumptions for the three key parameters relating to yield 

were used for the two sites modelled, derived from secondary data (Broeren et al., 2017) as documented in 

Supplementary Material B.3.  Site 1 (Hale) uses yield data from estate 1 and represents industry best practice, 

whereas Site 2 (Mkumbara) uses the average yield of three other estates and represents current industry 

practice. The differences in yield were used to estimate the potential savings in land area for sisal production if 

higher yields could be consistently achieved.  
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An overview of the life cycle assessment, including the goal, scope and system boundaries, are included in 

Supplementary Material B.4. The system was modelled in openLCA software v 1.5.0 and secondary data was 

obtained from the Ecoinvent database v 3.2. The life cycle impact assessment method used was ReCiPe 

Midpoint (H) and 17 midpoint impact categories (MICs) were assessed, namely agricultural land occupation, 

climate change, fossil depletion, freshwater ecotoxicity, freshwater eutrophication, human toxicity, ionising 

radiation, marine ecotoxicity, marine eutrophication, metal depletion, natural land transformation, ozone 

depletion, particulate matter formation, photochemical ozone formation, terrestrial acidification, terrestrial 

ecotoxicity, and water depletion. Special consideration is given to the MICs which relate to planetary 

boundaries, namely natural land transformation and agricultural land occupation as indicators for the 

biodiversity loss variable, marine eutrophication as an indicator for the nitrogen cycle variable and climate 

change for the climate change variable, as these three variable have already exceeded the safe operating 

space (Rockström et al., 2009).  

The models of the nursery, plantation and biodigester/generator stages were calibrated to ensure a mass 

balance for each of the five major nutrients (calcium, magnesium, nitrogen, phosphorus and potassium). This 

quantified the extent of nutrient removal from soil during sisal production and the potential nutrient available 

from recycling of sisal wastes (Nemecek and Kagi, 2007). In the base case it was assumed that all the nitrogen 

and phosphorus in the sisal wastewater are discharged to surface waters (Muthangya et al., 2013) which is 

conservative, and the same ratio of sisal solid to liquid waste (11% pulp and 89% wastewater) was used as was 

presented in (Broeren et al., 2017).  It was assumed that sisal waste had the same composition as leaf material 

(Hartemink, Kekem and Van Kekem, 1994) and that 33% of the total nitrogen entering the digester was lost in 

the anaerobic digestion and land application processes (UNIDO/CFC, 2010). The off-spec sisal fibre fraction of 

the total fibre yield (the non-export quality fibre) was handled by system expansion and was credited as an 

equivalent mass of jute fibre. Similarly, it was assumed that methane generated for the recycling cases was 

captured and combusted in an engine with an efficiency of 30% and was credited as an equivalent saving of 

electricity consumption from the Tanzanian grid. Information used in the nutrient balances is provided in 

Supplementary Material B.5. 

The combined waste stream from sisal production, the sisal pulp and sisal wastewater, was used for the 

assessment, to address the issue of reducing the adverse impacts from uncontrolled discharge of untreated 
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wastewaters to local surface water bodies and values for the composition and mass of these streams were 

taken from literature, as detailed in Supplementary Material B.6. The maximum feasible C:N ratio was 25 for a 

sisal: fish anaerobic batch codigestion system using fish processing waste comprised of offal, gills, scales and 

wash water from Dar es Salaam (Mshandete et al., 2004), so this value was used to calculate the mass of 

cosubstrates required for the combined sisal and cosubstrate waste stream. Reported values for methane 

generation from anaerobic digestion of sisal waste vary (Kivaisi and Rubindamayugi, 1996; Mshandete et al., 

2004, 2006, 2008; A Mshandete et al., 2005; Anthony Mshandete et al., 2005; Muthangya, Mshandete and 

Kivaisi, 2009; Salum and Hodes, 2009; Terrapon-Pfaff, Fischedick and Monheim, 2012b; Muthangya et al., 

2013; Nerini et al., 2016), so a conservative value of 0.01 t methane per t combined waste was used for all 

cases (Broeren et al., 2017). The data on the mass of substrates required to achieve the required C:N ratio of 

25 were then used in the modelling to determine the amount of nutrients which could be returned to the soil 

and the amount of methane which could be generated in the anaerobic digestion process and used for 

electricity production. 

The assessment then focussed on the waste treatment stage and assessed the coproducts contribution to the 

sisal supply chain nutrient balance and electricity generation. Some waste cosubstrates, such as fish processing 

wastewater, do not currently have a beneficial use and are known to cause environmental problems when 

emitted untreated (A Mshandete et al., 2005; Gumisiriza et al., 2009), while other waste cosubstrates, such as 

beef, dairy and chicken manure, may have an existing beneficial reuse. Given the paucity of information 

regarding current usage, two cases were modelled for each cosubstrate - one case assumed that there is 

currently a beneficial reuse (so an input of an equivalent amount of fertiliser was included) and one case 

where no current beneficial reuse was assumed (so the nitrogen and phosphorus were assumed to be 

discharged to freshwater).  To be conservative, it was assumed that all wastes degraded aerobically if there 

was no current beneficial reuse, so no avoided emission of methane was assumed. Given the number of 

people employed at sisal estates, the relative proximity to major urban centres and the presence of rail and 

road infrastructure, use of human faeces and urine as cosubstrates were included as scenarios. For the 

transport of the mass of waste cosubstrate a nominal value of 300 km was for transport of the cosubstrate to 

the site and subsequent transport of the digestate to the farm. For calculating replacement fertilisers in the 

case when the cosubstrate was assumed to currently have a beneficial reuse, an estimated 1:1 replacement 
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was used, corrected for the composition of the replacement, so that calcium was replaced by crushed 

limestone (40% calcium), nitrogen by the market for nitrogen fertiliser (100% nitrogen), phosphorus by the 

market for phosphate fertiliser as P2O5 (43.7% phosphorus) and potassium by potassium fertiliser as K2O (83% 

potassium). 

3. Results & Discussion 

3.1 Sisal yield and land area required for cultivation 

A recent paper (Broeren et al., 2017) provided data which indicated that fertiliser use increased the total fibre 

yield per hectare and increased the proportion of the total fibre yield which was export quality. The net effect 

was that the highest yielding estate required only 0.7 hectare to produce one tonne of export fibre per year, 

while the worst performing estate required 3.3 hectare to produce the same output, a ratio of 4.9 (whereas 

the average ratio for the 3 non-fertilised estates is 4.1) (refer to Supplementary Material C).  

The land area under sisal cultivation in Tanzania peaked in 1969, but as the yield in 1969 had fallen from the 

1964 peak of 1.03 t/ha to 0.81 t/ ha, the total national production was 209,303 tonnes as indicated in Table 1. 

This means that from the 1969 peak in land use area for sisal cultivation until 2014 there were 218,739 

hectares of land that are no longer used for sisal production in Tanzania. If the peak yield of 1.03 t per hectare 

from 1964 was achieved with current areas under sisal cultivation in 2014, there would be approximately 

9,420 hectares available for alternatives uses, which equates to a 25% saving in land area. If the higher yield 

indicated in (Broeren et al., 2017) were used, it would result a 47% saving in land in Tanzania. Alternatively, an 

increase in demand for sisal fibre could be produced from the existing area of land used.  

Table 1: Potential reduction in land area based on historical and estimated land area using production and 

yield data (FAO, 2017), 1higher value based on (Broeren et al., 2017) 

Location, year Production (t) Land area (ha) Yield (t/ha) Reduction in land area (%) 

Historical data 

Tanzania, 1964 233,540 226,620 1.0305 

 

Tanzania, 1969  209,303 256,847 0.8149 

Tanzania, 2014 29,563 38,108 0.7758 
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Location, year Production (t) Land area (ha) Yield (t/ha) Reduction in land area (%) 

World, 1964 872,941 1,038,474 0.8406 

World, 1974 866,122 913,727 0.9479 

World, 2014 247,543 280,280 0.8832 

Land use estimates with yield improvements 

Tanzania, 2014 29,563 28,688 1.0305 25% (9,420 ha) 

Tanzania, 2014 29,563 20,084 1.4721 47% (18,024 ha) 

World, 2014 247,543 168,168 1.472 40% (112,112 ha) 

3.2 Circular economy in Tanzania – potential cosubstrates 

As part of the circular economy assessment, crop, livestock and meat production data for Tanzania was 

assessed (refer to Supplementary Material D.1) and the C:N ratios for identified wastes were calculated (refer 

to Supplementary Material D.2). The assessment indicated that most wastes from plants (such as maize cobs, 

maize straw, cassava pulp, rice hulls and rice straw) were not suitable, as they had a C:N ratio of or above 25, 

but that wastes from livestock production, sugar cane trash, cowpea residues and grass clippings were 

suitable, as they had C:N ratios of less than 25. Data for freshwater fish (Nile perch from (Gumisiriza et al., 

2009)) indicated that the C:N ratio was higher than 25 due to fat deposits in the viscera so it was not included 

in the assessment. It was assumed that sugar cane waste, cowpea residues and grass clippings would already 

have a beneficial reuse, so these were excluded from further assessment.   

3.3 Nutrient Balances  

3.3.1 Nutrient balances of cosubstrates 

Using the required C:N ratio of 25 and the background information on each of the cosubstrates, the mass of 

each cosubstrate required, the equivalent number of animal/day and the available nutrients were calculated 

for both sites, as presented in Supplementary Material E.1. As expected, given the larger volume of sisal waste, 

Site 2 required larger amounts of each cosubstrate.Beef and dairy manure required relatively small animal 

numbers (349 and 886 beef cattle, and 161 and 407 for dairy cattle for Site 1 and 2 respectively) but they are 

still relatively large herd numbers in Tanzanian context. Although a small mass of chicken manure is required, 

this equates to a larger number of chickens compared to beef or dairy production (27,134 and 69,150 birds for 
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Site 1 and 2 respectively). The use of human urine required significantly fewer people per day (3,808 and 9,613 

for Site 1 and 2 respectively) than human faeces (27,366 and 69,342 for Site 1 and 2 respectively), and marine 

fish waste required a relatively small mass (2.5 and 6.3 tonnes of marine fish for Site 1 and 2 respectively).  

3.3.2 Nutrient balances of current operation 

The results of the mass balance of the five nutrients within two processes (nursery and plantation) per tonne 

of sisal export are provided in Table 2. Site 1, which uses lime, muriate of potash and triple super phosphate 

on their plantations and represents industry best practice, appears to have a surplus of calcium and a slight 

deficit of phosphorus. At Site 2, which represents current industry practice and recycles 300 kg of “rotten” sisal 

residues per hectare to the plantation but does not use any fertiliser, all nutrients were in deficit, indicating 

that soil levels are being depleted. Comprehensive details are provided in Supplementary Material E.2.  

Table 2: Nutrient balances per tonne of export sisal fibre from nursery and plantation, Site 1 and 2 (negative 

values indicate depletion).  

 Site 1 (best practice) Site 2 (industry average) 

Nutrient unit Nursery Plantation Total Nursery Plantation  Total 

Calcium kg -0.74 55.95 55.21 -7.05 -275.84 -282.89 

Magnesium kg -0.18 -29.33 -29.50 -0.38 -67.80 -68.17 

Nitrogen  kg -0.52 -18.78 -19.30 -1.33 -35.89 -37.22 

Phosphorus kg -0.26 -1.60 -1.86 -0.83 -7.31 -8.14 

Potassium kg -0.80 -35.49 -36.28 -2.96 -84.41 -87.37 

 

3.3.3 Nutrient balances of current operation with cosubstrates added 

By comparing mass balance data for the cosubstrates and the nutrient depletion per tonne of sisal fibre for 

both sites, cosubstrates that meet the current deficit can be identified. For Site 1, as indicated in 

Supplementary Material E.3, all cosubstrates would supply more than the required nutrients. The current use 

of triple superphosphate fertiliser (a source of potassium and calcium), agricultural lime (a source of calcium) 
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and Muriate of potash (a source of potassium) could be reduced once the existing soil nutrient depletion of 

magnesium, nitrogen, phosphorus and potassium has been corrected.  

For Site 2, as indicated in Table 3, all cosubstrates provide the nitrogen and phosphorus requirement, none of 

the cosubstrates provide the total calcium or magnesium requirement and only dairy manure, beef manure 

and human faeces provide the required potassium levels. This indicates a need for supplementary calcium 

sources, such as limestone, a combined calcium/magnesium source such as dolomite, as well as a potassium 

source such as Muriate of potash or potassium sulphate for the chicken manure, marine fish processing and 

human urine scenarios.  

Table 3: Nutrients available from recycled waste for site 2 compared to initial depletion due to sisal leaf 

uptake and removal during harvest  per tonne of export sisal fibre (bold text indicates that recycled waste 

provides nutrients in excess of initial depletion) 

 unit Dairy 

manure 

Beef 

manure 

Chicken 

manure 

Fish 

waste 

Human 

faeces 

Human 

urine 

Initial 

Depletion 

Calcium kg 128.40 127.86 251.60 118.19 161.03 86.21 -282.89 

Magnesium kg 50.43 48.05 48.83 32.29 46.04 33.23 -68.17 

Total Nitrogen (TN) kg 137.30 156.51 134.62 154.39 142.47 111.88 -37.22 

Phosphorus kg 28.70 35.05 41.02 15.49 60.12 11.86 -8.14 

Potassium kg 113.07 109.27 77.10 40.47 100.27 53.01 -87.37 

3.4 LCA results  

The LCA results reported only look at the waste management stage, not the other production stages (nursery, 

plantation or processing) as they remain the same for all compared scenarios. This is known as a gate-to-gate 

LCA, and results in some MICs acting as emission sinks, rather than emissions sources. Comprehensive details 

are included in Supplementary Material F.  
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3.4.1 Base case - current operation 

For the Site 1 base case, which includes an existing biodigester and generation plant processing a portion of 

the total sisal waste and offsetting grid electricity consumption and therefore represents industry best 

practice, 11 of the 17 MICs are sinks, and only 6 are sources.  The sinks are agricultural land occupation, fossil 

depletion, freshwater ecotoxicity, human toxicity, ionising radiation, marine ecotoxicity, metal depletion, 

natural land transformation, ozone depletion, terrestrial ecotoxicity, and water depletion, all of which relate to 

the avoided production of the offset electricity. The sources are climate change, freshwater eutrophication, 

marine eutrophication, particulate matter formation, photochemical oxidant formation and terrestrial 

acidification, which relate to methane emissions from the anaerobic decomposition of the remainder of the 

sisal waste and emission of some liquid waste from the residual waste treatment.  

For the Site 2 current base case as shown in Table 4, which represents average sisal production in Tanzania, 

there are the same six sources but no sinks. There are 11 MICs where the base case has no emissions, as the 

analysis focuses on the onsite waste treatment process. The six MIC sources are all larger due to the larger 

mass of sisal waste that is decomposing anaerobically in this case. 

When comparing Site 1 and Site 2, which represent best practice and current industry practice respectively, 

Site 1 has a higher number of sinks and a higher ratio of sinks to sources, although they both have the same 

number and type of sources. This is due to the existing onsite biogas capture and generation at Site 1, which 

offsets grid electricity in the base case.  

3.4.2 Results for Site 2 (industry average) 

Table 4 provides an overview of results for Site 2, with and without beneficial reuse of the cosubstrate. If no 

beneficial reuse of the cosubstrates is assumed, then the current base case represents the worst case scenario 

for 14 MICs and the best case for 2 MICs (particulate matter formation and terrestrial acidification). The latter 

two MICs relate to the emissions from the biogas produced in the anaerobic digestion process and 

subsequently combusted in a generating set onsite to produce electricity, and the emissions from the onsite 

process are larger than the credit provided by the offset grid electricity.  Three of the six MICs (climate change, 

marine eutrophication and photochemical ozone formation) which are sources in the base case become sinks 
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Table 4: Detailed LCA results for Site 2 (industry average) codigestion/waste management scenarios, with and without beneficial reuse of cosubstrates, per tonne of 

export fibre 

Site 2 Reference 

unit Current  

Cosubstrate with no current beneficial reuse Current Cosubstrate with current beneficial reuse 

Impact category (17) Dairy Beef Chicken Fish Faeces Urine  Dairy Beef Chicken Fish Faeces Urine 

Agricultural land occupation m2*a 0 -57.59 -70.66 -61.11 -62.56 -58.98 -59.76 0 49.39 47.63 33.16 14.10 58.59 -1.67 

Climate Change kg CO2 eq 41048.8 -4177.57 -5026.95 -4376.29 -4458.41 -4255.81 -4300.13 41048.8 -2806.85 -3425.89 -3004.93 -3013.49 -2702.73 -3317.57 

Fossil depletion kg oil eq 0 -1437.22 -1746.42 -1515.27 -1547.52 -1467.95 -1485.35 0 -1229.16 -1502.01 -1296.62 -1344.40 -1206.91 -1346.66 

Freshwater ecotoxicity kg 1,4-DB eq 0 -6.28 -14.13 -10.32 -11.99 -7.87 -8.77 0 10.90 6.11 7.93 4.58 14.17 2.54 

Freshwater eutrophication kg P eq 8.23 3.69 3.96 3.97 3.42 4.09 3.62 8.23 29.03 35.38 41.37 15.70 60.62 12.02 

Human toxicity kg 1,4-DB eq 0 -53.88 -362.07 -225.86 -296.92 -121.59 -159.94 0 365.34 132.74 226.31 100.08 431.23 111.18 

Ionising radiation kg U235 eq 0 -92.55 -161.52 -125.54 -139.17 -105.54 -112.89 0 -27.70 -85.52 -56.00 -82.41 -18.50 -73.51 

Marine ecotoxicity kg 1,4-DB eq 0 -0.53 -10.87 -6.38 -8.80 -2.83 -4.14 0 15.91 8.50 11.08 7.16 18.21 6.74 

Marine eutrophication kg N eq 38.94 -109.25 -127.87 -106.50 -125.75 -114.09 -84.45 38.94 4.18 4.82 4.16 4.66 4.58 3.32 

Metal depletion kg Fe eq 0 -1.78 -34.19 -20.13 -27.72 -9.01 -13.10 0 93.35 77.84 80.05 67.03 110.06 51.35 

Natural land transformation m2 0 -1.07 -1.41 -1.19 -1.24 -1.11 -1.14 0 -0.86 -1.17 -0.98 -1.04 -0.86 -1.01 

Ozone depletion kg CFC-11 eq 0.0 -0.00035 -0.00052 -0.00042 -0.00045 -0.00038 -0.00040 0.0 -0.00027 -0.00042 -0.00033 -0.00037 -0.00028 -0.00034 

Particulate matter formation kg PM10 eq 6.56 9.32 9.72 8.77 10.39 10.28 6.80 6.56 11.66 12.47 11.32 12.55 13.40 8.28 

Photochemical oxidant formation kg NMVOC 16.64 -6.40 -13.48 -10.00 -11.49 -7.82 -8.62 16.64 -3.03 -9.56 -6.57 -8.22 -3.79 -6.38 

Terrestrial acidification kg SO2 eq 50.24 84.18 101.78 87.39 102.89 94.44 69.45 50.24 91.25 110.04 94.68 109.76 103.10 74.16 

Terrestrial ecotoxicity kg 1,4-DB eq 0 0.13 -0.42 -0.19 -0.33 0.00 -0.07 0 1.14 0.65 0.58 0.19 1.01 0.38 

Water depletion m3 0 -20597.5 -20929.9 -19379.9 -18876.7 -20118.1 -19846.6 0 -18883.1 -18899.4 -17457.6 -17384.9 -17676.2 -18821.4 
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in all the cosubstrate scenarios. For climate change, this relates both to the capture and use of methane 

generated in the waste process and the credit from the offset grid electricity. For marine eutrophication, this 

relates to the new anaerobic digestion process reducing the loss of nitrogen to the environment. Freshwater 

eutrophication decreases from the base case to all scenarios, but is still a source due to the land application of 

the residual phosphorus content of the codigested material. All of the other MICs which change from no 

emissions in the current base case to sinks in the cosubstrate scenarios relate to the credit provided by the 

offset grid electricity. For the 4 priority indicators relating to planetary boundaries, the base case scenario is 

the worst performing option, by a significant margin in the case of climate change and marine eutrophication.  

In addition of analysing the MIC numbers as sources or sinks, the data within each MIC has been internally 

normalised, as shown in Figures 1 and 2 respectively, where 1 represents the best case scenario and 0 the 

worst.  

 

Fig. 1 Site 2 Sinks - Relative scoring of cosubstrate recycling scenarios compared to base case (sisal only) with 
no current beneficial reuse of cosubstrate (1 represents the best case, 0 the worst) 
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Fig. 2 Site 2 Sources and Sources-to-Sinks - Relative scoring of cosubstrate recycling scenarios compared to 

base case (sisal only) with no current beneficial reuse of waste cosubstrate (1 represents the best case, 0 the 

worst) 

Beef manure is the best cosubstrate and marine fish processing waste is second best, and the base case is 

clearly the worst for all MICs where the base case has a zero value and cosubstrate scenarios are sinks. 

Freshwater eutrophication is best in the fish scenario but worst in the base case, as the phosphorus emissions 

are no longer discharged directly to water sources in the reuse scenarios but are applied to land and fish has 

the lowest phosphorus levels as seen in Table 3. Particulate matter formation and terrestrial acidification are 

lowest in the base case, as emissions are not being released from the onsite combustion process.  

For the climate change, marine eutrophication and photochemical oxidant formation MICs, where the result 

changes from a source in the base case to a sink in the cosubstrate scenarios, the largest sink is the beef 

scenario, followed by the marine fish processing scenario, with the sisal base case providing the worst 

performance. Terrestrial ecotoxicity is best in the beef and marine fish processing scenarios, and worst in the 

dairy scenario where it is a source.   

When cosubstrates were assumed to have a current beneficial reuse, their codigestion means that the 

nutrients removed must be substituted by an equivalent mass of nutrients from manufactured sources. As 
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outlined in Table 4, the base case becomes the best case in 9 MICs (agricultural land occupation, freshwater 

ecotoxicity, freshwater eutrophication, human toxicity, marine ecotoxicity, metal depletion, particulate matter 

formation, terrestrial acidification and terrestrial ecotoxicity) and the worst case in the remaining 8 MICs 

(climate change, fossil depletion, ionising radiation, marine eutrophication, natural land transformation, ozone 

depletion, photochemical oxidant formation and water depletion). This reflects the balance between the 

benefit of the offset grid electricity compared to the adverse impact created by the additional manufactured 

fertilisers. For climate change and fossil depletion, the current base case is still the worst case due to the 

methane emissions from anaerobic degradation of the waste and the benefit provided by offset electricity 

production in all the cosubstrate scenarios. For the 4 priority indicators relating to planetary boundaries, the 

base case scenario is the worst performing option for 2 (climate change, marine and eutrophication, both by 

significant margins) and the best for 2 (agricultural land occupation and freshwater eutrophication). Beef 

manure is again the best performing cosubstrate, with the best value in 7 MICs but the worst in terrestrial 

acidification. Human urine is the next best cosubstrate, followed by marine fish processing waste, and human 

faeces the worst. The differences between the different cosubstrates relates to their different composition as 

indicated in Table 3, which then determines the amount of manufactured fertilised which must be used 

provide the replacement. Phosphorus replacement has the most significant impact of all the fertiliser 

replacements, which is why the human faeces is ranked the worst.   

3.4.3 Comparing Site 1 (best practice) with Site 2 (industry average) cosubstrate recycling 

scenarios 

When comparing Site 1 and Site 2 cosubstrate recycling scenarios when the cosubstrate has no current 

beneficial reuse, Site 2 has a lower number of sinks, so a slightly higher Sink to Source ratio, due to dairy 

manure and human faeces being sources in the terrestrial ecotoxicity category. Due to the larger volume of 

sisal material being processed at Site 2 to produce the same amount of export fibre (due to the lower total 

fibre and export fibre fractions in sisal leaves assumed for Site 2), many of the Site 2 sinks are larger than Site 1 

sinks, such as climate change and fossil depletion. Similarly, MICs that are sources due to the onsite biogas 

combustion process, such as particulate matter formation and terrestrial acidification, are higher in the Site 2 

scenarios due to the higher volume of biogas available for combustion. For the 4 priority indicators relating to 
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planetary boundaries, the base case scenario for Site 1 is the worst performing option for all but agricultural 

land occupation, by a significant margin in the case of climate change and marine eutrophication. In the case 

of agricultural land occupation, the human faeces, dairy manure and beef manure scenarios are worse 

performers than the base case. 

When the cosubstrate is assumed to currently have a beneficial reuse, the performance of the Site 1 scenarios 

are better than Site 2, due to the larger amount of fertiliser that needs to be used to replace the larger volume 

of nutrients at Site 2. As with Site 2, the benefits of cosubstrate recycling for Site 1 if the cosubstrate already 

has a beneficial use is marginal and the beef, fish and human urine scenarios are the three best cosubstrate 

scenarios. For the 4 priority indicators relating to planetary boundaries, once again the base case scenario is 

the worst performing option for all MICs except agricultural land occupation, by a significant margin in the 

case of climate change and marine eutrophication. 

It is important to consider these results within the context of the assumptions used in the modelling, namely 

that all of the cosubstrates were currently decomposing aerobically (so that there were no methane emissions) 

and that the nutrients in the cosubstrates were not being directly discharged into the receiving environment. 

These assumptions were made so as not to overstate the potential benefits of implementing a circular 

economy project and due to the limited information on current disposal practices of these wastes.   

These results indicate the significant environmental impact of replacing nutrients that currently have a 

beneficial reuse, if it is assumed that they will be replaced with a manufactured product. It highlights the 

importance of identifying and securing nutrient sources within a circular economy that currently do not have a 

beneficial use. 

3.4.4 Results for site 2 (current practice) with current beneficial reuse of waste 

cosubstrate and no current beneficial reuse for non-agricultural waste cosubstrate 

Given the results from the previous sections, the data for beneficial use of agricultural wastes was assessed 

against non-agricultural wastes (human waste and fish processing waste) for Site 2. It is known that the non-

agricultural wastes are currently not being treated or used for their nutrient content in a systematic way in 

Tanzania, so this represents a realistic scenario.   
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Unsurprisingly, the marine fish processing waste and human urine are the best and second best cosubstrate 

recycling scenarios, with marine fish processing waste ranking the best in 14 MICs, and human urine second in 

12 MICs. For the key MICs that relate to planetary boundaries, the marine fish processing waste provides the 

best scenario. The base case scenario is the worst performing option for all but the agricultural land 

occupation MIC, by a significant margin in the case of climate change and marine eutrophication. 

3.4.5 Significant processes contributing to MIC for Site 2.  

For site 2, the contribution of individual processes to the various impact categories was analysed for the fish 

cosubstrate with no beneficial reuse scenarios and details are provided in Supplementary Material G.  This 

indicated that for all MICs excluding freshwater eutrophication, marine eutrophication and terrestrial 

acidification, the saving in electricity production provided basically all the benefit. For those remaining three 

categories and particulate matter formation, the direct emission from the site process itself contributed the 

majority of the impacts. Similar results were obtained for Site 1. This indicated that for most of the impact 

categories, climate change and fossil depletion could be an adequate proxy for the other impact categories but 

that freshwater eutrophication, marine eutrophication and terrestrial acidification should be assessed 

separately.   

3.5 Limitations to the analysis and further work 

Data for nutrient values of each stream was taken from literature, which, in the case of beef and dairy, was 

from a North American source. Data from sources in Tanzania may be different, as most grazing in Tanzania 

uses extensive grass based systems, whereas north American system are often intensive, grain based systems.  

 

There are several areas were primary data would be useful, such as detailed analysis of the link between soil 

nutrient levels, sisal leaf mass production, total fibre yield and export fibre yield. Analysis of the partitioning of 

nutrients between the sisal solid and liquid waste streams, and the loss of nutrients from both streams with 

time would be useful. Laboratory testing of the scenarios proposed here could provide data on the actual 

methane generation rates for the different systems, as well as related factors such as nitrogen loss during 

anaerobic digestion. The impact of digestate from the anaerobic digestion process, in terms of how the sisal 

leaf mass, fibre yield or sisal export fibre yield will be improved by more water and the mulch/ compost/ 
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organic carbon effect of the digestate on the soil surface (in terms of reducing the rate of evaporation of soil 

moisture) could be investigated further. The mass balance split the sisal leaf material between the sisal waste 

streams for the base case (11% to the sisal fibre waste and 89% to the sisal wastewater stream), but the actual 

partitioning of nutrients into the water and solid waste streams may be different, meaning the eutrophication 

potential from the current sisal-only scenario may contain a high degree of uncertainty. Lack of suitable local 

data has been identified as a constraint to LCA studies in Tanzania (Felix, 2016).  

 

The parameters used in the nutrient mass balances were based on European and North American farming 

systems, where nutrients are often in surplus. This assumes that the soil nutrients are in equilibrium, so that a 

certain percentage of the nitrogen and phosphorus applied will be released to ground or surface waters. 

However, in soils in low rainfall areas where the nutrient levels, and probably also the soil carbon, have been 

depleted, these assumptions may be invalid. It may be the case that nutrient in excess of plant uptake 

requirements can be applied until the nutrient levels in the soil have reached a natural equilibrium. As such, 

the freshwater and marine eutrophication values for the waste recycling options may be overstated. At some 

stage, it may be possible to recycle codigested waste from the sisal industry to other agricultural industries 

once the nutrient deficiency issue has been corrected, to address nutrient depletion and yield issues in other 

agribusiness supply chains. 

 

Most of the environmental improvements observed in the LCA results were a result of savings in electricity, 

which is based on the mix of electricity provided by the Ecoinvent database and assumes that 30% is from 

hydroelectricity generation. Given the relatively recent discovery and exploitation of oil and gas reserves in 

Tanzania and the impact of climate change that will reduce rainfall, the value for the proportion provided by 

hydroelectricity may decrease over time, which would mean that the results are conservative and the actual 

values may be higher.  Similarly, the marginal electricity generation is non-renewable, so a consequential 

approach would have increased the estimated savings from this source. It was assumed that excess electricity 

can be exported to the Tanzanian grid, but this may not be technically feasible. For example, the existing 

biogas plant at Hale has had trouble exporting electricity due to the repeated theft of above ground copper 

electricity lines.  
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Similarly, if the recycled wastes that do not currently have a beneficial reuse are degrading anaerobically, then 

additional benefits would accrue from reducing fugitive methane emissions in all the waste recycling scenarios. 

The modelling adopted a conservative approach and assumed that the wastes were currently degrading 

aerobically, so that no methane emissions were occurring. The current use status of the cosubstrates could be 

further investigated, to identify is they do have a current beneficial reuse.  

 

There may be constraints on the supply of dairy or beef manure, due to the existence of smallholder systems 

for livestock production in Tanzania. A managed grazing scheme in sisal estates, where grazing livestock is used 

to control weeds and manure bags are used to collect the manure on a daily basis, may be one possible 

alternative.  

 

Fresh water fish was not included in the analysis due to the high lipid content of Nile perch, which produced an 

unfavourable C:N ratio. However, there is potential for the lipids to be used for biodiesel projects, which may 

improve the C:N ratio of the residual material available for recycling to the sisal supply chain. In that case, the 

marine fish waste modelled in this project may be indicative.  

The causal link between nutrient levels and sisal total fibre and export fibre yield could be investigated further, 

with laboratory studies and field trials. This would build on the most recent results for the Tanzanian Sisal 

Board, who have been investigating coplanting with legumes.  

4. Conclusions 

This project provides an insight into the nexus between the food, fibre and fuel supply chains, and how a 

circular economy approach to nutrient management can potentially benefit multiple stakeholders within the 

Tanzanian economy. The circular economy potential of recycled wastes in the sisal supply chain appears to 

have significant potential to improve yield, reduce the land area requirements for sisal production and reduce 

environmental impacts and should be investigated further.  A reduction in the amount of land required to 

produce sisal potentially makes this land available for alternative uses such as food or bioenergy production, or 

for increased global demand of sisal.  
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The parameters used in the nutrient mass balances may not be valid for nutrient depleted soils in Tanzania. 

This effect should be investigated further, and characterisation factors developed for depleted soils to ensure 

that eutrophication and acidification impacts are not overstated.    

If the cosubstrates have no current beneficial use, the beef manure cosubstrate appears to be the best 

scenario, closely followed by the marine fish processing waste scenario. If all the cosubstrates currently have a 

beneficial reuse, then the potential benefits of cosubstrate digestion with sisal waste in most impact 

categories is marginal, with the exception of climate change and fossil depletion, where the benefits are 

substantial. If the cosubstrates from agriculture already have a beneficial reuse, then the marine fish 

processing waste and human urine scenarios appear to provide the most significant benefits.    
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Supplementary Material A - Background information on sisal  

Supplementary Material A.1 – Sisal production methods in Tanzania 

In Tanzania, most sisal is grown on large estates. Planting materials are either obtained from bulbils or, less 
frequently, from suckers removed from mature sisal plants. Bulbils grow on the lateral branches of the poles 
that sisal plants produce at the end of their life, and the bulbils are grown into seedlings in nursery fields. It 
takes up to 2 years in the nursery for seedlings to grow to the required size (0.25 kg) and planting densities in 
the nursery range from 50,000 to 100,000 bulbils per hectare. Losses of 10% occur in the nursery and if sisal 
waste is used as fertiliser in the nursery, monitoring and control of pests such as sisal weevil and eelworms is 
required (Lock, 1962, 1969). Nursery operators may add agricultural lime and potash in addition to or instead 
of sisal waste.  

Once they have grown to the required size, seedlings are transplanted into plantation fields, which have been 
prepared after a period of fallowing. Field preparation involves three main stages: brush cutters are used to 
remove and comminute vegetation, including old sisal boles; vegetation is dried and burnt; and the burnt 
organic matter is ploughed into the soil. Young sisal plants normally grow for two to three years before the 
first harvest of leaves and the total life span of plants is 10 years on average (i.e. from planting to poling) but 
can range from 8-15 years (Hartemink, Kekem and Van Kekem, 1994).  Planting densities range from 3,500 to 
6,000 seedlings per hectare and most of the roots of sisal plants concentrate in the upper 30 cm of the soil 
(Hartemink, 1997). Weed control during a crop cycle is mostly done manually within and between narrow 
rows, with some rotary mowing along broad lanes. Sisal leaves are cut manually, sorted by length, tied in 
bundles and stacked into piles before being loaded onto vehicles and transported to a centralised processing 
plant on the estate. Plantation operators may add sisal waste, agricultural lime or fertiliser to plantation fields 
to replace nutrients incorporated into sisal leaves and removed during harvest.   

At the processing plant, there are four main production stages. The first stage is decortication, where a 
machine crushes the leaves and removes the leaf tissue to reveal the fibres. This must be done as soon as 
possible after harvesting to minimise fibre deterioration and for ease of processing (CFC/UNIDO, 2001). Water 
is used to wash the fibres and remove waste material and it must be clean, to prevent discolouration of the 
fibre. Additional water is used to transport the waste sisal material (flume) to the waste retention area and the 
total water use is approximately 100 tonnes per tonne of sisal fibre. The second stage involves sun drying, 
where the wet fibres are moved manually from the decortication process to a drying area and water 
evaporates, reducing the water content from the 60 % to 13-15 %. The fibre must be dried as quickly as 
possible after decortication to ensure that the quality does not deteriorate and this normally takes 7-8 hours in 
dry weather. In the third stage, fibres are brushed by a machine in hand-held bundles. The machine separates 
the export quality fibre from the short (tow) fibre, straightens the fibres and imparts sheen. In the final 
processing stage, fibre types are graded and baled into 200 or 250 kg bales for transport. The fibre fraction of 
sisal leaves is about 4%, so each tonne of sisal fibre generates 24 tonnes of waste material (Broeren et al., 
2017).  
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The wastes from sisal fibre processing include a liquid stream, which contains soluble sugars and chlorophyll, 
and a solid steam, which contains short fibres (tow) and leaf pulp (cuticle and parenchymal tissue) (CFC/FAO, 
2009; Cantalino et al., 2015). The wastes gravity flow in channels to large shallow retention areas, where the 
solid material is retained and the wastewater then flows into nearby surface water bodies. The solid material 
then composts in an uncontrolled fashion, leading to both aerobic and anaerobic decomposition. Once the 
waste material has been in the waste retention area for a period of time, it may then be manually recycled to 
the plantations were it is used as soil conditioner. The wastewater from the retention areas which enters local 
surface water bodies contains dissolved organic matter and so creates an organic load on the receiving water 
body, leading to a decrease in dissolved oxygen levels and subsequent adverse environmental impacts 
(Muthangya et al., 2013).  

At the end of the growing cycle, the remaining sisal ball (20 kg) and pole are either left on the field until the 
end of the fallow period or burnt and ploughed into the soil to reduce the risk of sisal weevil infestations. Most 
growers use a rotational system, whereby 10-20 years of fallow each growing cycle, although pressure for land 
is making fallow periods less common. 

Supplementary Material A.2 - Historical sisal fibre use 

The main applications for the hard natural fibre produced from sisal leaves are yarn, twines, ropes, sacks, 
home furnishings, cloths, paper and carpets (Kimaro and Msanya, 1994) but during the 1950’s sisal fibre was 
gradually replaced by cheaper, synthetic fibres (CFC/FAO, 2009; Tambyrajah, Patel and Faaij, 2012). Production 
in the global sisal market peaked in 1974 at over 866,122 tons, but has subsequently dropped to below 
400,000 tons per year, with a 2014 production value of 247,543 tonnes (FAOSTAT, 2014). 

Building on work from as early as 1978 into the use of sisal fibre in composite materials, research projects 
during the 2000’s were undertaken by the United Nations Industrial Development Organization (UNIDO) and 
the Common Fund for Commodities (CFC) to investigate potential future use scenarios for sisal fibre and sisal 
coproducts (CFC/UNIDO, 2001; FAO and CFC, 2001; Common Fund for Commodities, 2005; CFC/FAO, 2009; 
UNIDO/CFC, 2010; Magoggo, 2011; Andrade and (CFC), 2012; Fortucci and Mbabaali, 2015). There has been 
increasing interest from industry into the use of sisal fibre for new applications such as composites in the 
automotive and construction industries. 

Supplementary Material A.3 - Historical global sisal production rates and yield from 
FAO data 

During the 1960’s, Tanzania was the world’s largest producer of sisal and export earnings from sisal 
contributed 33 % of the country’s foreign exchange income (Tambyrajah, Patel and Faaij, 2012). Tanzanian 
production peaked in 1964 with 233,540 tons produced from 226,620 hectares, which equates to 
approximately 26 % of total world production (FAOSTAT, 2014) as indicated in Figure A.1.  Brazil has been the 
largest sisal producer since it overtook Tanzania in the 1970s, and now contributes 56 % of global production. 
During 2014, Tanzania was the second largest producer, with 29,563 tonnes produced from 38,108 hectares, 
which equates to 12 % of global while Kenya produced 9 % of global production. 
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Fig. A.1 Global Sisal Production from 1961 until 2015, showing decrease in 1970s (FAO, 2017)  

Research efforts from the 1940s and 1950s produced a hybrid variety of sisal in the 1960s, known as Hybrid 
11648, which produced nearly twice as much fibre per hectare as Agave sisalana (Hopkinson and Wienk, 1966) 
but was more susceptible to diseases and pests, particularly if there are deficiencies in nutrients, such as 
calcium, phosphorus and potassium (Kimaro and Msanya, 1994). Initially, annual fibre yields were >1.5 tonnes 
per hectare for Agave sisalana and 2-3 tonnes per hectare for Hybrid 11648 (Hartemink and Van Kekem, 1994; 
Hartemink and Wienk, 1995), but gradually over time the yields decreased as indicated in Fig.A.2. FAO sisal 
yield records started in 1961, by which time sisal had been produced in some areas of Tanzania for 60 years. 
During 2014, the average global yield was 0.88 tonnes per hectare, Tanzanian production averaged 0.78 
tonnes per hectare, Kenyan production averaged 0.87 tonnes per hectare and Brazilian production averaged 
0.88 tonnes per hectare. 
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Fig.A.2: Sisal yields from start of record keeping in 1961 until 2014, showing national and average worldwide 
variation (FAOSTAT, 2014) 

Supplementary Material A.4 - Sisal composition 

Published data on the estimated nutrient composition of sisal leaves varies (Muller, 1964; Osborne, 1967; 
Lock, 1969) and has been based on nutrient removal from soil relative to fibre production, which does not 
actually indicate the mass composition of sisal leaves, given that the total fibre fraction can vary.  Table 1 
provides data on the nutrient content of sisal leaves based on the weight of seedlings produced in a nursery 
and indicates that calcium is found in the highest concentration, but potassium, nitrogen, magnesium and 
phosphorus are also important.  

Table A.1: Sisal fibre leaf nutrient composition calculated from nutrient removal from soil for seedlings in 
nursery and sisal in plantations (a - Hartemink, 1997; b - Hartemink and Van Kekem, 1994) 

Nutrient  Nursery leavesa Plantation leavesb 
Weight % Ratio vs N Weight % Ratio vs N 

Calcium  0.44 2.7 0.32 3.45 

Magnesium 0.06 0.4 0.09 1.28 
Nitrogen 0.16 1 0.12 1 
Phosphorus 0.05 0.3 0.01 0.15 

Potassium 0.18 1.1 0.14 1.49 
Note: a - estimate from nutrient decrease in nursery soil, b - estimate from nutrient decrease in soil from 
plantation after third cultivation cycle  

There are some differences between the nutrient composition of Agave sisalana and Hybrid 11648, as 
indicated by the ratio relative to nitrogen, as indicated in Table A.2. This indicates that Hybrid 11648 uses more 
calcium, significantly less potassium, and less phosphorus, but that the nitrogen requirement is relatively 
similar.  

Table A.2: Nutrient removal and ratio relative to nitrogen (N) for Agave sisalana vs Hybrid 11648, adapted 
from (Hartemink, 1997) 

Nutrient Agave sisalana Hybrid 11648 
 kg removed/ha.t fibre Relative to N kg removed/ha.t fibre Relative to N 

Calcium 70 2.59 82 3.15 
Magnesium 34 1.26  31 1.19  

Nitrogen 27 1.00 26 1.00 
Phosphorus 7 0.26 3.5 0.13 

Potassium 69 2.56 44 1.69 
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Supplementary Material B – LCA further details  // Supplementary Material  B.1 – Table B.1 - Life Cycle Inventory 

Process Flow Site 1 Site 2 Ecoinvent process used/ reference 
1. Nursery and seedling preparation inventory 

 Growing time (years) 1.5   
 Bulbil planting density (#/ha) 100,000 80,000  
 Weight of bulbil (kg) 0.06 Estimated from seedling size (9cm vs 35 cm) 
 Bulbil loss rate 10% (CFC/UNIDO, 2001)  
 Glyphosate use (kg/ha) 2-3 0  
   Glyphosate in Roundup (g/L) 360 n/a glyphosate | market for glyphosate 
   # applications of Roundup (#/ growing cycle) 1 0 application of plant protection product, by field sprayer | 

application of plant protection product, by field sprayer 
 Fraction of glyphosate to soil 75% (Neto, Dias and Machado, 2013)  
 Fraction of glyphosate to air 25% (Neto, Dias and Machado, 2013) 
 Ploughing: wheel tractor – diesel L/ha 10 8-10 modified Ecoinvent process - tillage, harrowing, by rotary 

harrow | tillage, harrowing, by rotary harrow | APOS, U 
(TZ 1) 

 Levelling: : wheel tractor, harrow – diesel L/ha 10 8-10 modified Ecoinvent process - tillage, ploughing | tillage, 
ploughing [APOS, U (TZ1) - RoW] 

 Occupation, arable, non-irrigated   Reusing existing land, not clearing new land 
 Agricultural lime use (kg/ha) 100 0 limestone, crushed, washed | market for limestone, 

crushed, washed 
    Calcium mass % in agricultural limestone 40% n/a  
    # applications of agricultural lime (#/ growing cycle) 1 0 done at same time as Muriate of potash 
 Muriate of potash use (kg/ha) 5-9 

 
0 potassium chloride, as K2O | market for potassium 

chloride, as K2O 
   # applications of muriate of potash (#/ growing cycle) 1 0 fertilising, by broadcaster | fertilising, by broadcaster 
   Potassium mass % in muriate of potash 50%  
   Potassium mass % in K2O 83%  
 Distance – Dar es Salem port to nursery for inputs (km)  300 356  
 Transport inputs – road - (glyphosate, lime, potash) (tkm) 32.85 0 transport, freight, lorry 16-32 metric ton, EURO3 | 

market for transport, freight, lorry 16-32 metric ton, 
EURO3 

Output Weight of seedling ready for planting (kg) 0.25  
  Seedlings produced per hectare 90,000 72,000  



Paper I – A blueprint for applying circular economy principles to the sisal supply chain in Tanzania 

Page 109 

Process Flow Site 1 Site 2 Ecoinvent process used/ reference 
 

2. Plantation    
 Land preparation    
    Brush cutting (L diesel used/hectare) - clearing 44 25 Modified Ecoinvent process - mowing, by rotary mower | 

mowing, by rotary mower (TZ 2 clear) 
    Burning of biomass material (25 t biomass/hectare, 10.4 GJ per t,   

green and air dried wood) - N2O emissions 0.004 kg N2O released/GJ 
biomass burnt, methane emission 0.028 kg methane released /GJ 
biomass burnt 

  Data from Table 2.2.2, p80, carbon dioxide not counted 
(Department of the Environment and Energy, 2016) 

    Ploughing of burnt biomass material into soil, caterpillar with plough 
– diesel use (L) per hectare 

36 0 Modified Ecoinvent process: tillage, ploughing | tillage, 
ploughing | APOS, U (TZ 2) - RoW 

    Levelling: Caterpillar with harrowing -  33 0 Modified Ecoinvent process: tillage, harrowing, by rotary 
harrow | tillage, harrowing, by rotary harrow | APOS, U 

(TZ 2) 
    Levelling: Wheel tractor 0 18 Modified Ecoinvent process: tillage, harrowing, by rotary 

harrow | tillage, harrowing, by rotary harrow | APOS, U 
(TZ 2) 

 Distance, nursery to plantation (km) 7 5 transport, tractor and trailer, agricultural | market for 
transport, tractor and trailer, agricultural 

 Distance, plantation to fibre processing (km) 10 7 transport, freight, lorry, all sizes, EURO3 to generic 
market for transport, freight, lorry, unspecified | 
transport, freight, lorry, unspecified | APOS, S – RoW 

 Seedling planting density (#/ha) 5,000 4,000  
 Growing cycle (years) 10-12 10-12  
 Year of first harvest  3-4 3  
 Years of harvesting per growing cycle 8-10 8-10  
 Agricultural lime use (kg/ha) 5000 0 limestone, crushed, washed | market for limestone, 

crushed, washed 
    Calcium mass % in agricultural limestone 40%  
    # applications of agricultural lime (#/ growing cycle) 1 0  
 Triple Superphosphate (TSP) use (kg/ha) 100-125 0 phosphate fertiliser, as P2O5 | triple superphosphate 

production 
    Phosphorus mass % in TSP 20%  
    Calcium mass % in TSP 15.5%  
    # applications of TSP (#/ growing cycle) 2 0 fertilising, by broadcaster | fertilising, by broadcaster 
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Process Flow Site 1 Site 2 Ecoinvent process used/ reference 
 Composted sisal residue use (kg/ha) 300 0  
    # applications of  composted sisal residues (#/ growing cycle) 2 0  
 Weeding – times, years 0-3 6 6 Modified Ecoinvent process - tillage, harrowing, by spring 

tine harrow | tillage, harrowing, by spring tine harrow | 
APOS, U (TZ 2) - RoW 

 Weeding – times, years 4-6 4 6 Modified Ecoinvent process - mowing, by rotary mower | 
mowing, by rotary mower (TZ 2 mow) 

 Carbon dioxide uptake by plant material Calculation based on 42% C in fibre  (Salazar and Leao, 2006) 
 Mass of sisal ball at end of growing cycle (kg) 20 20 Included in biomass material burnt as part of field prep 
 Distance – to Dar es Salaam from South Africa for TSP (km) 3100 n/a  
 Distance – Port to plantation (km) 70 356 Note – different port to fibre export for Site 1 
 Occupation, arable, non-irrigated (ha.a) 1x growing cycle Reusing existing land, not clearing new land 

3. Fibre processing (both plants) & biogas plant (for Site 1 plant only) 
 Yield, total fibre per hectare for year (t/year) 1.6 0.6 A – (Broeren et al., 2017)  
 Total fibre fraction in sisal leaves 4% 2.5% B – assumed value 
 Export fibre percent of total fibre 92% 59% C - (Broeren et al., 2017)  
 Net export fibre yield (t/ha.year) 1.5 0.35 D = A*C 
 Off-spec fibre yield (t/ha.year) – included as a negative input 0.1 0.25 A-D – entered as jute fibre | market for jute fibre 
 Sisal leaf production (t/ha.year) 40 24 E = A/B 
 Sisal leaf production (t/ha.growing cycle) 340 204 F = E * years of harvesting 
 Export fibre yield (t/ha.growing cycle) 12.5 3.0 G = D * years of harvesting 
 Water usage, L/ton dry fibre 112,000 100,000  
 Electricity use (kWh/t fibre)  

(refer to Supplementary Material B.2 for details on Site 1) 
615 343 Site 1 based on metered data, includes biogas plant, in 

theory should only be 30% higher than ordinary plant.  
Site 2 based on diesel genset (200L diesel to process 2.5 t 
fibre, assume 40% electrical efficiency) 

 Note that estates will measure the tonnes of final product and estimate the weight of sisal leaves, so this is an area of potential data improvement 
 Water content of total fibre entering drying process 60%   
 Water content of total fibre leaving drying process 10-15%   
 Ratio of sisal fibre residue to sisal export fibre 19 19  
 Distance to port for sisal export grade fibre (km) 300 356  

4. Sisal residue management 
 Depth of ponds 1.5-3m    
 Engine electrical efficiency, biogas use 35% -  
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Supplementary Material B.2 – Supplementary information for Life Cycle Inventory 
relating to electricity consumption at Site 1 

Table B.2 - detailed information on electricity system based on installed capacity and running hours at Site 1 

 PLACE   # kW h/day kWh/day 
(calculated) 

Subtotal % of 
A or 

B 

% of 
total 

A+B Site 1 Estate + biogas plant Total 2896.0    

A SITE 1 ESTATE Subtotal 2047.2   71% 

A.1  CORONA 
  
  
  

Corona Motor 1 90 10 900    

Rope System 
motor 

1 7.5 10 75    

Feed table 
motor 

1 3.75 10 37.5    

Lamps 5 0.085 12 5.1    

  1,017.6 50% 35% 

A.2 BRUSHING 
ROOM 
  
  

Brushing 
machine 
motor 

3 7.5 12 270    

Brushing 
machine 
motor 

2 8 12 198    

Lamp 7 0.085 12 7.14    

         475.14 23% 16% 
A.3 BALING 

  
Press pump 
motor 

1 12 8 96    

Lamp 4 0.085 8 2.72    

         98.72 5% 3% 

A.4 WORKSHOP 
  
  

Motors 2 7.5 12 180    

Motor 1 5 12 60    

Lamp 2 0.085 2 0.34    

         240.34 12% 8% 

A.5 PUMP 
STATION 
  

Pump motor 1 15.5 12 186    

Lamp 3 0.085 12 3.06    

         189.06 9% 7% 

A.6 OFFICE Lamp 18 0.085 2 3.06    

A.7 SECURITY 
LAMP 

  4 0.085 12 4.08    

A.8 Workers 
Houses 
  

Room Lamps 120 0.02 4 9.6    

Security Lamp 40 0.02 12 9.6    

B BIOGAS PLANT 
  

  Subtotal 848.8   29% 

B.1 CONVEYORS 
  
  

Conveyor 
Motor 

3 1.5 10 45    

Conveyor 
Motor 

1 5.5 10 55    

Lamp 2 0.085 12 2.04    
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 PLACE   # kW h/day kWh/day 
(calculated) 

Subtotal % of 
A or 

B 

% of 
total 

B.2 SQUEEZER  Squeezer 
motor 

1 18.5 10 185    

B.3  CAGE Cage motor 1 7.5 10 75    

B.4 COLLECTION 
TANK 
  

Collection 
tank stirrer 
motor 

1 5.5 10 55    

Feed Pump 1 5 10 50    

B.5 HYDROLYSIS 
  

Stirrer motor 1 4 6 24    

Feed Pump 1 15 6 90    

B.6 DIGESTER Stirrer motor 1 15 6 90    

B.7 FERTILIZER 
TANK 

Stirrer motor 1 15 6 90    

B.8 H2S  
CLEANER 

Water pump 1 1.5 1 1.5    

B.9 CHP Water 
circulation 
pump 

2 3 10 60    

B.10 COOLING 
TOWER 

Blower motor 1 1.5 10 15    

B.11 MeS Office Lamp 12 0.038 2 0.912    

B.12 MeS 
Security 
lamp 

Lamp 11 0.038 12 5.016    

 Computers Computers 2 0.02 6 0.24    

 Refrigerator Refrigerator 1 0.3 12 3.6    

 Oven Oven 1 0.3 5 1.5    

 

Supplementary Material B.3 – Site data used in openLCA to accentuate yield 
differences 

Table B.3: Assumption used to accentuate differences in yield in sisal production (not actual plant data), 
derived from (Broeren et al., 2017) 

Assumptions unit Site 1  Site 2 
Harvest years per growing cycle years 8.5 8.5 
Total fibre fraction of the leaves % 4 2.5 
Total fibre yield (export + offspec) t/ha/year 1.6 0.6 
Export fibre yield % total fibre yield 92 59 
Calculated values 
Total weight leaves grown t/ha/year 40 24 

t/ha/growing cycle 340 204 
Total export fibre t/ha/growing cycle 12.5 3.0 
Total off-spec fibre t/ha/growing cycle 1.1 2.1 
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Supplementary Material B.4 – Life Cycle Assessment overview 

Table B.4 – Details of LCA Goal and Scope 

Goal • Intended application is to assist with greening the sisal supply chain, steps required are 
1) develop a blueprint for applying circular economy principles to agribusiness supply 
chains, using LCA as a screening tool  
2) assess the extent of nutrient depletion in current sisal production by undertaking mass 
balances on 5 key nutrients using parameters within an LCA model 
3) calculate how much land could be made available if sisal yields are increased  
4) assist with identifying data required for a more comprehensive assessment   

• Limitations due to the method, assumption and impact coverage –  
- assumptions such as sisal composition under varying soil nutrient levels, link between 

nutrient levels and yields, composition of cosubstrates in Tanzanian economy, current use 
of cosubstrates (including whether current degradation is occurring anaerobically and 
whether nutrients are currently being discharged to environment), exact C:N required for 
anaerobic digestion of each cosubstrate with sisal residue, actual wet and dry deposition of 
key nutrients (particularly if this will change with climate change), 

- methodological issues such as behaviour of nutrients (particularly nitrogen) in nutrient 
depleted soils within LCA modelling, given that LCA models were developed based on 
European and North American agricultural systems where nutrients are most often in 
surplus)  

• Reasons for carrying out the study  
1) assess potential for LCA to contribute to agribusiness supply chains, through using LCA as 
a screening tool for various future development scenarios,  
2) use LCA to assess nutrient depletion in agricultural system by using a mass balance within 
the LCA software  
3) as part of a larger PhD project on using LCA in SME in agribusiness supply chains  
4) address a key industry within the Tanzanian economy 

• Decision content – Situation A, “micro-level decision support” – greening the supply chain 
(attributional) but with substitution rather than allocation 

• Target audience of the deliverables / results –  
 1) for blueprint – policy makers, possibly other researchers in agribusiness fields,   
 particularly those researching nutrient depletion and yield 
 2) for LCIA results – researchers who will do further work based on primary data (once it is 
 available) 

• Comparative studies – not required, as not being used to make disclosure to public or 
consumers 

• Commissioner of the study and other influential actors – PhD student at DTU and colleague 
from Sokoine University in Tanzania 

Scope - Type of deliverables – nutrient balances, LCI and LCIA results, presented in a journal article 
- Functional unit – 1 t sisal export fibre 
- System boundaries – sisal nursery, plantation, fibre processing, waste management and 

transport to export port in Tanzania. Cosubstrate transport to site, anaerobic digestion of 
sisal waste and cosubstrate.  

- Coproducts handled by substitution eg sisal off spec fibre substituted with jute, nutrients in 
cosubstrates substituted with equivalent amount of manufacturer fertiliser 

- LCIA impact categories – 17 midpoint impact categories – agricultural land occupation, 
climate change, fossil depletion, freshwater ecotoxicity, freshwater eutrophication, human 
toxicity, ionising radiation, marine ecotoxicity, marine eutrophication, metal depletion, 
natural land transformation, ozone depletion, particulate matter formation, photochemical 
ozone formation, terrestrial acidification, terrestrial ecotoxicity, and water depletion 

- Software – openLCA v 1.5.0 
- Database – Ecoinvent v3.2 
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- Primary data – site visits to Hale (Site 1) and Mkumbara (Site 2) provided most Life Cycle 
Inventory data on foreground system.  

- Secondary data - data on yield taken from recent article (Broeren et al., 2017), highest yield 
relates to Site 1, lower yield used for site 2 to accentuate difference, data on sisal and 
cosubstrate composition taken from literature, other background data taken from Ecoinvent 
database 

 

Supplementary Material B.5 – Detailed information on parameters used in nutrient 
balances in openLCA software 

The main inputs of nutrients are from atmospheric deposition, fertiliser, manure/recycled organics, planting 
material, sedimentation and biological fixation (of nitrogen) (Hartemink and Van Kekem, 1994). Wet 
deposition calculations used the equations of (Stoorvogel and Smaling, 1990) and (Parker, 1983), which is 
consistent with more recent measured values of (Sutton et al., 2014) for nitrogen, although the uncertainties 
were estimated to be around 30%. Sedimentation only occurs when soils are irrigated or flooded, which is not 
relevant for sisal production in Tanzania.  Other nutrient parameters were taken from literature (Nemecek and 
Kagi, 2007). Mineralisation of soil organic matter can contribute nitrogen and weathering of soil mineral 
reserves can contribute calcium, magnesium and potassium, which may assist with providing part of any 
deficient identified.  

The main outputs are harvested production, crop residues, leaching, gaseous losses and erosion. In this 
instance, leaching was only relevant when fertiliser or manure/recycled organics were used (Hartemink and 
Van Kekem, 1994). Similarly, erosion was assumed to be negligible as a grass cover is maintained on the soil in 
sisal plantations (Cosme and Hauschild, 2017).   

Supplementary Material B.6 - Nutrient balances for sisal waste streams 

Table B.5: C:N ratio of total sisal waste stream  

 unit Sisal pulp a Sisal wastewater 
b 

Combined sisal 
waste 

Mass per t sisal 
fibre 

kg 15,490 121,472 136,962 

% of total mass  11% 89%  
Total solids (TS) % of M 9% 1.6% 2.4% 
  Mass of TS kg 1,394 1,944 3,338 
Volatile solids (VS) % of TS 87.5% 47.7% 64.3% 
  Mass of VS kg 1,220 927 2,147 
Organic carbon 
(OC) 

% 49% 39.3% 40% 

  Mass of OC kg 683 364 1,047 
Total Nitrogen (TN) % of TS 1.08% 2.60% 1.97% 
   Mass of TN kg 15.06 50.53 65.6 
   N partitioning c % 23% 77%  
   Mass of TN  kg From mass balance of sisal leaves 24.5 
C:N ratio    59 
Notes: a - (Mshandete et al., 2004) b - (Mshandete et al., 2006), same mass ratio between pulp & wastewater 
as in (Broeren et al., 2017), c – this indicates that more of the nitrogen seems to partition into the solid waste 
stream (23%) compared to the value used on a mass basis (11%)  
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Supplementary Material C - Results on Tanzanian sisal yields and land area 
required 

 

Fig. C.1 Impact of fertilisation (Estate 1) on total sisal fibre yield, export fibre fraction, export fibre yield and 
land required to produce export fibre compared to non-fertilised estate (Estate 2-4) based on (Broeren et 
al., 2017) 

Supplementary Material D – Circular economy assessment 

Supplementary Material D.1 - Circular economy in Tanzania - identification of 
potential cosubstrates 

The total land area of Tanzania is 94,508,700 hectares and approximately 17,781,441 (19%) is occupied by 
crops that may potentially provide an organic residues for the sisal supply chain. The top ten agricultural 
products in Tanzanian during 2014 in terms of tonnes produced (out of a national crop production total of 
39,824,519 tonnes) are presented in Fig. D.1 and were maize (17%), cassava (13%), sweet potatoes (9%), 
bananas (8%), sugar cane (7%), paddy rice (7%), vegetables (5%), potatoes (4%), sunflower seeds (4%) and 
ground nuts (4%) (FAO, 2017). Sisal accounted for only 0.07% of the total tonnes of 2014 agricultural 
production but 0.21% of the land area.  
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Fig. D.1 Crop Production in Tanzania in 2014, showing the total production, largest tonnage crops and yield 
for each crop with yield ranking in brackets (FAO, 2017) 

In terms of livestock production in Tanzania that may have organic residues that could be recycled to the sisal 
supply chain, the cow milk (77%) and beef meat (12%) sectors are by far the most significant, as indicated in 
Fig. D.2.   

 

Fig. D.2 Livestock Production in Tanzania in 2014 (FAO, 2017) 

In addition to livestock production from farms, Fig. D.3 provides data on total meat production in Tanzania 
during 2013 and this indicates that freshwater and marine fish are significant meat sources.  
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Fig. D.3. Meat production in Tanzania in 2013 (FAO, 2017) 

Supplementary Material D.2 - Circular economy in Tanzania - C:N of potential 
cosubstrates 

Table D.1: C:N ratios for wastes available in Tanzania (shading and bold indicates that waste has a suitable 
C:N ratio) 

 TN % TKN h % TOC% Non-lignin TOC% TOC:TN TOC:TKN nlTOC:TKN i 
Maize cobs a  1.99  48.77  24.51   
Maize straw b 0.86  42  48.84   
Cassava pulp c 0.45  51.5  118.3   
Rice hulls d  0.69 32.9 22.5  47.7 32.6 
Rice straw d  0.39 33.6 28.9  86.2 74.1 
Sugar cane trash e 2.52  49.15  15.5   
Cowpea residue f 2.7  43.1  16.0   
Grass clippings d  3.25 40.8 38.4  12.6 11.8 
Dairy manure d  2.14 Table  29.6  19.1 13.8 
Beef manure d  2.1 38.5 30  18.3 14.3 
Chicken manure d  6.87 31.7 30.3  4.6 4.4 
Pig manure d  3.67 44.3 39.7  12.1 10.8 
Pig manure c 2.47  26.16  10.59   
Milk proc sludge e 5.68  37.9  5.06   
Marine fish waste g 5.85  51  9   
a – (Foo, 2016), b - (Ali Abro et al., 2011), c - (Kamolmanit and Reungsang, 2006), d - (Hills and Roberts, 1981), 
e – (Suthar, Mutiyar and Singh, 2012), f - cowpea residues from (Rusinamhodzi, Murwira and Nyamangara, 
2009), g - (Mshandete et al., 2004), h – Total Kjeldahl Nitrogen, i - non-lignin TOC 
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Supplementary Material E – Nutrient balance information 

Supplementary Material E.1 – Nutrient balance - Mass of potential cosubstrates 
required 

Table E.1: Estimate of mass and equivalent units of organic waste required to achieve C:N of 25 for 
codigestion with total sisal waste stream at Site 1 for 1 t sisal export fibre. 

 unit Dairy 
manurea 

Beef 
manurea 

Chicken 
manurea 

Fish 
wasteb 

Human 
faecesc 

Human 
urinec,d 

C:N ratio  6.2 8.9 5.8 8.7 7.1 0.8 
Mass required  kg 8,900 7,750 3,200 875 6,650 5,400 
Equivalent animals or people/day 161 349 27,134 2,500 27,366 3,808 

Extra nutrient input from cosubstrates     
Calcium kg 17 17 65 13 30 0.7 
Magnesium kg 8 7 7 0.4 6 0.8 
Nitrogen kg 45 52 43 51 47 35 
Phosphorus kg 10 12 15 5 22 3 
Potassium kg 30 29 16 2 25 7 

Note: For fish waste, the “equivalent animals” refers to the mass of marine fish required to produce the mass 
of waste, given that 35% of live fish ends up as waste.  
a – (Hills and Roberts, 1981) b - fish waste assumed to be 35% of total fish mass (Esteban et al., 2006; 
Gumisiriza et al., 2009) c - TOC was assumed to be 47.9% of COD (Muñoz et al., 2007), C and N are average of 
values reported in (Rose et al., 2015), d - (Strauss, 1985) 

Table E.2: Estimate of mass and equivalent units of organic waste required to achieve C:N ratio of 25 for 
codigestion with total sisal waste stream at Site 2 for 1 t sisal export fibre 

 unit Dairy 
manure 

Beef 
manure 

Chicken 
manure 

Fish 
waste 

Human 
faeces 

Human 
urine 

Mass required  kg 22,500 19,700 8,150 2,220 16,850 13,650 
Equivalent animals or people/day 407 886 69,150 6,343 69,342 9,613 

Extra nutrient input from cosubstrates     
Calcium kg 44 43 167 34 77 2 
Magnesium kg 19 17 18 1.0 15 1.9 
Nitrogen  kg 113 132 110 130 118 87 
Phosphorus kg 25 31 37 12 56 8 
Potassium kg 77 73 41 4 64 17 

Supplementary Material E.2 – Detailed information on nutrient balances from 
openLCA software 

Table E.3: Detail on nutrient depletion in nursery and plantation from openLCA modelling results 

 Unit Site 1 Site 2 Comments 
1. Nutrient depletion per 1 t sisal export fibre in nursery 
Nutrient depletion per hectare per growing cycle in nursery 
Calcium kg -19.79 -45.39 values from openLCA 
Magnesium kg -4.52 -2.42 
Nitrogen kg -13.92 -8.57 
Phosphorus kg -6.95 -5.34 
Potassium kg -21.35 -19.02 
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 Unit Site 1 Site 2 Comments 
% of nursery ha required for 1 t sisal export fibre 4% 16%  
Nutrient depletion in nursery per 1 t sisal export fibre 
Calcium kg -0.74 -7.05  
Magnesium kg -0.18 -0.38 
Nitrogen kg -0.52 -1.33 
Phosphorus kg -0.26 -0.83 
Potassium kg -0.80 -2.96 
2. Nutrient depletion per 1 t sisal export fibre in plantation  
    Nutrient depletion per hectare per growing cycle (gc) in plantation 
Calcium kg 700 -830 values from openLCA 
Magnesium kg -367 -204 
Nitrogen kg -235 -108 
Phosphorus kg -20 -22 
Potassium kg -444 -254 
tonnes of sisal export fibre produced per ha per gc 12.512 3.009  
     Nutrient depletion in nursery per 1 t sisal export fibre 
Calcium kg 55.95 -275.8  
Magnesium kg -29.33 -67.80 
Nitrogen kg -18.78 -35.89 
Phosphorus kg -1.60 -7.31 
Potassium kg -35.49 -84.41 
3. Total Nutrient depletion per 1 t sisal export fibre in nursery + plantation 
Calcium kg 55.21 -282.9  
Magnesium kg -29.50 -68.17 
Nitrogen kg -19.30 -37.22 
Phosphorus kg -1.86 -8.14 
Potassium kg -36.28 -87.37 
 

Supplementary Material E.3 – Site 1 nutrient balance with cosubstrates 

Table E.4: Nutrient available from recycled waste (sisal + cosubstrates) for Site 1 compared to initial 
depletion due to sisal leaf uptake and removal during harvest, based on mass of cosubstrates in Table G.1 

 unit Dairy 
manure 

Beef 
manure 

Chicken 
manure 

Fish 
waste 

Human 
faeces 

Human 
urine 

Initial 
Depletion 

Calcium kg 101.88 101.57 150.12 97.79 114.72 85.19 55.21 
Magnesium kg 38.87 37.89 38.18 31.69 37.12 32.06 -29.50 
Nitrogen  kg 69.13 79.45 67.75 75.71 71.07 59.08 -19.30 
Phosphorus kg 13.56 16.00 18.32 8.32 25.94 6.90 -1.86 
Potassium kg 66.80 65.14 52.45 38.08 61.68 43.04 -36.28 

 

Note that the equivalent table for Site 2 is included in the main document. 
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Supplementary Material F – detailed Life Cycle Impact Assessment results 

Supplementary Material F.1 – Life Cycle Impact Assessment results - Site 1 (best practice)      (Note – red indicates highest value (worst), green 
lowest (best), blue is the second lowest (second best) 

Table F.1: Detailed LCIA results for Site 1 (best practice), no current beneficial reuse of cosubstrate, raw data 

Site 1 
 

 Cosubstrate with no current beneficial reuse Sink 
 

Source 
 Impact category (17) Reference unit Current Dairy Beef Chicken Fish Faeces Urine 

Agricultural land occupation m2*a -5.95 -44.50 -49.66 -45.90 -46.47 -45.06 -45.36 7 0 
Climate Change kg CO2-eq 29944.50 -3197.84 -3532.66 -3276.78 -3308.98 -3229.00 -3246.31 6 1 
Fossil depletion kg oil eq -147.13 -1105.39 -1227.29 -1136.39 -1149.03 -1117.62 -1124.42 7 0 
Freshwater ecotoxicity kg 1,4-DB eq -1.19 -6.83 -9.93 -8.43 -9.09 -7.46 -7.81 7 0 
Freshwater eutrophication kg P eq 3.24 3.73 3.75 3.60 3.59 3.61 3.61 0 7 
Human toxicity kg 1,4-DB eq -30.52 -132.69 -254.51 -201.00 -228.86 -159.65 -174.63 7 0 
Ionising radiation kg U235 eq -13.61 -86.27 -113.52 -99.38 -104.72 -91.45 -94.32 7 0 
Marine ecotoxicity kg 1,4-DB eq -0.92 -3.55 -7.64 -5.88 -6.83 -4.47 -4.98 7 0 
Marine eutrophication kg N eq 15.31 -43.08 -50.05 -41.56 -49.30 -44.75 -33.14 6 1 
Metal depletion kg Fe eq -2.88 -11.22 -24.04 -18.51 -21.49 -14.10 -15.70 7 0 
Natural land transformation m2 -0.12 -0.85 -0.99 -0.90 -0.92 -0.87 -0.89 7 0 
Ozone depletion kg CFC-11 eq -0.00004 -0.0003 -0.00036 -0.00033 -0.00034 -0.00031 -0.00032 7 0 
Particulate matter formation kg PM10 eq 2.02 2.70 3.29 2.90 3.56 3.53 2.16 0 7 
Photochemical oxidant formation kg NMVOC 11.18 -6.68 -9.48 -8.11 -8.69 -7.24 -7.56 6 1 
Terrestrial acidification kg SO2 eq 17.74 34.12 44.41 38.68 44.92 41.64 31.84 0 7 
Terrestrial ecotoxicity kg 1,4-DB eq -0.04 -0.08 -0.29 -0.21 -0.26 -0.13 -0.16 7 0 
Water depletion m3 -1763.03 -14580.90 -14707.50 -14097.20 -13899.90 -14389.90 -14283.90 7 0 
Worst  14 0 1 0 2 0 0   
Best  3 0 14 0 0 0 0   
Sink  11 14 14 14 14 14 14 95  
Source  6 3 3 3 3 3 3  24 
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Fig. F.1 Site 1 Sinks - Relative scoring of cosubstrate recycling scenarios compared to base 

case (sisal only) with no current beneficial reuse of cosubstrate  
(1 represents the best case and 0 the worst case) 

Fig. F.2 Site 1 Sources - Relative scoring of cosubstrate recycling scenarios compared to 
base case (sisal only) with no current beneficial reuse of cosubstrate 

(1 represents the best case and 0 the worst case) 
 

 
Fig. F.3 Relative scoring of cosubstrate recycling scenarios compared to base case (sisal only) with no current beneficial reuse of cosubstrate  

(1 represents the best case and 0 the worst case ) 
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Table F.2: Detailed LCIA results for Site 1 (best practice), with current beneficial reuse of cosubstrate as fertiliser  

Site 1 
 

 Cosubstrate with current beneficial reuse Sink 
 

Source 
 Impact category (17) Reference unit Current Dairy Beef Chicken Fish Faeces Urine 

Agricultural land occupation m2*a -5.95 -2.19 -3.12 -8.88 -16.26 1.34 -22.38 6 1 
Climate Change kg CO2-eq 29944.50 -2655.65 -2902.75 -2738.32 -2739.45 -2616.06 -2857.62 6 1 
Fossil depletion kg oil eq -147.13 -1023.09 -1131.13 -1050.54 -1068.97 -1014.60 -1069.56 7 0 
Freshwater ecotoxicity kg 1,4-DB eq -1.19 -0.03 -1.97 -1.27 -2.56 1.24 -3.34 6 1 
Freshwater eutrophication kg P eq 3.24 13.78 16.26 18.43 8.38 26.11 6.93 0 7 
Human toxicity kg 1,4-DB eq -30.52 33.14 -59.84 -23.46 -72.38 58.53 -67.38 5 2 
Ionising radiation kg U235 eq -13.61 -60.62 -83.62 -72.07 -82.35 -57.10 -78.74 7 0 
Marine ecotoxicity kg 1,4-DB eq -0.92 2.95 -0.02 0.98 -0.54 3.83 -0.67 4 3 
Marine eutrophication kg N eq 15.31 1.78 2.16 1.89 2.09 2.07 1.57 0 7 
Metal depletion kg Fe eq -2.88 26.41 20.04 20.82 15.86 32.89 9.80 1 6 
Natural land transformation m2 -0.12 -0.77 -0.90 -0.82 -0.85 -0.77 -0.83 7 0 
Ozone depletion kg CFC-11 eq -0.00004 -0.00027 -0.00032 -0.00029 -0.00030 -0.00027 -0.00029 7 0 
Particulate matter formation kg PM10 eq 2.02 3.62 4.37 3.90 4.41 4.76 2.75 0 7 
Photochemical oxidant formation kg NMVOC 11.18 -5.35 -7.93 -6.76 -7.40 -5.65 -6.67 6 1 
Terrestrial acidification kg SO2 eq 17.74 36.91 47.66 41.54 47.63 45.06 33.71 0 7 
Terrestrial ecotoxicity kg 1,4-DB eq -0.04 0.32 0.13 0.10 -0.05 0.27 0.02 2 5 
Water depletion m3 -1763.03 -13902.70 -13908.70 -13342.40 -13311.90 -13426.20 -13878.30 7 0 
Worst  8 1 1 0 0 7 0   
Best  5 0 7 0 2 0 3   
Sink  11 9 11 10 12 7 11 71  
Source  6 8 6 7 5 10 6  48 
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Fig. F.4 Site 1 Sinks - Relative scoring of cosubstrate recycling scenarios compared to base 

case (sisal only) for site 1 sinks with current beneficial reuse of cosubstrate  
(1 represents the best case and 0 the worst case) 

Fig. F.5 Site 1 Sources - Relative scoring of cosubstrate recycling scenarios compared to 
base case (sisal only) for site 1 sources with current beneficial reuse of cosubstrate  

(1 represents the best case and 0 the worst case) 

 
Fig. F.6 Site 1 - Relative scoring of cosubstrate recycling scenarios compared to base case (sisal only) with current beneficial reuse of cosubstrate  

(1 represents the best case and 0 the worst case) 
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Supplementary Material F.2 – Life Cycle Impact Assessment results - Site 2 (industry average) 

Table F.3: Detailed LCIA results for Site 2 (current industry practice), with no current beneficial reuse of cosubstrate 

Site 2 
 

 Cosubstrate with no current beneficial reuse Sink 
 

Source 
 Impact category (17) Reference unit Current Dairy Beef Chicken Fish Faeces Urine 

Agricultural land occupation m2*a 0 -57.59 -70.66 -61.11 -62.56 -58.98 -59.76 6 0 
Climate Change kg CO2 eq 41048.8 -4177.57 -5026.95 -4376.29 -4458.41 -4255.81 -4300.13 6 1 
Fossil depletion kg oil eq 0 -1437.22 -1746.42 -1515.27 -1547.52 -1467.95 -1485.35 6 0 
Freshwater ecotoxicity kg 1,4-DB eq 0 -6.28 -14.13 -10.32 -11.99 -7.87 -8.77 6 0 
Freshwater eutrophication kg P eq 8.23 3.69 3.96 3.97 3.42 4.09 3.62 0 7 
Human toxicity kg 1,4-DB eq 0 -53.88 -362.07 -225.86 -296.92 -121.59 -159.94 6 0 
Ionising radiation kg U235 eq 0 -92.55 -161.52 -125.54 -139.17 -105.54 -112.89 6 0 
Marine ecotoxicity kg 1,4-DB eq 0 -0.53 -10.87 -6.38 -8.80 -2.83 -4.14 6 0 
Marine eutrophication kg N eq 38.94 -109.25 -127.87 -106.50 -125.75 -114.09 -84.45 6 1 
Metal depletion kg Fe eq 0 -1.78 -34.19 -20.13 -27.72 -9.01 -13.10 6 0 
Natural land transformation m2 0 -1.07 -1.41 -1.19 -1.24 -1.11 -1.14 6 0 
Ozone depletion kg CFC-11 eq 0.00000 -0.00035 -0.00052 -0.00042 -0.00045 -0.00038 -0.00040 6 0 
Particulate matter formation kg PM10 eq 6.56 9.32 9.72 8.77 10.39 10.28 6.80 0 7 
Photochemical oxidant formation kg NMVOC 16.64 -6.40 -13.48 -10.00 -11.49 -7.82 -8.62 6 1 
Terrestrial acidification kg SO2 eq 50.24 84.18 101.78 87.39 102.89 94.44 69.45 0 7 
Terrestrial ecotoxicity kg 1,4-DB eq 0 0.13 -0.42 -0.19 -0.33 0.00 -0.07 4 1 
Water depletion m3 0 -20597.50 -20929.90 -19379.90 -18876.70 -20118.10 -19846.60 6 0 
Worst  14 1 0 0 2 0 0   
Best  2 0 14 0 1 0 0   
Sink  0 13 14 14 14 13 14 82  
Source  6 4 3 3 3 4 3  26 
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Table F.4: Detailed LCIA results for Site 2, with current beneficial reuse of cosubstrate 

Site 2 
 

 Cosubstrate with current beneficial reuse Sink 
 

Source 
 Impact category (17) Reference unit Current Dairy Beef Chicken Fish Faeces Urine 

Agricultural land occupation m2*a 0 49.39 47.63 33.16 14.10 58.59 -1.67 1 5 
Climate Change kg CO2-eq 41048.8 -2806.85 -3425.89 -3004.93 -3013.49 -2702.73 -3317.57 6 1 
Fossil depletion kg oil eq 0 -1229.16 -1502.01 -1296.62 -1344.40 -1206.91 -1346.66 6 0 
Freshwater ecotoxicity kg 1,4-DB eq 0 10.90 6.11 7.93 4.58 14.17 2.54 0 6 
Freshwater eutrophication kg P eq 8.23 29.03 35.38 41.37 15.70 60.62 12.02 0 7 
Human toxicity kg 1,4-DB eq 0 365.34 132.74 226.31 100.08 431.23 111.18 0 6 
Ionising radiation kg U235 eq 0 -27.70 -85.52 -56.00 -82.41 -18.50 -73.51 6 0 
Marine ecotoxicity kg 1,4-DB eq 0 15.91 8.50 11.08 7.16 18.21 6.74 0 6 
Marine eutrophication kg N eq 38.94 4.18 4.82 4.16 4.66 4.58 3.32 0 7 
Metal depletion kg Fe eq 0 93.35 77.84 80.05 67.03 110.06 51.35 0 6 
Natural land transformation m2 0 -0.86 -1.17 -0.98 -1.04 -0.86 -1.01 6 0 
Ozone depletion kg CFC-11 eq 0.0 -0.00027 -0.00042 -0.00033 -0.00037 -0.00028 -0.00034 6 0 
Particulate matter formation kg PM10 eq 6.56 11.66 12.47 11.32 12.55 13.40 8.28 0 7 
Photochemical oxidant formation kg NMVOC 16.64 -3.03 -9.56 -6.57 -8.22 -3.79 -6.38 6 1 
Terrestrial acidification kg SO2 eq 50.24 91.25 110.04 94.68 109.76 103.10 74.16 0 7 
Terrestrial ecotoxicity kg 1,4-DB eq 0 1.14 0.65 0.58 0.19 1.01 0.38 0 6 
Water depletion m3 0 -18883.10 -18899.40 -17457.60 -17384.90 -17676.20 -18821.40 6 0 
Worst  8 1 1 0 0 7 0   
Best  8 0 7 0 0 0 2   
Sink  0 8 7 7 7 7 8 44  
Source  6 9 10 10 10 10 9  64 
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Fig. F.7 Site 2 Sinks - Relative scoring of cosubstrate recycling scenarios compared 

to base case (sisal only) with current beneficial reuse of cosubstrate  
(1 represents the best case and 0 the worst) 

Fig. F.8 Site 2 Sources - Relative scoring of cosubstrate recycling scenarios compared to base case 
(sisal only with current beneficial reuse of cosubstrate 

(1 represents the best case and 0 the worst) 
 

 
Fig. F.9 Site 2 - Relative scoring of cosubstrate recycling scenarios compared to base case (sisal only) with current beneficial reuse of cosubstrates 

(1 represents the best case and 0 the worst) 

0.00
0.20
0.40
0.60
0.80
1.00

Sisal only

Dairy

Beef

ChickenFish

Faeces

Urine

Fossil depletion

Ionising radiation

Natural land
transformation

Ozone depletion

Water depletion

0.0

0.2

0.4

0.6

0.8

1.0
Sisal only

Dairy

Beef

ChickenFish

Faeces

Urine

Freshwater ecotoxicity

Freshwater
eutrophication
Human toxicity

Marine ecotoxicity

Marine eutrophication

Metal depletion

Particulate matter
formation
Terrestrial acidification

Terrestrial ecotoxicity

0.00
0.20
0.40
0.60
0.80
1.00

Sisal only

Dairy

Beef

ChickenFish

Faeces

Urine
Agricultural land
occupation

Climate Change

Photochemical
oxidant formation



Paper I – A blueprint for applying circular economy principles to the sisal supply chain in Tanzania 

Page 127 

Supplementary Material F.3 – Life Cycle Impact Assessment results - Site 2 (industry average) fusion  

Table F.5: Detailed LCIA results for site 2, with no current beneficial reuse of non-agricultural cosubstrates and current beneficial reuse of agricultural cosubstrates (manure) 

Site 2 - fusion 
  

Cosubs with no current bene. reuse Cosubs with current bene. reuse Sink Source 
Impact category Reference unit Current Fish Faeces Urine Dairy Beef Chicken   
Agricultural land occupation m2*a 0 -62.56 -58.98 -59.76 49.39 47.63 33.16 3 3 
Climate Change kg CO2 eq 41048.8 -4458.41 -4255.81 -4300.13 -2806.85 -3425.89 -3004.93 6 1 
Fossil depletion kg oil eq 0 -1547.52 -1467.95 -1485.35 -1229.16 -1502.01 -1296.62 6 1 
Freshwater ecotoxicity kg 1,4-DB eq 0 -11.99 -7.87 -8.77 10.90 6.11 7.93 3 3 
Freshwater eutrophication kg P eq 8.23 3.42 4.09 3.62 29.03 35.38 41.37 0 7 
Human toxicity kg 1,4-DB eq 0 -296.92 -121.59 -159.94 365.34 132.74 226.31 3 3 
Ionising radiation kg U235 eq 0 -139.17 -105.54 -112.89 -27.70 -85.52 -56.00 6 0 
Marine ecotoxicity kg 1,4-DB eq 0 -8.80 -2.83 -4.14 15.91 8.50 11.08 3 3 
Marine eutrophication kg N eq 38.94 -125.75 -114.09 -84.45 4.18 4.82 4.16 3 4 
Metal depletion kg Fe eq 0 -27.72 -9.01 -13.10 93.35 77.84 80.05 3 3 
Natural land transformation m2 0 -1.24 -1.11 -1.14 -0.86 -1.17 -0.98 6 0 
Ozone depletion kg CFC-11 eq 0 0.00 0.00 0.00 0.00 0.00 0.00 6 0 
Particulate matter formation kg PM10 eq 6.56 10.39 10.28 6.80 11.66 12.47 11.32 0 7 
Photochemical oxidant formation kg NMVOC 16.64 -11.49 -7.82 -8.62 -3.03 -9.56 -6.57 6 1 
Terrestrial acidification kg SO2 eq 50.24 102.89 94.44 69.45 91.25 110.04 94.68 0 7 
Terrestrial ecotoxicity kg 1,4-DB eq 0 -0.33 0.00 -0.07 1.14 0.65 0.58 2 3 
Water depletion m3 0 -18876.70 -20118.10 -19846.60 -18883.10 -18899.40 -17457.60 6 0 
Worst  8 0 0 0 6 2 1   
Best  2 14 1 0 0 0 0   
Sink  0 14 13 14 7 7 7 62  
Source  6 3 4 3 10 10 10  46 
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Fig. F.10 Site 2 fusion sinks - Relative scoring of cosubstrate recycling scenarios 
compared to base case (sisal only) with current beneficial reuse of agricultural 

cosubstrate and no current beneficial reuse for non-agricultural cosubstrate  
(1 represents the best case and 0 the worst case)  

Fig. F.11 Site 2 fusion sources - Relative scoring of cosubstrate recycling scenarios compared 
to base case (sisal only) with current beneficial reuse of agricultural cosubstrate and no 

current beneficial reuse for non-agricultural cosubstrate  
(1 represents the best case and 0 the worst case) 

 

 
Fig. F.12 Site 2 fusion - Relative scoring of cosubstrate recycling scenarios compared to base case (sisal only) with current 

beneficial reuse of agricultural cosubstrate and no current beneficial reuse for non-agricultural cosubstrate 
(1 represents the best case and 0 the worst case) 
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Supplementary Material G – Life Cycle Impact Assessment - Detailed 
results for midpoint categories for marine fish processing waste scenarios 

Table G.2: Process contribution for Site 2, fish cosubstrate, no current beneficial use (2% cut-off) 

Process unit  
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Impact Category ↓  
       Agricultural  land occupation m2*a -47.02 

      

 
% -101.18%             

Climate change kg CO2 eq -3345.02 
      

 
% -101.09%             

Fossil depletion kg oil eq -1162.1 
      

 
%  -101.14%             

Freshwater ecotoxicity kg 1,4-DB eq -9.40 
      

 
% -103.45%             

Freshwater eutrophication kg P eq 
  

3.65 
    

 
%      101.56%         

Human toxicity kg 1,4-DB eq -241.07 
  

5.13 
   

 
%  -105.34%     2.24%       

Ionising radiation kg U235 eq -107.50 
   

2.23 
  

 
%  -102.66%       2.12%     

Marine ecotoxicity kg 1,4-DB eq -7.24 0.14 
     

 
%  -105.99% 2.04%           

Marine eutrophication kg N eq 
  

-48.89 
    

 
%      -99.17%         

Metal depletion kg Fe eq -22.77 
    

0.59 
 

 
%  -105.97%         2.76%   

Natural land transformation m2 -0.94 
      

 
%  -101.54%             

Ozone depletion kg CFC-11 eq -0.00035 
      

 
%  -101.97%             

Particulate matter formation kg PM10 eq -4.53 
 

7.99 
    

 
%  -127.21%   224.38%         

Photochemical oxidant  kg NMVOC -8.97 
      formation %  -103.26%             

Terrestrial acidification kg SO2 eq -16.48 
 

61.21 
    

 
%  -36.68%   136.26%         
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       Terrestrial ecotoxicity kg 1,4-DB eq -0.28 

  
0.012 

   %  -108.33     4.79%       

Water depletion m3 -1.39E+04 
      Water depletion %  -100.18%             
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Abstract: 

This study completed a cradle-to-retailer life cycle assessment of Danish export pork and quantified 
the relative environmental impacts of life cycle stages of Danish pork products and provided a 
comparative assessment of six alternative after cooling technologies for the supply of pork meat to 
three markets, Denmark, China and Australia, relative to existing approaches such as freezing. Nine 
different pork products delivered to retailers were assessed for fourteen midpoint impact 
categories. Given the higher efficiency of the Danish pork production system, the relatively small 
impact of transportation, the relatively large contribution of feed production, and the higher yield of 
crop production in Denmark, Danish pork production could provide a more sustainable pork supply if 
issues relating to consumer acceptance of superchilled products and cold chain integrity can be 
addressed. The human edible protein required (HEPR) in feed to produce one kilogram of human 
edible protein was over 4 for all supply chains, Denmark had the lowest value of 4.17, 4.27 for 
Australia and 4.56-5.52 for China, largely due to differences in feed conversion efficiencies. The 
amount of arable land required to produce one kilogram of human edible pork protein ranged from 
38 m2 in Denmark, to 44-51 m2 in China and 161 m2 in Australia, due to large differences in crop 
yields of the feed ingredients.  

Keywords8: pork production, supply chain, life cycle assessment, super-chilling, arable land use, 
human edible protein required   

Highlights: 

Superchilling extends the shelf life of “fresh” product and enables exports to distant markets  
Superchilling and transport of pork from Denmark has insignificant impacts, relative to farming  
Human Edible Protein Required was over four for each pork supply chain   
Arable land use ranged from 38 (Denmark) to 161 m2 (Australia) per kilogram of human edible 

protein 

1. Introduction 

                                                           
6 Present address – School of Mechanical Engineering, National Technical University of Athens,  
bonou@central.ntua.gr 
7 Present address - Institute of Chemical Engineering, Biotechnology and Environmental Technology (KBM), 
University of Southern Denmark (SDU), Campusvej 55, 5230, Odense M, Denmark, morb@kbm.sdu.dk 
8 Human Edible Protein Required (HEPR) is the ratio of human edible protein consumed in the feed material 
per kilogram of human edible protein produced.  
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Global demand for meat has been increasing steadily, in line with increases in both the world 
population and the average standard of living (Dalgaard, 2007; Reckmann, Traulsen, & Krieter, 2013; 
Verge et al, 2012). Denmark has a population of 5.7 million people (Statistics Denmark, 2016) and 
processes 28 million pigs annually. Nearly 90% of Danish pork production is exported, with 
approximately 70% of the exported meat to countries within the European Union (EU) and the 
remaining percentage to non-EU destinations with an increasing market share to countries such as 
Japan, China and other South East Asia nations (Hamann, 2006; Danish Agriculture & Food Council, 
2017). The growing export trend raises sustainability related questions such as: when it comes to 
arable land use and the efficiency of protein production, how does meat produced in Denmark and 
exported overseas compare to local production in the final markets?  Danish Crown (DC) is a farmer-
owned co-operative in Denmark which processed 90% of the total number of pigs in Denmark in 
2005 (Hamann, 2006), so given the company’s market share, production-related technology choices 
call for an in-depth environmental investigation using a comprehensive methodology such as a life 
cycle assessment (LCA). Previous LCAs of European pork production (Dalgaard 2007; Reckmann et al. 
2013; Eady et al. 2014) have consistently identified the on-farm (upstream) pig production, 
particularly the production of pig feed (60% of total climate impact in Nguyen et al. 2011), as the life 
cycle stage which contributes the most to the environmental impacts. Increasing global demand 
requires filling in existing research gaps related to:  

a) the influence of core pork production system efficiencies: in particular the effect of post-
processing cooling technologies up until the products reach the retail markets in adequate quality. 
There are three target temperature ranges used to preserve meat products for transport: fresh, 
frozen (< -12 °C) and super chilled. The latter keeps a meat product at a temperature between the 
initial freezing temperature  (-1.5 °C for fresh lean meat, down to -6.7 °C for meat with a higher salt 
content) and the fully frozen temperature (-12 °C).  The resulting product temperature is low enough 
to significantly retard bacterial activity, but not so low that ice crystal growth causes structural 
damage to all of the meat (James and James, 2011).  The process involves an initial surface freezing, 
after which the product achieves a uniform temperature distribution that is maintained during 
storage, transport and distribution. This has the potential to increase the shelf life by 1.4-4 times 
when compared to conventional chilling methods for meat products without adversely affecting 
product quality (Bogh-Sorensen and Zeuthen, 1984; Haugland and Aune, E. J. Hemmingsen, 2005; 
Duun et al., 2008; Magnussen et al., 2008). Although the technology had already been described in 
1920 and it has commonly been used in seafood (Olafsdottir et al., 2006; Beaufort et al., 2009; Zhou, 
Xu and Liu, 2010), it is only recently being used more frequently for meat products. However super 
chilling is gaining momentum as it fulfils the consumer preference for higher quality fresh products 
(USDA Foreign Agricultural Service, 2018). Such improvement of cooling technologies affects the 
level of energy consumption; the shelf life at the market and therefore the amount of food waste 
(Lee, Osborn and Whitehead, 2015), and it is thus relevant to investigate the associated 
environmental benefits.  This study did not consider consumer and market preferences. 

b) the influence of upstream pork production system efficiency: upstream pork production system 
efficiencies vary between geographic locations and production systems. Comprehensive details on 
Danish pork production are published annually providing mostly “bottom up” or micro metrics that 
analyse farm performance (AHDB Market Intelligence, 2018; Danish Agriculture & Food Council, 
2018). Danish pork production has three categories of farms: sow herds, which produce weaned 
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piglets (about 30 kg); finisher herds, where  weaned piglets are grown to the slaughter weight (100-
110 kg); and integrated farms, which have sows for piglet production and grow piglets to the 
slaughter weight (SEGES Pig Research Centre, 2016). One of the efficiency metrics used is the feed 
conversion ratio (FCR), which are the kilograms of feed required for each kilogram of weight gain. 
The 2016 feed conversion ratio of Danish production was 2.69 for finishers, compared to the 
European average of 2.84 for finishers and 1.8 for rearing (i.e. piglets growing from the average 
weaning weight of 7.2 kg to 29.5 kg, the average weight for transfer from rearing to finishing) (AHDB 
Market Intelligence, 2018). Denmark has been regulating the emissions of nitrogen and phosphorus 
from agriculture, such as the application of pig waste to pastures,  since 1987, when the Action Plan 
on the Aquatic Environment (APEA I) was adopted (Environmental Protection Agency, 2017). 
Farmers must submit an annual fertilization account, which includes information on the total 
application area, catch crops and nitrogen and phosphorus load and the net effect of the Danish 
laws was that upstream pork production was limited by the availability of land to recycle the pig 
effluent. Australian pork production systems are similar to those in Denmark, and similarly, 
management of manure and effluent is regulated by State-based laws aimed at protecting the 
surrounding environment from nutrient runoff and organic loads. China is the global leader with 
more than 50% of global pork production (FAO, 2017), and pork production has changed significantly 
in the last 50 years, from backyard (0 - 2 pigs per farm) and traditional (3 - 49 pigs per farm) systems 
to “landless” medium (50 - 3000 pigs per farm) and industrial (over 3000 pigs per farm) systems (Bai 
et al., 2014). The growth in Chinese landless pig production systems has led to reduced nutrient use 
efficiencies and increased environmental pollution (Bai et al., 2014), but new regulations, including 
the Environmental Protection Tax program which came into effect on 1 January 2018,  are designed 
to reduce nutrient emissions from intensive livestock farming including cattle, pig, chicken and duck 
operations (USDA Foreign Agricultural Service, 2018). Less data is available on Chinese pork 
production efficiencies and there are some discrepancies in data available (Gale, 2017).  The values 
for finisher FCRs in Chinese industrial systems range from 2.68 (Zhou et al., 2018) for large-scale 
production in northern China to 3.0-3.1 for industrial farms during the period 2006-2015 and 3.1 in 
2015 for backyard farms (Gale, 2017). The latter numbers equate to 8% less efficient than the EU 
average and 15% less efficient that the Danish average for 2015) (AHDB Market Intelligence, 2018).  

However, the finisher FCR metric only looks at part of the upstream pork production system. The 
Danish farm inventory data used for this assessment (Nguyen, Hermansen and Mogensen, 2011) has 
a whole herd FCR of 2.805, which includes all production stages (sows and finishers herds) and 
measures the amount of feed required to produce 1 kilogram of live weight (LW). Australian 
research (Wiedemann, McGahan and Murphy, 2018) documented a whole herd FCR (kg feed/ kg LW) 
of 3.1 for Australia using 2010-2011 data. Whole herd FCR reported per kilograms of LW still need to 
be corrected for the live weight to carcass weight (CW) yield (LW: CW), as these values can vary 
between species and production systems. The whole herd FCR (kg feed/kg LW or kg feed/kg CW) is 
an example of a meso level metric. 

“Top down” or macro level metrics could be used to compare the efficiency of supply chains in 
different geographic locations within the same agricultural sector, or supply chains in different 
sectors, such as pork and beef, and as such could potentially be of interest to external stakeholders 
such as consumers and policy makers. Metrics have been proposed such as the tonnes of people 
nourished per hectare (Cassidy et al., 2013), human digestible protein yield converted into land use 
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ratios (Van Zanten et al., 2016) or simpler metrics such as human edible protein required (HEPR) 
(Wiedemann, 2018). HEPR is the mass of human edible proteins in the feed material divided by the 
mass of human edible protein in the final product, so a value greater than 1 indicates the product is 
reducing the amount of human edible protein, whereas a number below value indicates the produce 
is increasing the amount of human edible protein. Given the limited amount of arable land available 
in countries like China and Australia (Cheng et al., 2011; Wiedemann, McGahan and Murphy, 2017), 
it is useful to investigate the amount of arable land required to produce each kilogram of human 
edible protein. Values for these two metrics were recently reported in (Wiedemann, 2018) for 
Australia, the HEPR ratio was 4.27 (kg HEPR in feed to produce 1 kg HEPR in pork meat) and the 
arable land occupation for the national herd was 16.1 +/- 3.6 m2 per kg LW. In combination, these 
metrics incorporate pork production efficiency with feed production efficiency in metrics that 
encapsulate the whole upstream section of the pork production system.  

With this background we investigate 1) how the post-processing supply chain can be optimised by 
reducing the consumption of inputs, reducing product losses and increasing product shelf lives 
through the use of the improved cooling systems (superchilling), using life cycle assessment as the 
analytical method and 2) the upstream supply chain efficiencies, as measured by the HEPR and 
arable land required per kilogram of human edible protein produced.  The study focuses on Danish 
pork production and sale into three markets: The Danish, due to its share in global exports; the 
Chinese, due to its share in global pork production and consumption and importance as the third 
largest export market for Denmark; and the Australian, the seventh largest export market for 
Denmark (Danish Agriculture & Food Council, 2016).   

2. Methods  
2.1 Life Cycle Assessment - Product and technology definition  

This study investigated the potential improvement to the shelf life for fresh pork meat exported to 
foreign markets by using different cooling technologies and the resulting potential environmental 
benefits. The technologies included three that are already available on an industrial scale (spirals, 
chilling rooms and impingement), two that are currently under development (immersion and 
contact) and one (cryogenic) which is currently used in limited, special applications (GlobalMeat 
2013).   

2.1.1 Cooling technologies specifications and product shelf life 

Nine pork products were considered (see Table 1) and for each of them, the heat capacity above and 
below zero was calculated using composition data from two online databases (DTU, 2016; USDA, 
2016) and commonly used methods (ASHRAE, 2006) (results are provided in Appendix A). For the 
heat capacity below zero, the sensible heat from the temperate change and the latent heat of water 
fusion, including the mass fraction of bound water in protein (40% by mass) are included (ASHRAE, 
2006). The temperature range of the analysis is 5 to -1 °C i.e. 6 K. For freezing, the final product 
temperature is assumed to be -20 °C. The amount of energy required to achieve the required 
temperature reduction is indicated by a coefficient of performance (COP) for each technology type, 
which is included in Appendix A. When combined with the heat capacities of the nine different pork 
products under assessment, the COP of each technology allows the amount of electricity required 
for each kilogram of product to be calculated for each technology and product type as presented in 
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Table 1. This indicates that freezing requires between two to three times the amount of energy 
compared to the superchilling technologies under assessment.  

Table 1:  Electricity requirements for the technologies under assessment for nine pork products (kJ/kg) 

 Pork products1 

Cooling method 
Jet-stream (Impingement NHᴣ) 

Spiral 
Immersion // Contact //  

Chilling room  
Freezing 

Tender Loin  8.2 5.8 20.1 
Neck bone 7.4 5.2 16.0 
Rib bones 7.4 5.2 16.0 
Minced meat  8.0 5.6 17.4 
Whole ham 6.9 4.8 16.2 
Belly (for Bacon) 6.4 4.5 12.8 
Tongue 7.9 5.6 17.3 
Heart 8.5 6.0 18.9 
Front feet 7.9 5.5 16.8 
Note: 1) pork products of differing composition were assessed using product weights provided by the 
Danish Meat Research Institute (DMRI) (Nersting, 2016; Scheller Andersen, 2016) and Danish Crown 
(Hededal Hofer, 2016; Thy, 2016).   

   
A model developed by DMRI (DMRI, 2016) to predict the shelf life of fresh meat was used to check 
that the shelf life of the assessed products exceeded the duration of the transport to market. The 
model is based on storage trials performed under controlled conditions with different meat products 
from different plants in several European countries but does not currently include freezing. 

One of the weakest links in the cold chain for pork supply is the transport between the retailer and 
the home of the consumer, which can vary in duration and temperature, with subsequent adverse 
impacts on product quality and safety. Due to the difficulties in quantifying this factor and the fact 
that it is a larger challenge for fresh meat than for super-chilled meat, it has not been included in the 
current study. 

2.1.2 Pork product specifications 

An average slaughter weight of 104 kg was used, based on actual plant data provided by Danish 
Crown, as outlined in Table 2. Water loss can range from 5.5 - 7% between slaughter and retail for 
meat (James, 2002) and drip loss of 1.6% for superchilling is possible (Hededal Hofer, 2016), so 5.9% 
of the live weight was assumed to be lost as water prior to superchilling.   

Table 2: Weight specification of Danish pork products included in study (Thy, 2016) 

 % of live weight Weight (kg/pig) Comment 
Live weight 100 104 Primary data from Danish Crown 
For human use 84 87.36 Fit for human consumption 
Water/ drip loss 5.9%  6.1 From slaughter to retail sale (James, 

2002)  
Assessed products 39% total 

32.74% excluding water 
34.05  

     Tender Loin  1.275 

Primary data from Danish Crown 
     Neck bone  1.185 
     Rib bones  0.573 
     Minced meat  6.000 
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 % of live weight Weight (kg/pig) Comment 
     Whole ham  15.740 
     Belly (for bacon)  7.871 
     Tongue  0.243 
     Heart  0.324 
     Front feet  0.842 
Byproducts 16  Not fit for human consumption  
Note: Green shading indicates data from literature, blue shading indicates primary data provided by industry (number of 
digits as in original source), yellow shading indicates calculated figures.  

2.2 System boundaries and data collection 

The LCA was conducted in accordance with the International Reference Life Cycle Data System (ILCD) 
Handbook for LCA (EC-JRC, 2010), using an attributional approach, which is consistent with the goal 
situation A “micro-level decision support”. The functional unit was “1 kg of pork product at the 
retailer”, so the system boundary extended from the farm to the retailer, as outlined in Figure 1.  

 

 

Figure 1: System boundaries for this study (indicated by the large box). 

Foreground data was used for processes relating to meat processing plants, cooling, packaging and 
transport, and data for the new after-cooling technologies was based on primary lab-scale data 
which had been scaled up to the equivalent final industrial usage using DMRI models. Background 
data was obtained from the Ecoinvent database v3.01 and literature.  SimaPro v8.1 software was 
used for the modelling. Life cycle impact assessment methods were selected to be consistent with 
the ILCD Handbook and Product Environmental Footprint - Product Category Rules (PEFPCR) 
recommendation for the assessment of meat products (TS 2016). Midpoint impact categories 
outlined in the PEFPCR (climate change, acidification, terrestrial eutrophication, marine 
eutrophication, acidification and land use) are reported in this paper.  

2.2.1 Upstream pork production system 
Life cycle inventory data was taken from (Nguyen, Hermansen and Mogensen, 2011) for all upstream 
processes, to ensure consistency between the studies.  

2.2.2 Slaughterhouse 
Primary data on resource and energy consumption was provided by Danish Crown (Thy 2016) and 
DMRI (Scheller Andersen 2016) and is summarised Table 3. Details on specific process areas are 
provided in Appendix A.  

Farming Slaughterhouse Cooling  Packaging 

By-products By-products 

Avoided 
products 

Avoided 
products 

Products 

Co-Products 

Avoided 
products 
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Table 3: Resource and energy consumption per live pig (104 kg live weight) allocated to specific process 
areas (Danish Crown and DMRI) 

 

Electricity  Natural gas1 Water  Liquid CO2
2 

Total usage/ live pig 13.67 kWh 54.88 MJ 197 L 0.56 kg 
Washing area 

 

1% 7.52% 
 

Black slaughter line 20% 23% 25.7% 50% 
Cleaning 14% 

 

16.61% 
 

Boiler (process and space heating) 
 

71% 
  

Ventilation 2% 
   

Evaporative cooling 
  

3.5% 
 

Others 3% 
 

8.04% 
 

Smoking oven  
 

4% 
  

Energy recovery 0.83 kWh 0.58 kWh 
  

Clean slaughter line   24.36% 
 

Chilling 40%   
 

Cutting 5%  4.61% 
 

Deboning 10%   
 

Organ processing/by-product production 6%  9.65%  

 

Notes: 1) based on conversion from Nm3 using natural gas density of 0.0008 kg/L and heating value of 49 MJ/kg, 2) the 
remaining 50% is used for generic cooling purposes 

 

2.2.3 Packaging 
Data from Danish Crown indicated that 20 g of plastic materials were used per kilogram of meat 
product and we assumed that this mass was comprised of an equal proportion of high and low 
density polyethylene (HDPE and LDPE), polyamide (PA), ethylene vinyl acetate, polyethylene 
terephthalate (PET), polystyrene (PS) and polyvinylchloride (PVC) (McMillin and Belcher, 2012). 
Packaged products are then put into cardboard boxes for transport and 0.055 kg of cardboard per 
kilogram of meat is used (Hededal Hofer, 2016).  

2.2.4 Transportation to market 
Road distances estimated using Google maps indicated that the distance from the Danish Crown 
Horsens plant to the export port of Aarhus was 52 km and the distance by road in each country from 
the port to the retailer was assumed to be the same as the distance from the Horsens plant to 
Copenhagen (267 km). The distance by ship to China was representative of the distance to Australia, 
and assuming an average boat speed of 23 knots (Notteboom and Cariou, 2009; Sea-distances.org, 
2016; Worldshipping.org, 2016), the duration of the sea voyage was calculated (Table 4).  

Table 4: Distances and travel times to different markets 

Country Distance by truck (km) Distance by ship (km) Time by ship 
(days) 

Denmark 267 - - 
China/ Japan/ Australia 267 + 52 14,413 (average) 20-32 
 

Regarding energy use during container transport by sea, primary data provided by DMRI (Scheller 
Andersen, 2016) is outlined in Table 5 and it was assumed that the cooling was provided by liquid 
carbon dioxide (573 kJ/kg) for transport to Japan. Given the similarly in distance, this data was used 
for the China and Australia modelling.  
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Table 5: Energy consumption during transport to Japan (Scheller Andersen, 2016) 

Sea voyage time 24.5 days 
Container load 22,000 kilograms 
Energy consumption per container 

 kWh container/day kg CO2 used/kg product for sea voyage 
Fresh product 22.6 0.16 

Frozen product 34.2 0.23 
 

2.3 Impact allocation  

The mass based allocation factors and comprehensive details for different production stages are 
outlined in Appendix A.  

2.3.1 Handling Multifunctionality – coproducts and byproducts 
“Other inedible” byproducts (European Commission, 2005) can be further categorised using the 
details provided in Table 6:. Byproducts can be sent to rendering, where they are converted into 
meal and tallow. Some of the byproducts are suitable for producing pet food or food for animals in 
the fur industry, while other byproducts can be used to produce pharmaceutical products such as 
collagen, gelatine, peptides and proteins.  Wastes with an organic content (such as the contents of 
the pig’s digestive system, sawdust from road transport, slurry from holding pens and wastewater) 
can be used to produce biogas via anaerobic digestion. The biogas can then be used in a 
cogeneration plant to produce electricity and thermal energy, while the digestate from the 
anaerobic digestion can be returned to farms, offsetting the use of industrial fertilisers.  

System expansion and mass allocation were used to address the multifunctionality of coproducts for 
human consumption and byproducts for animal feed and industrial applications, which is consistent 
with both the ILCD Handbook and previous studies (Dalgaard et al., 2006; Dalgaard, 2007; Dalgaard, 
Halberg and Hermansen, 2007; Nguyen, Hermansen and Mogensen, 2011). Primary data relating to 
mass yields of byproducts relative to live pig weights was provided by Danish Crown and is provided 
in Table 6 and details of the allocation are provided in Appendix A.  

Table 6: Average Danish pork products and byproducts by weight (primary data from Danish Crown, kg 
product/ tonne live pig) (Thy, 2016) 

   Product Byproduct Byproduct Byproduct Byproduct Byproduct 
Product Total %  Human food Pet food Fur1 Rendering Pharma Biogas 
Muscle 640 63  640 0 0 0 0 0 
Bone 132 13 114 0 2 16 0 0 
Fat 75 7 52 6 1 0 0 16 
Blood 33 3 12 10 11 0 0 0 
Liver, heart 26 3 11 11 4 0 0 0 
Other byproducts 31 3 11 10 6 4 0 0 
Intestines 19 2 1 6 5 1 2 4 
Destruction 54 5 0 0 3 51 0 0 
Subtotals  

  840 43 32 72 2 20 
Note: 1) included in food for animals in the fur trade 
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Rather than modelling substitutes for final byproducts (downstream substitution) as part of the 
system expansion, such as the district heating and barley used in the most recent Danish LCA 
(Nguyen, Hermansen and Mogensen, 2011), the modelling replaced pork with a suitable upstream 
meat input based on the current market share of meat consumption.  The meat products to provide 
the upstream replacement for pork were estimated using 2014 data for slaughtered livestock 
weights in Denmark (EUROSTAT, 2014), which indicated that 46% was beef, 53% chicken and 1% 
sheep.   

The credits from pet food, fur, rendering and pharma byproducts were calculated by multiplying the 
mass fraction of the byproduct by the market contribution of a substitute meat product, as indicated 
in Appendix A. For biogas, it was assumed that an equivalent of 2% of the live weight as fat (38 
MJ/kg) was converted to biogas and then used to substitute natural gas (49 MJ/kg). 

2.4 Upstream (feed and pork) production system efficiencies  

Whole herd FCR for Denmark and Australia were taken from literature ((Nguyen, Hermansen and 
Mogensen, 2011; Wiedemann, McGahan and Murphy, 2017), and two values were calculated for 
Chinese whole herd FCR based on the ratio of two reported finisher FCRs (3.1 in Gale, 2017; 2.68 in 
Zhou et al., 2018) to Danish finisher FCR (2.69 in AHDB Market Intelligence, 2018) for 2015, 
representing the best and worst cases. Australian values for HEPR and arable land use have recently 
been reported (Wiedemann, 2018). The quantities of different feed ingredients used in Denmark 
were taken from the most recent Life Cycle Assessment of Danish pork (Nguyen et al 2011) and in 
China from (Zhou et al., 2018) for the lower finisher FCR, and (USDA Gain Report, 2018) for the 
higher finisher FCR. The origin of the feed ingredients for Denmark (Mogensen et al., 2018) and for 
China (USDA, 2018b, 2018a) are included in Appendix B. Yield data for all crops was taken from the 
FAO online statistical database for the year 2016. Protein content of feed ingredients was taken 
from a variety of sources, as outlined in Appendix B.  To be consistent with the Australian analysis, 
economic allocation was used for allocating land use to coproducts, so the land area allocations 
were 62% to soymeal and 28% to rapeseed cake (Wiedemann, McGahan and Murphy, 2016). Recent 
Danish values (Mogensen et al., 2018) were used for the remaining Danish and Chinese feed 
components, namely 6% and 84% to wheat bran and wheat respectively,  28% to sunflower cake, 
95% to palm oil and 5% to beet molasses and it was assumed that rice bran had the same economic 
allocation as wheat bran (6%). The mass of “other” in the Chinese feed ingredients was calculated 
using two cases, one as sprouted wheat (100% allocation to wheat) and one as a non-grain product 
without land use such as fish meal. This data was used to calculate the arable land required to 
produce one kilogram of LW and the average protein content of the feed for Denmark and China, 
while the Australian value was taken from literature (Wiedemann, 2018). The LW:CW yield of 
Australia and Denmark were taken from literature (73% and 76% respectively), the LW:CW yield for 
China was assumed to be the same as Australia,  the CW to boneless meat yield was assumed to be 
72% in all cases and the protein content of boneless pork was assumed to be 19% in all cases 
(Wiedemann and Yan, 2014; AHDB Market Intelligence, 2018; Wiedemann, 2018).  The HEPRs for 
China and Denmark were calculated by dividing the total mass of edible protein in the feed 
ingredients per kilogram of boneless pork by the mass of edible protein per kilogram of boneless 
pork as outlined in the formula below, the Australian value was taken from literature (Wiedemann, 
2018). 
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HEPR = Ʃ(Pi x mi) / (YLW-CW  * YCW-BM * PBM) 

Where  Pi is the mass percent of human edible protein in each feed component (kg) 

 mi is the mass of each feed component (kg) per kg of live weight (from whole herd FCR) 

 YLW-CW is the yield of cold carcase weight from live weight, assumed to be 0.73 for Australia 
 and China, 0.76 for Denmark 

 YCW-BM is the yield of boneless meat from cold carcase weight, assumed to be 0.72 in all cases 

 PBM is the human edible protein mass percentage of boneless meat, assumed to be 0.19 in all 
 cases 

To provide an indication of the impact of yield on the results, the arable land area required for China 
and Denmark were recalculated using the worst yield within a 10 year period (2008-2017) for each 
feed component from all current geographic feed sources. Comprehensive details are included in 
Appendix B.  

3 Results & Discussion 
3.1 Product Shelf Life and Product Loss 

As presented in Table 7, the DMRI model indicated that super-chilling more than doubled the shelf 
life for pork meat when compared to current storage temperatures (row 1 compared to row 3, and 
row 2 compared to row 4), which is consistent with previous studies. It also indicated that there was 
sufficient shelf life available on arrival of the 9 superchilled product types (row 1) in the destination 
market after the 24.5 day sea voyage to allow for distribution and sale to consumers, ranging from 
6.5 days for minced meat to 79.5 days for bacon.  
Table 7: Impact of storage temperature on estimated total shelf life (days with acceptable raw meat odour) 
for different pork products 

Storage temperature Minced Meat1 Bacon2 Fresh cuts3 
-1 °C 31 104 41 

-1 °C then 7 days at 5 °C 17 90 22 
3.5 °C4 13 38 17 

3.5 °C then 7 days at 5 °C 5 30 10 
Notes: 1) MAP-packed (70 % O2 + 30 % CO2) 2) Vacuum packed, 2) 5.5 % salt in aqueous (%  Sodium Chloride in the water 
phase, w/w), with/without Ascorbate, 60-120 ppm nitrite/nitrate added, no smoke, 3) Shelf life of fresh pork cuts - Vacuum 
packed and/or MAP-packed (70 % O2 + 30 % CO2) and/or stored under aerobic conditions (on "Christmas trees" (multiple 
hooks), in boxes, wrapped, etc.), 4) 3.5 °C represents conventional cooling for fresh products.  
 

3.2 Assessing the supply chain  

The analysis shows that the farming stage is the most intensive, as indicated in Figure 2 for ham 
exported to China or Australia which has been super-chilled using the immersion method, which 
represents the worst case for emissions per kilogram (due to the extra cooking stage required for 
ham during production). This is consistent with previous LCA studies.  
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Figure 2: Relative contribution of life cycle stages of pork production for ham super-chilled using the 
immersion method exported to China or Australia by ship 

Impacts from the farming stage ranged from 95% for climate change and freshwater eutrophication 
to almost 100% for terrestrial eutrophication and land use. The extra inputs that super-chilling 
(including extra packaging) and transport to China or Australia contributed ranged from 0% for land 
use to 1% for acidification, with 0.6% for climate change and 0.2% for terrestrial eutrophication 
respectively. A detailed breakdown is available in Appendix C. This is consistent with other studies of 
meat exports over similar distances, such as a study of New Zealand lamb export to the United 
Kingdom, where shipping contributed less than 5% of the climate change impacts (Ledgard et al., 
2011) and a study of Australian beef and lamb exports to the USA, which similarly indicated that 
international transport contributed less than five per cent of the climate change impacts 
(Wiedemann et al., 2015).  

The use of system expansion for the treatment of byproducts and coproducts as avoided production 
of meat substitutes on a mass basis results in a net credit for all categories except land use and 
marine eutrophication as shown in Table 8.  

Table 8: System expansion for treatment of byproducts as avoided production of meat substitutes and 
reallocation to edible portion of pig carcass 

 Byproduct Avoided 
production 

Net impact 
per carcase 

Net impact per 
kg of edible 

products 
Climate change (kg CO2-eq) 61.42 -111.37 -49.95 -0.61 
Acidification (molc H+

eq) 1.14 -1.84 -0.70 -0.009 
Terrestrial eutrophication (molc 
Neq/kg) 

5.70 -7.49 -1.79 -0.022 

Marine eutrophication (kg Neq) 0.821 -0.672 0.15 0.002 
Freshwater eutrophication (kg Peq) 0.013 -0.141 -0.127 -0.002 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Farming Meat Processing (including
transport from farm to plant +

normal packaging)

Superchilling + transport to
market (including extra

packaging)

Climate Change

Acidification

Terrestrial Eutrophication

Marine Eutrophication

Freshwater Eutrophication

Water Resource Depletion

Land use



Paper II - Life cycle assessment of Danish pork exports using different cooling technologies and 
comparison of upstream supply chain efficiencies between Denmark, China and Australia 

 Page 146 

 Byproduct Avoided 
production 

Net impact 
per carcase 

Net impact per 
kg of edible 

products 
Water resource depletion (m3 
water) 

0.131 -2.206 -2.075 -0.025 

Land use (kg C deficit) 6,675.0 -896.3 5,778.7 70.6 
 

3.3 Assessment of super-chilling and transport options for assessed products 

Table 9 contains the climate change impact of different cuts of meat relative to different super-
chilling technologies and markets, after the byproducts and avoided production are credited back 
into the system. Products with similar results, as would be expected from the mass allocation factors 
and the relatively similar composition in Appendix A, are grouped together (loin/belly, neck 
bone/ribs, tongue/heart). This indicates that the product cut with the highest and lowest impacts 
are ham and feet respectively, which makes intuitive sense given that ham production involves an 
extra cooking stage and feet production involves the fewest stages, as they are removed early in the 
production process. Similar results were obtained for each of the impact categories and details are 
provided in Appendix C for the remaining impact categories. These values are consistent with the 
most recent Danish study, which calculated a climate change impact of 3.1 kg and 3.4 CO2-e per kg of 
carcass weight using attributional (using economic allocation) and consequential (using system 
expansion) LCA methods respectively.     

In terms of the theoretical difference between the impacts of the super-chilling technologies, 
immersion is the least efficient technology (due in large part to the extra packaging required to use 
the technology) and chilling rooms, impingement/spiral, cryogenic and contact are the most efficient 
super-chilling methods. The actual efficiency of chilling rooms may need to be reviewed, as there is 
some evidence from energy audits in similar industries in other countries that the product load can 
contribute as little as 20% of the total chiller load, depending on the chiller design, layout and 
associated usage issues such as door management (Hydro Tasmania Consulting, 2009). Additionally, 
contact super-chilling is not suitable for irregularly shaped cuts of pork such as ribs, neck bones and 
feet. 

Unsurprisingly, impacts for the products transported to overseas markets were highest for China and 
Australia, due to the extra burden associated with transport fuel consumption and refrigeration 
during transport. However, the increment of impacts relating to market location was not significant.   
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Table 9: Cradle-to-retailer Climate change impacts (kg CO2-e/kg cut) after re-allocation of byproducts and 
avoided production  

Market Technology 

Lo
in

/ 
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lly
 

N
ec

k 
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ne
 

/ 
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t 
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e 
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, 
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Denmark Impingement 
& spiral 3.424 3.424 3.483 3.393 3.371 3.412 3.416 

Immersion 3.441 3.441 3.500 3.410 3.388 3.428 3.433 
Chilling room  3.424 3.423 3.483 3.393 3.371 3.411 3.416 
Contact 3.424 x 3.483 3.393 x 3.411 3.421 
Cryogenic 3.425 3.424 3.484 3.394 3.372 3.412 3.417 

China, 
Australia 

Impingement 
& spiral 3.716 3.716 3.775 3.685 3.663 3.704 3.708 
Immersion 3.733 3.732 3.792 3.702 3.680 3.720 3.725 
Chilling room 3.715 3.715 3.775 3.685 3.663 3.703 3.708 
Contact 3.715 x 3.775 3.685 x 3.703 3.713 
Cryogenic 3.716 3.716 3.776 3.686 3.664 3.704 3.709 

 

3.4 Comparing upstream pork production efficiencies 

As presented in Table 10, HEPR values indicate that all pork production systems require over 4 
kilogram of edible protein from arable sources to produce one kilogram of edible human protein in 
the form of pork meat. Denmark has the lowest HEPR value, 4.17, which reflects the lower whole 
herd FCR. Australia was next with 4.27, in part due to the lower average protein content of the feed 
from arable sources in Australia (14.1% for Australia compared to 15.3% for Denmark and 15.9 – 
17.0% for China). This is a result of a higher proportion of the protein in the Australian feed mix 
being sourced from non-plant sources such as blood meal (85% protein), meat and bone meal (50% 
protein) and other protein meal. Chinese HEPR values range from 4.56 to 5.52, a ratio of 1.09 to 1.32 
higher than Danish values, due to the lower feed conversion efficiency and lower protein percentage 
from arable sources. Unsurprisingly, the two Chinese cases using sprouted wheat, where 100% of 
the wheat land use is allocated to the pork production, have the highest HEPR values (4.75 for the 
best case and 5.52 for the worst case). 

More than four times as much arable land is required in Australia to produce an equivalent mass of 
edible pork protein compared to Denmark, mostly due to the lower yield per hectare of feed 
ingredients but also partly due to the lower feed conversion efficiency.  All the Chinese cases are 
slightly higher than Denmark (ratios of 1.11 to 1.40), due to the lower crop yields and higher whole 
herd FCR. Both the non-grain China cases require smaller amounts of arable land than the sprouted 
wheat cases, which is as expected.  As indicated in the last three rows of the table, reduced yields of 
livestock feed increase the area of arable land required to produce human edible protein by 26-34%, 
with the greatest increase in Australia (34%), followed by China (29-33%), with Denmark having the 
smallest but still significant increase in land area required of 26%. The lowest yields in China for corn, 
soy beans, wheat and sorghum were recorded in 2009, which corresponds with a period of drought 
from October 2008 through until February 2009 in northern China, the main grain growing area for 
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wheat (USDA Foreign Agricultural Service, 2009). The lowest soybean yield of 0.18 kg/m2 was 
recorded in Argentina in 2009, which coincided with a drought (NASA Earth Observatory, 2009). 
Droughts are predicted to become more frequent, severe and longer in duration with climate 
change. 

Table 10: Whole Herd FCR, HEPR and arable land area required to grow feed to produce 1 kg of human 
edible pork protein using 2016 FAO yield data (bold text indicates existing values from literature, ratios are 
in comparison to Danish values). 

 
Unit Australia

1 Denmark2 
China3 China4 China3 China4 

Sprouted wheat Non-grain 
Whole Herd 

FCR 
kg feed/ kg LW 3.14  2.81 2.80 3.24 2.80 3.20 

ratio 1.1 1 1 1.2 1 1.2 
Feed Protein 
(from arable) %  14.1% 15.3% 16.9% 17.0% 16.3% 15.9% 

HEPR kg HEP in feed / 
kg HEP produced 4.27 4.17 4.75 5.52 4.56 5.14 

ratio 1.02 1 1.14 1.32 1.09 1.23 
Arable land 

required 
m2/ kg HEP 161.22 37.99 44.33 50.99 40.91 44.21 

ratio 4.24 1 1.17 1.34 1.08 1.16 
Arable land 

required 
(low yield) 

m2/ kg HEP 215.47 47.84 57.39 67.14 53.24 58.92 

ratio 4.5 1 1.20 1.40 1.11 1.23 
% difference between Arable land 

required for 2016 vs low yield 34% 26% 29% 32% 30% 33% 

Notes: 1) (Wiedemann, McGahan and Murphy, 2016), 2) (Nguyen, Hermansen and Mogensen, 2011), 3) (Zhou et al., 2018), 
4) (Gale, 2017).  

Soy production in Brazil is depleting soil nutrients (Cazemier, 2016), and it is expected that yields will 
decrease over time, so that soy imports from that geographic location will gradually increase the 
arable land required for food production.  

The combined impact of climate change and nutrient depletion means that any LCA on a livestock 
production system is dependant on crop yield data for the feed production system used at the time 
of the assessment, so would need to be revisited on a regular basis to analyse how whole herd FCR, 
HEPR and arable land requirements are changing with time and how this impacts the LCA results.   

3.5 Limitations and Uncertainty in the assessment  

In terms of methodological choices, the LCA results are sensitive to the way multifunctionality is 
handled via system expansion and substitution. Using ham as the example, the magnitude of the 
impacts from the system expansion and substitution ranged from reductions which were relatively 
insignificant (4% and 6% for marine and terrestrial eutrophication respectively) to moderate (16% 
for climate change and 12% for acidification) as indicated in Figure 3. For freshwater eutrophication 
and water resource depletion, the net impact was very significant (over 100%) and changed the 
category from being a positive emission (source) to a negative (sink). This can partly be attributed to 
a reduction in phosphate emissions to freshwater from and water use in intensive livestock 
production and grain production but also because both categories went from being very small 
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sources to very small sinks, so the percentage change was large but the actual value of the change 
was small, as indicated in Appendix C. Land use and marine eutrophication were the only two 
categories where the results were worse after the allocation of coproduct impacts.  

 

Figure 3: Percentage reduction in impact categories after reallocation of credits 

Overall this indicates the relative efficiency of pork production compared to other meat alternatives 
in the impact categories where the results improved after allocation of credits. If the replacement 
“average” Danish meat had included fish, which provided 35% of all non-pork animal products 
consumed in 2014 (compared to 30% beef and 34% poultry) (EUROSTAT, 2014) or the weighted 
average of the “average” meat in the markets receiving exports from Denmark, then the analysis 
would have yielded different results. However, it is not likely that using a different average meat 
product would have changed the portion of the supply chain which contributes the most impacts or 
which technology performs the best at superchilling.  

This analysis does not consider the ultimate sustainability of pork production over other meat 
products or relative to non-animal protein sources, but rather limits its assessment to how consumer 
demands for pork can be met with the least environmental impact. Values for HEPR and arable land 
calculated should enable comparisons with other meat and human edible protein supply chains.  

The analysis did not consider consumer preferences in the end markets in terms of fresh, super-
chilled or frozen products. Similarly, the analysis did not consider loss rates in the receiving markets 
at the retailer or once the product was purchased by a consumer from a retailer (ie post purchase 
consumer behaviour), it only considered delivery of the product to the final market. Differences 
within each market would create different loss rates, which would influence the overall assessment.  
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4. Conclusion & Further work 
Given that the additional life cycle stages relating to export contribute 0 – 1% of the impact and that 
Denmark has a higher relative efficiency in terms of hectares of arable land required to produce one 
kilogram of pork, it is likely that pork produced in Denmark will be the better environmentally 
preferable pork alternative for the foreseeable future.  

Of the available super-chilling technologies, chilling rooms, impingement/spiral, and cryogenic have 
the lowest environmental impact, although the difference between the technologies is not large as 
indicated in Table 9. The achievable in-plant efficiency of the technologies should be assessed and 
confirmed rather than relying on theoretical calculations, particularly for the chilling room option. 
The pork product with the lowest impact was the feet, while ham has the largest impact, but once 
again, the difference between the products was not significant.  

Some additional work may be required on the consumer or market preferences in the export 
markets for super-chilled pork as a “fresh” product. As the functional unit relates to delivering the 
product to the final market, this assessment does not consider loss rates once the product reaches 
the retailer or end consumer, so this issue may require further research to understand the export 
pork markets, particularly any limitations associated with the cold chain once products arrive at a 
destination port that may result in higher loss rates. 

Ideally, data would be available from industry sources on a regular basis to enable a comparison 
between supply chain efficiencies on the basis of a total supply chain indicator, such as the arable 
land area required to produce one kilogram of edible human protein, the HEPR or the data required 
to calculate these values (particularly the whole herd FCR, feed composition, feed country of origin, 
protein content and crop yield), rather than single indicators at sub-system levels such as finisher 
feed conversion ratios or nutrient use efficiencies.  
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Appendices  

Appendix A – Detailed information for LCA modelling 

Table A.1: Product specifications and calculated specific heat capacities of the assessed pork products. The 
energy and content has been based on Danish and U.S. food databases (DTU 2016; USDA 2016).  

 Weight 
kg/pig 

kcal/ 
100 g 

Fat  
% 

Protein 
% 

Ash 
% 

Water 
% 

Specific heat above 
freezing (kJ/ kg K) 

Specific heat below 
freezing (kJ/ kg K) 

Tender Loin 1.275 119 3.8 20.9 1.2 74.1 3.57 2.97 

Neck bone 1.185      3.20 2.36 

Rib bones 0.573 275 23.4 15.67 0.69 58.43 3.20 2.36 

Minced meat 6 173 11.2 18.4 1 69.4 3.47 2.58 

Whole ham 15.74 165 2 20.7 0.9 60.8 2.98 2.40 

Belly (for Bacon) 7.871 518 53.01 9.34  36.74 2.76 1.90 

Tongue 0.243 225 13.27 17.00 0.94 68.30 3.44 2.56 

Heart 0.324 118 1.63 17.69 1.1 79.29 3.67 2.79 

Front feet 0.842 212 12.59 23.16 0.8** 64.99 3.41 2.49 

 

Table A.2:  Electricity requirements for the technologies under assessment (kJ/kg) 

  

Cooling method 
Jet-stream (Impingement NHᴣ) 

Spiral (COP 2.6) 
Immersion // Contact //  
Chilling room (COP 3.7) 

Cryogenic 
(COP 1)1 

Freezing 
(COP 3.7) 

Tender Loin  8.24 5.79 21.42 20.07 
Neck bone 7.39 5.19 19.2 15.95 
Rib bones 7.39 5.19 19.2 15.95 
Minced meat  8.01 5.63 20.82 17.43 
Whole ham 6.87 4.83 17.88 16.22 
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Cooling method 
Jet-stream (Impingement NHᴣ) 

Spiral (COP 2.6) 
Immersion // Contact //  
Chilling room (COP 3.7) 

Cryogenic 
(COP 1)1 

Freezing 
(COP 3.7) 

Belly (for Bacon) 6.37 4.48 16.56 12.84 
Tongue 7.93 5.57 20.64 17.30 
Heart 8.48 5.96 22.02 18.85 
Front feet 7.87 5.53 20.46 16.82 
 Note: 1) based on the sublimation energy of R477 

Table A.3: Detailed information relating to specific process areas 

Issue Detail or assumption 
Assessment Attributional, mass allocation of impacts, system expansion to handle multi-

functionality with upstream substitution 
Software SimaPro v8.1, Ecoinvent database v3.01 
System boundary: from the farm to the consumer 
Functional unit:  1 kg of pork product unpacked at the consumer 

Animal raising Based on average pig raising for the average Danish Landrace pig breed 
Manure/slurry is digested anaerobically and biogas generated is used to replace 

fossil fuels 
Inventory taken from Nguyen et al. 2011, Table 1, Baseline: typical 2010 

production, Attributional PAS 2050 data 
Live weight of fattened pigs sent to meat processing plant is 100kg, but average 

weight of live animals received at meat processing plant is higher depending on 
how many surplus breeder sows are received in the given reporting period 

Transport to 
meat 
processing 

Assumed to be 240 km from farm to meat processing plant 
Meat processing plant located at Horsens in Denmark was used  

Meat 
processing 

Average live weight at start of meat processing is 104 kg  
The black slaughter line removes blood and hair/bristles/toenails from carcase, 

weight of carcase leaving line is 99 kg (based on data from DMRI that 4.5% of 
live weight lost in black slaughter line) 

The clean slaughter line workers remove intestines, internal organs and front feet 
and the carcase is split into two. Weight of hot standard carcase leaving line is 
79 kg (HSCW) based on 76% yield live weight to hot standard carcase weight 
(DMRI).  

Chilling reduces the carcase temperature to 5 °C during a residence time of 110 
minutes in a chilling tunnel using air at -16 °C and then 16 hours in an 
equalisation room at 5 °C. This results in evaporative loss of approximately 1 kg 
water (EU maximum of 2% weight loss in chillers), weight of dry carcase leaving 
equalisation room is 78 kg (DCW), assumes 1.3% HSCW water loss in chillers 
(i.e. 1 kg).  

Cutting stage involves partial head removal, automated trisection (into shoulders, 
middle and hams), grading, further automated cutting of middle piece (into loin 
and streaky bacon), further trimming of hams (and tail removal) and shoulder 
(removal of remainder of head) and hanging  of trimmed shoulders, middle 
parts (loin and streaky bacon) and trimmed hams onto storage equipment 
(“Christmas trees”). Combined weight of pork   leaving cutting stage for 
deboning depends on customer requirements.  

Deboning stage involves removal of bones from streaky bacon and other cuts, 
depending on customer requirements  

Packaging of products uses either boxes for the retail sector, or Christmas trees and 
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Issue Detail or assumption 
product bins for cuts being sent for further processing by Danish Crown or 
external customers.  

Further processing may involve brine injection/immersion, cooking, smoking, etc., 
depending on customer requirements  

Water loss from live weight to retail including drip loss is assumed to be 7% of 
human edible products 

Mass 
allocation 

Clean slaughter line/Cleaning/Boiler/Ventilation/Evaporative cooling/ Others/ 
Energy recovery/ Waste water – uses mass of each product divided by total live 
weight (104 kg) minus total water loss (6.1 kg) for each of the 9 products under 
study. Remaining mass is split between other edible and inedible categories 
based on their respective mass fraction of the total amount (e.g. other edible = 
remaining mass x 47/(47+16)) 

Organ processing/byproducts – uses the same mass allocation for tongue and heart 
as clean slaughter line. Remaining mass is split between minced meat, other 
edible and inedible based on their respective mass fraction of the total amount 

Chilling/Cutting/Deboning – for loin, neck bone, ribs, ham and belly, uses same 
mass allocation as clean slaughter line. Remaining mass is split between 
minced meat, other edible and inedible based on their respective mass fraction 
of the total amount 

Ham cooking 7 – 8 kg of whole ham is used for producing processed ham (Nersting, 2016) 
Raw ham goes through curing process where brine solution is directly injected into 

muscle tissue and accounts for 30% of final product weight 
Brine composition based on DMRI data (Nersting, 2016) – 80.28% water, 5.63% 

sodium chloride, 3.9% sodium nitrate, 8.7% dextrose, 0.2% sodium ascorbate 
(all percentages are weight) 

Cured meat cooked at 75 °C, cools to 40 °C using spray chilling (water at 2-3 °C 
sprayed for 30-90 seconds at 15-30 minute intervals (Sofos, 2005), estimated 
10% weight loss (Nersting, 2016). After cooling to 40 °C product is put into 
chilling room to reduce the temperature to 5 °C 

Wastewater 
emissions 

modelled using secondary data from the FAO (Verheijen, Wiersema and Hulshoff 
Pol, 1996), which indicates that 2.4 kg BOD and 0.6 kg Nkj (Kjeldahl nitrogen) 
are emitted to the wastewater system per tonne of carcase.   

Biogas 
production 

2% of live weight as fat used in biogas production, fat heating value of 38 MJ/kg 
and natural gas heating value of 49 MJ/kg, 1 kg of fat corresponds to 0.78 kg 
natural gas 

Transport  By road to market – 267 km from Horsens plant to Copenhagen used as default 
road transport distance for all markets 

By road to port – 52 km from Horsens plant to Aarhus port 
By ship to China – 11,052 – 17,773 km 
By ship to Australia – 11,638 – 13,888 km 
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Table A.4: Mass based allocation factors for allocating inputs and impacts to products, coproducts (human 
edible) and byproducts (human inedible) 
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 Cut weight (kg)   1.28 1.19 0.57 15.7 7.78 0.24 0.32 0.84 6.0 47.8 16 

 
Animal 
weight % allocation based on each cut’s proportion of the animal weight going through each process 

- Farming 
- Transport from farm 
- Washing area 
- Black slaughter line 
- Cleaning 
- Heating 
- Ventilation 
- Evaporative cooling 
- Others 
- Energy recovery 
- Wastewater 

104 1.3 1.2 0.6 16.1 8 0.2 0.3 0.9 6.1 48.9 16.3 

Clean slaughter line 99 1.4 1.3 0.6 16.9 8.5 0.3 0.3 0.9 6.5 47.5 15.9 

Chilling 79 1.7 1.6 0.8 21.6 10.8 - - - 5.5 43.5 14.5 

Cutting/ Deboning 78 1.8 1.6 0.8 21.9 10.9 - - - 5.4 43.1 14.4 

Organ processing/  
by-product production 25 - - - - - 1 1.3 - 8.4 66.9     22.4 

 

Table A.5: Average meat composition for Denmark, 2014 (EUROSTAT, 2014)  

Animal Total weight slaughtered (1000 
tonnes) 

Average animal (excluding 
pigs) 

Pork (porcine) 1,587  
Beef (bovine)  126 46% 
Chicken (galline) 143 53% 
Sheep (ovine) 2 1% 
 

Generic life cycle inventory data for the global market for cattle, chicken and sheep slaughtering 
from the Ecoinvent database was used for the substituted meat products. So for example, the credit 
from feed was calculated by multiplying the mass percentage of live weight (7.5%) by the percentage 
of each of the other meat categories, to give the allocation keys in Table A.6.  

Table A.6: Allocations keys for substituting ‘average meat’ byproducts 

Secondary functions  
 

% live 
weight 

Allocation factors for assigning impacts to the corresponding functions of the 
average meat  

   Bovine Ovine Galline 
Feed  7.5 3.5% 0.1% 4.0% 
Pharma  0.2 0.1% 0.001% 0.1% 
Rendering  7.2 3.3% 0.1% 3.8% 
Fat for biogas  2 Substitute for natural gas. Assumed heating values for fat: 38 MJ/kg. For natural 

gas 49 MJ/kg. 1 kg of fat corresponds to 0.78 kg natural gas  
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These were then included in the modelling as negative flows, so 

avoided feed =     (104 kg live weight * -0.035 * market for cattle for slaughtering)  

  + (104 kg live weight * -0.001 * market for sheep for slaughtering)  

  + (104 kg live weight * -0.04 * market for chicken slaughtering)
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Appendix B – Detailed data used in HEPR and arable land calculations 

Table B.1: Detailed information on Australian feed derived from published literature 

 National Herd average Whole 
herd 
FCR1 

Mass 
% 

Average 
protein 

Economic 
allocation 

Feed origin Yield  
(kg/m2) 

base case-2016/ lowest4 
Ratio component 

(kg) 
Breeder1 Weaner1 Grower- 

Finisher1 
Barley 349.01 105.77 230.73 0.70 22 11% 99%2 100% Australia, same 

% per region assumed 
as pork production 

0.161/ 0.15 
Wheat 

383.83 628.43 460.06 
1.65 53 12% 95%2 0.161/ 0.11 

Sorghum 85.49 57.39 124.20 0.35 11 11% 60%3 

100% Australian 

0.344/ 0.24 
Lupins 19.10 11.40 22.80 0.07 2 34% 100%3 0.124/ 0.09 

Field peas 27.81 16.60 33.20 0.10 3 20.5% 100%3 0.574/ 0.44 
Canola meal 39.97 47.34 53.97 0.17 6 34% 28%5 0.134/ 0.10 

Soymeal 15.10 24.07 10.00 0.05 1 48% 62%5 
5% Australian, 18% 
USA, 39% Brazil, 38% 
Argentina5 

20164 - AU = 0.213, USA = 
0.3494, Brazil = 0.2905, 

Argentina = 0.3015  
Lowest - 0.18, Argentina, 2009 

Veg oil (canola) 10.52 13.54 3.92 0.02 1 0% 72%5   
Crude protein 14.38%5 18.72%5 16.48%5 14.1% 13.8% average protein from (Wiedemann, 2018) 

14.1% average protein calculated using data provided 
Total 945.20 923.25 955.36  16.10 m2 arable land from Wiedemann, 2018 

16.11 m2 arable land calculated using data provided and assumed economic allocation 
factors 

Weight gain 
(kg per live pig) 

7 23 67.4 97.4 

Whole herd FCR 
kg feed / kg LW 

0.22 0.73 2.15 3.1 

Notes: 1) breeder/ weaner / grower – finisher national average calculated from (Wiedemann, McGahan and Murphy, 2016) based on aggregated diets per 
tonne of ratio for four diets used for the national herd data and land occupation (only wheat and barley data available) multiplied by percentage of 
production in each geographic area (49% in NSW-Vic, 23% in Qld, 11.4% in WA and 16.6% in SA), when two values were provided for wheat data for each 
geographic area, the lowest was used, 2) (Mogensen et al., 2018), 3) assumed values, 4) FAOSTAT, 5) data taken directly from (Wiedemann, McGahan and 
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Murphy, 2016), crude protein values include non arable sources, such as blood meal (85% protein), meat and bone meal (50% protein) and other protein 
meal such as fishmeal 

Table B.2: Detailed information on Danish feed  

Danish feed per 
100kg LW 

Mass1 Mass 
% 

Average 
protein 

%2 

Economic 
allocation 

Feed origin3 Yield (kg/m2)5 

2016/lowest (year) 

Wheat 111.2 39.5% 9.9% 84%3 100% Denmark 0.72 / 0.65 (2011) 
Barley 85.5 30.4% 9.4% 99%3 100% Denmark 0.56 / 0.47 (2008) 
Soybean meal 34.1 12.1% 45.78% 62%4 64% Argentina, 28% Brazil, 8% 

USA 
2016 - 0.30, 0.29, 0.35  

Lowest -  0.18 Argentina (2009) 
Sunflower cake 11 3.9% 32.75% 28%3 14% Estonia, 5% Germany, 4% 

Lithuania, 42% Russia, 35% 
Ukraine, (used Russia yield data 
for Estonia & Lithuania)  

2016 - Russia/Estonia/Lithuania – 
0.15, Germany – 0.21, Ukraine – 

0.22 
Lowest -  0.10 Russia (2010) 

Rapeseed cake 11 3.9% 34.4% 28%4 100% Denmark 0.31 / 0.31 (2016) 
Wheat bran 6.4 2.3% 14.68% 6%3 100% Denmark 0.72 / 0.65 (2011) 
Fish oil 2.2 0.8% 0 n/a Not required Not applicable 
Palm oil 6 2.1% 0 94%3 70% Indonesia, 30% Malaysia  2016 - Indon – 0.39 / Malay – 0.37 

Lowest – 0.35 Indonesia (2008) 
Beet molasses 5.2 1.9% 9.62%  5%3 10% Denmark, 34% Russia, 16% 

Ukraine, 4% Egypt, 36% India.  
nb India used sugar cane yield 

2016 - Denmark – 7.10, Russia – 
4.70, Ukraine – 4.81, Egypt – 4.77,   

India – 7.04 
Lowest – 2.41, Russia (2010) 

Other  8.7 3.1% Minerals + amino acids + special proteins 
 Total 2,812.4 100%  

Whole herd FCR 
kg feed / kg LW1 

2.8124 15.5% average protein from arable sources, calculated 

Notes: 1) (Nguyen, Hermansen and Mogensen, 2011), 2) (SEGES Svineproduktion, 2018), 2016 average values,  3) (Mogensen et al. 2018), 4) (Wiedemann, 
McGahan and Murphy, 2016), 5) FAOSTAT 
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Table B.3: Detailed information on Chinese pig feed  

 Mass 
%1 

Mass  
%2 

Average 
protein % 

Economic 
allocation 

Feed origin Yield (kg/m2)11 

2016 / lowest yield (year) 
Corn 55% 63% 9.3%3 100% 100% China4 0.60 / 0.53 (2009) 
Soymeal 20% 18% 48%5 62%5 12% China, 10% Argentina, 42.7% 

Brazil, 34.7% USA 
2016 – China = 0.18, Argentina = 
0.30, Brazil = 0.29, USA = 0.27 
Lowest – 0.16, China (2009) 

Wheat bran 5% 12% 14.68%7 6%8 100% China4 0.54 / 0.47 (2009) 
Rice bran 3% 0% 13.4%9 6%10 100% China4 0.69 / 0.65 (2010) 
Other 12% 7% 9.6% for 

wheat7 
100% Model as 1) 100% sprouted 

wheat4 and 2) non-arable crop 
source 

0.54 / 0.47 (2009) 

Whole herd FCR 
(kg feed / kg LW) 

3.24 2.80     

Total protein % 17.0% 
15.9% 

16.9%  
16.3% 

1) Sprouted wheat case 
2) Non-arable crop case 

 

Notes: 1) (USDA Gain Report, 2018) finisher FCR 3.1, 2) (Zhou et al., 2018) finisher FCR 2.68, 3) (Ontaria Ministry of Agriculture Food and Rural Affairs, 
2012), 4) (USDA, 2018a), 5) (Wiedemann, McGahan and Murphy, 2016), 6) (USDA, 2018b), 7) (SEGES Svineproduktion, 2018), 8) (Mogensen et al., 2018), 9) 
(DTU Food (National Food Institute), 2019), 10) assumed value, 11) FAOSTAT. 
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Table B.4: Detailed information on origin of feed materials in China, based on trade data (derived from 
(USDA, 2018a, 2018b) 

 Corn  
2016/2017 
(1000 tons) 

Wheat 
2016/2017 
(1000 tons) 

Soy beans 
2016/2017 
(1000 tons) 

Rice 
2016/2017 
(1000 tons) 

Chinese Imports 4,410 2,464 93,495 4,600 
Chinese Exports 748 0 114 368 
Chinese Production 133,271 263,613 12,900 147,766 
Chinese Consumption 119,000 255,000 102,800 141,761 
Ending Stocks 114,929 223,017 20,391 98,500 
% used in this report 100% 

Chinese 
100% 

Chinese 
12% 

Chinese 
100% 

Chinese 
 

Table B.5: Pork Meat Yield Factor Matrix derived from (Wiedemann and Yan, 2014) 

 LW HSCW CW RC 
Live Weight (LW) 1 1.32 1.37 1.79 
Hot Standard Carcass Weight (HSCW) 0.76 1 1.04 1.36 
Cold Carcass Weight (CW) 0.731 0.96 1 1.30 
Retail Cuts (RC) wholesale 0.56 0.74 0.77 1 
Boneless meat including edible offal 0.53 0.69 0.72 0.94 

Note: 1) value for Denmark in 2016 was 0.76 (AHDB Market Intelligence, 2018) 

 

Appendix C – Detailed results by pork product, super-chilling technology and 
market destination 

Table C.1: Impacts from processing plant by process area (red indicates highest value, green lowest) 

Impact per pig (104 kg) Climate change 
(kgCO2-eq) 

Acidification 
(molc H+

eq) 
Terrestrial eutrophication 

(molc Neq) 
Farming total 361.17 6.92 34.76 
Transport from farm 4.33 0.019 0.057 
Slaughtering total 10.54 0.03 0.045 
   Washing area 0.04 0.0001 0.0001 
   Black slaughter line 1.82 0.005 0.006 
   Clean slaughter line 0.70 0.003 0.004 
   Organ processing/by-product   0.42 0.002 0.002 
   Chilling 2.78 0.01 0.015 
   Cutting 0.35 0.001 0.002 
   Deboning 0.70 0.002 0.004 
   Cleaning 0.98 0.003 0.005 
   Boiler (process/space heating) 2.77 0.005 0.005 
   Ventilation 0.14 0.0005 0.001 
   Wastewater 0 0 0 
   Others 0.21 0.001 0.001 
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Impact per pig (104 kg) Climate change 
(kgCO2-eq) 

Acidification 
(molc H+

eq) 
Terrestrial eutrophication 

(molc Neq) 
Impact per kg cut 
Cooking (ham only) 0.06 0.001 0.001 
Packaging 0.123 0.001 0.001 
General cooling 0.002 0.00001 0.00001 
 

Table C.2: Acidification impacts (molc H+
eq /kg cut) after re-allocation of byproducts and avoided production  
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Denmark Impingement 
& spiral 0.064 0.064 0.065 0.064 0.064 0.064 0.065 

Immersion 0.065 0.065 0.065 0.065 0.064 0.065 0.065 
Chilling room  0.064 0.064 0.065 0.064 0.064 0.064 0.065 
Contact 0.064 x 0.065 0.064 x 0.064 0.065 
Cryogenic 0.064 0.064 0.065 0.064 0.064 0.064 0.065 

China/ 
Australia  

Impingement 
& spiral 0.075 0.075 0.076 0.075 0.075 0.075 0.075 

Immersion 0.075 0.075 0.076 0.075 0.075 0.075 0.075 
Chilling room 0.075 0.075 0.076 0.075 0.075 0.075 0.075 
Contact 0.075 x 0.076 0.075 x 0.075 0.075 
Cryogenic 0.075 0.075 0.076 0.075 0.075 0.075 0.075 

 

Table C.3: Terrestrial eutrophication impacts (molc Neq /kg cut) after re-allocation of byproducts and 
avoided production 

Market Technology 
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Denmark Impingement 
& spiral 0.336 0.336 0.337 0.336 0.336 0.336 0.336 

Immersion 0.336 0.336 0.337 0.336 0.336 0.336 0.336 
Chilling room  0.336 0.336 0.337 0.336 0.336 0.336 0.336 
Contact 0.336 x 0.337 0.336 x 0.336 0.336 
Cryogenic 0.336 0.336 0.337 0.336 0.336 0.336 0.336 

China/ 
Australia 

Impingement 
& spiral 0.346 0.346 0.347 0.346 0.346 0.346 0.346 

Immersion 0.346 0.346 0.347 0.346 0.346 0.346 0.346 
Chilling room 0.346 0.346 0.347 0.346 0.346 0.346 0.346 
Contact 0.346 x 0.347 0.346 x 0.346 0.346 
Cryogenic 0.346 0.346 0.347 0.346 0.346 0.346 0.346 
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Table C.4: Marine eutrophication impacts (molc Neq /kg cut) after re-allocation of byproducts and avoided 
production  

Market Technology 
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Denmark Impingement 
& spiral 0.054 0.054 0.054 0.053 0.053 0.054 0.054 

Immersion 0.054 0.054 0.054 0.054 0.053 0.054 0.054 
Chilling room  0.054 0.054 0.054 0.053 0.053 0.054 0.054 
Contact 0.054 x 0.054 0.053 x 0.054 0.054 
Cryogenic 0.054 0.054 0.054 0.053 0.053 0.054 0.054 

China/ 
Australia 

Impingement 
& spiral 0.055 0.055 0.055 0.055 0.055 0.055 0.055 

Immersion 0.055 0.055 0.055 0.055 0.055 0.055 0.055 
Chilling room 0.055 0.055 0.055 0.055 0.055 0.055 0.055 
Contact 0.055 x 0.055 0.055 x 0.055 0.055 
Cryogenic 0.055 0.055 0.055 0.055 0.055 0.055 0.055 

 

Table C.5: Freshwater eutrophication impacts (mol Peq /kg cut) after re-allocation of byproducts and 
avoided production  

Market Technology 
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Denmark Impingement 
& spiral -0.00067 -0.00061 -0.00059 -0.00062 -0.00063 -0.00062 -0.00062 

Immersion -0.00067 -0.00061 -0.00059 -0.00062 -0.00063 -0.00061 -0.00062 
Chilling room  -0.00067 -0.00061 -0.00059 -0.00062 -0.00063 -0.00062 -0.00062 
Contact -0.00067 x -0.00059 -0.00062 x -0.00062 -0.00062 
Cryogenic -0.00067 -0.00061 -0.00059 -0.00062 -0.00063 -0.00062 -0.00062 

China/ 
Australia  

Impingement 
& spiral -0.00061 -0.00061 -0.00059 -0.00062 -0.00063 -0.00062 -0.00062 

Immersion -0.00061 -0.00061 -0.00059 -0.00062 -0.00063 -0.00062 -0.00062 
Chilling room -0.00061 -0.00061 -0.00059 -0.00063 -0.00063 -0.00062 -0.00062 
Contact -0.00061 x -0.00059 -0.00063 x -0.00062 -0.00061 
Cryogenic -0.00061 -0.00061 -0.00061 -0.00062 -0.00063 -0.00062 -0.00062 
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Table C.6: Water resource depletion impacts (m3 water eq/kg cut) after re-allocation of byproducts and 
avoided production  

Market Technology 
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Denmark Impingement 
& spiral -0.0163 -0.0163 -0.0158 -0.0163 -0.0163 -0.0163 -0.0163 

Immersion -0.0163 -0.0163 -0.0158 -0.0163 -0.0163 -0.0163 -0.0162 
Chilling room  -0.0163 -0.0163 -0.0158 -0.0163 -0.0163 -0.0163 -0.0163 
Contact -0.0163 x -0.0158 -0.0163 x -0.0163 -0.0162 
Cryogenic -0.0163 -0.0163 -0.0158 -0.0163 -0.0163 -0.0163 -0.0163 

China / 
Australia 

Impingement 
& spiral -0.0161 -0.0161 -0.0157 -0.0161 -0.0162 -0.0161 -0.0161 

Immersion -0.0161 -0.0161 -0.0156 -0.0161 -0.0161 -0.0161 -0.0161 
Chilling room -0.0161 -0.0161 -0.0157 -0.0161 -0.0162 -0.0161 -0.0161 
Contact -0.0161 x -0.0157 -0.0161 x -0.0161 -0.0160 
Cryogenic -0.0161 -0.0161 -0.0161 -0.0161 -0.0161 -0.0161 -0.0161 

 

Table C.7: Land use impacts (kg C deficit/kg cut) after re-allocation of byproducts and avoided production  

Market Technology 
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Denmark Impingement 
& spiral 488.29 488.28 488.36 488.25 488.22 488.27 488.28 

Immersion 488.29 488.29 488.37 488.26 488.23 488.28 488.29 
Chilling room  488.28 488.28 488.36 488.25 488.22 488.27 488.28 
Contact 488.28 x 488.36 488.25 x 488.27 488.28 
Cryogenic 488.29 488.29 488.36 488.25 488.22 488.27 488.28 

China/ 
Australia  

Impingement 
& spiral 488.89 488.89 488.97 488.86 488.83 488.88 488.89 

Immersion 488.90 488.90 488.98 488.87 488.84 488.89 488.90 
Chilling room 488.89 488.89 488.97 488.86 488.83 488.88 488.89 
Contact 488.89 x 488.97 488.86 x 488.88 488.89 
Cryogenic 488.90 488.89 488.89 488.86 488.83 488.88 488.88 
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Table C.8: Impacts for farming and processing per kg of ham, before and after re-allocation of byproducts 
and avoided production (i.e. without superchilling and transport to final market). 

Indicator per kg  Before After % change 
Climate change (kg CO2-e)  4.036 3.426 15% better 
Acidification (molc H+ eq) 0.073 0.065 12% better 
Terrestrial eutrophication (molc Neq/kg)  0.358 0.336 6% better 
Marine eutrophication (kg N eq)  0.052 0.054 3% worse 
Freshwater eutrophication (kg P eq) 0.001 -0.001 173% better 
Water resource depletion (m3 water) 0.009 -0.016 268% better 
Land use (kg C deficit) – before 417 488 17% worse 
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Paper III (red meat SME processor case study) – initial version submitted to 
journal. 

Final version available online 10 December 2019, Journal of Cleaner Production, 
https://doi.org/10.1016/j.jclepro.2019.119566 , mostly unchanged. 

Authors: Tracey A. Colleya*, Morten Birkveda9, Stig I. Olsena, Michael Z. Hauschilda 

Author affiliations: a - QSA Division, Management Engineering Department, Technical 

University of Denmark (DTU), Kongens Lyngby, 2800, Denmark,  

Corresponding author (*): trco@dtu.dk / traceycolley@gmail.com, telephone +45 45 25 48 86 

Abstract:  

The purpose of this study was to assess: what are the circular economy opportunities for SME meat 

processors to reduce their environmental impacts, using Life cycle assessment (LCA) as the analytical 

tool to prevent burden shifting; whether current life cycle inventories and LCA studies adequately 

represent SMEs such as the study plant; and whether climate change is a suitable proxy for impacts.  

Life cycle inventory data from the site was used for benchmarking with existing industry data and for 

risk and opportunity identification along the supply chain. A LCA was conducted of the current 

operation and possible future energy supply scenarios involving the use of tallow, wastewater 

methane and biomass production, to identify the best performing option. System expansion was 

used to handle all coproducts and byproducts. The area of land required to produce biomass was 

calculated and was compared to the catchment area for livestock, and an estimate was made of the 

non-arable land area required to produce biomass to offset all greenhouse emissions for the supply 

chain. Inventory data and LCA results for this SME were significantly different to previous LCAs. The 

system expansion resulted in large credits, particularly for edible offal. Climate change was not a 

suitable proxy. The best future energy was the biomass scenario, which involved using tallow for 

biodiesel production, capturing methane generated in the onsite wastewater treatment system for 

electricity generation, using tallow to generate the remaining electricity needs and using biomass for 

thermal energy production. Less than 0.5% of the non-arable land area required for producing the 

livestock for the plant was needed for biomass production, and if all supply chain emissions were 

offset using biomass, the land area required was 12% for life time grass fed beef. The potential for 

supply chain integration in the red meat sector appears promising, particularly in terms of offsets 

from biomethane use for electricity production, tallow use for biodiesel production and biomass 

production for thermal energy use. Life cycle assessment is a useful tool to screen circular economy 

                                                           
9 Current address: Institute of Chemical Engineering, Biotechnology and Environmental Technology (WSR), 
University of Southern Denmark, Odense, 5230, Denmark. 
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options and identify the best future scenario, although a wide range of impact categories should be 

assessed as climate change is not a suitable proxy.   

Key words: environmental sustainability, agribusiness supply chain integration, circular economy, 

gate-to-gate Life cycle assessment, biomass, non- arable land 

Highlights: 

• Optimising use of edible offal is important for reducing impacts of meat production 

• Meat processing SMEs may not be adequately represented by current inventory data 

• Climate change is not a suitable proxy for all other mid point impact categories 

• Biomass scenario is best, utilising biogas and tallow for transport biodiesel 

• Less than 0.5 % of livestock catchment required to grow biomass 

1. Introduction    

The adverse environmental impacts of meat production, particularly to land-use change, land 

degradation and climate change, are well documented (Steinfeld et al., 2006). World population 

growth is expected to increase the amount of food required globally by 70 % by 2050 (FAO, 2012) 

and more than half of that population growth will occur in Africa (United Nations, 2015). A 2010 

study (Leahy et al., 2010) found that only 5 % of the world’s 1,525 million vegetarians were 

vegetarians by choice, the remainder were vegetarians “of necessity” who would start consuming 

meat as soon as they were financially capable of doing so. Although there is a decrease in the 

consumption of meat and a growth in rates of vegetarianism and veganism in middle and high 

income countries due to a combination of health, environmental and animal welfare concerns, the 

growth of meat consumption in other countries will offset this, leading to a net increase in livestock 

related methane emissions (Leahy et al., 2010). Australia is a net exporter of red meat and for the 

2016 calendar year exports included 70 % of the national beef production (1,018,105 tonnes), 56 % 

of the lamb production (242,285 tonnes), 95 % of the mutton production (132,199 tonnes) and 

almost all of the goat production (26,794 tonnes) (Meat & Livestock Australia, 2018). 

Recent Australian data indicates that 52 %  of the land area of Australia is used for agriculture, and of 

this land, only 7 % is used for growing crops, including hay and silage (Australian Bureau of Statistics, 

2017). This is due to a range of factors, including biophysical factors such as climate (rainfall, 

evaporation, temperatures), edaphic factors (soil physical characteristics such as erodibility and 

structure,  chemical characteristics such as fertility and salinity) and social and economic factors 

(Hulme et al., 2002). Current climate change projections indicate that there will be increases in 

temperatures (mean, daily minimum and maximum), potential evapotranspiration, the frequency 

and severity of hot days and extreme rainfall events, the duration of droughts and the frequency of 
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extreme droughts in southern Australia, and there will be decreases in the amount of winter and 

spring rainfall in southern Australia (CSIRO and Bureau of Meteorology, 2015). The changes vary by 

geographic region but are expected to reduce the quality and quantity of agricultural produce (such 

as reducing the protein content in wheat (Reyenga et al., 2001)) and increase agricultural production 

risks, making production less reliable (Stokes et al., 2008), increasing the likelihood and severity of 

disease and pest outbreaks and increasing animal and plant heat stress (Nardone et al., 2010; 

Australian Government Department of Agriculture and Water Resources, 2018). The net impact will 

be that the suitability of regions to their current agricultural produce will change, as the increasing 

frequency of soil-moisture based droughts will lead to a net reduction in the availability of arable 

land as it transitions to non-arable agricultural production (Mpelasoka et al., 2008).  

Life cycle assessment (LCA) has been used to analyse the environmental impacts of meat supply 

chains, usually focusing on a limited number of midpoint impact categories (MIC) such as carbon or 

water footprints. Studies vary according to: the functional unit used (kg live weight, kg carcase 

weight, kg boneless meat); extent of the system included in the study (from farm gate to whole of 

supply chain); treatment of coproducts and byproducts (system expansion, physical or economic 

allocation, or a combination); the source of data (primary foreground data or modelling); the life 

cycle assessment method used (attributional or consequential); the modelling method used for 

emission estimation (for enteric methane, nitrous oxides from manure); and the impact categories 

assessed. A comprehensive review of livestock production (Cederberg et al., 2012) found that 

almost all studies analyse the global warming impact category, most studies analyse energy use and 

acidification, eutrophication and land use impact categories and some studies analyse toxicity, 

resource depletion and water use. Land use indicators have generally not included any consideration 

of land quality, so have not differentiated between prime arable land and non-arable or more 

marginal land.  Most of the studies of climate change do not include changes to soil carbon or land 

use change (direct or indirect).  

A 2013 review of LCA research in Australian agriculture identified 75 published studies from the 

previous 10 years, covering approximately 80 % of the key agricultural commodities produced in 

Australia (Renouf and Fujita-Dimas, 2013). There were 33 published studies related to the livestock 

sector included 11 for sheep, 10 for dairy, 9 for beef cattle, 2 for pigs and none for goats (Renouf and 

Fujita-Dimas, 2013), and most of the studies covered a limited range of impacts, such as greenhouse 

gas emissions, and energy, water and land use.  A more recent review of LCA studies in Australian 

chicken, pork, lamb and beef meat supply chains (Wiedemann, 2018) highlighted that the system 

boundary of most LCA studies end at the farm gate, so only a limited number of studies investigate 
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impacts from processing and transport. Midpoint impact categories covered in all studies relate to 

the issues most relevant to the Australian context, namely climate change (but often omitting 

emissions relating to land use, direct land use change and soil carbon), energy use, water use 

(consumptive and stressed) and in more recent studies, land use (total, arable and non-arable). 

Nutrient cycles or biodiversity have not been directly addressed even though recent research 

(Rockström et al., 2009) indicated that their planetary boundaries have been or are close to 

exceedance. Foreground data used in the life cycle inventories included primary data from SME 

farms and meat processing plants, as well as more generic industry survey data. Studies used a 

variety of different methods to handle coproducts and byproducts, ranging from system expansion 

(tallow replaced by rape seed oil or palm oil, meal replaced by soymeal or sorghum) to allocation, 

both economic and physical (both mass and biophysical based on energy and protein content).  A 

detailed review of LCA studies which include meat processing is included in Supplementary Material 

1 (SM1) and emissions and consumption relating to the meat processing stage for Australian LCAs 

indicate that fossil fuel energy use in meat processing ranges from 14 % in the pork case through to 

67 % in a beef study (Gregory M. Peters et al., 2010) for the full life cycle, with higher overall 

consumption in grain fed beef compared to lifetime grass fed. Only a small portion of total supply 

chain fresh water consumption (2-6 %) and greenhouse gas emissions (4-14 %) occurs at the meat 

processing stage. 

Recent European Environmental Product Declarations (COOP, 2016a, 2016b; Inalca, 2018; INALCA, 

2018) indicate that core processes (meat processing plant and transport of all raw materials to the 

plant) contribute a small amount of the total environmental impact per kilogram of boneless meat, 

ranging from 8-12 % for greenhouse gas potential (1.7 - 2.7 kg CO2-e), 9-12 % for eutrophication 

potential (0.5 - 0.7 g PO4
3-

-e), 1 - 2 % for ozone creating potential (5.3 - 7.5 g C2H4-e) and 1 % for 

acidification potential (g SO2-e). 

LCA and other studies aimed at identifying improvements in the sustainability of meat supply chains 

have focused on single life cycle stages, then aggregated the opportunities from individual stages to 

propose a whole of supply chain approach (i.e. an additive approach) (Peters et al., 2009; 

Wiedemann et al., 2014; Mayberry et al., 2018). Only more recently have LCA studies taken a whole 

of supply chain approach (Paolotti et al., 2016; Sonesson et al., 2016; Hessle et al., 2017; Notarnicola 

et al., 2017), identifying opportunities within and between life cycle stages and interconnected 

supply chains, to optimise the whole supply chain, rather than just individual portions of it (i.e. a 

synergistic approach). This is more in line with circular economy principles, were the value of 

products, coproducts and byproducts are maximised at all stages in the supply chain and between 



Paper III - Using a gate-to-gate LCA to apply circular economy principles to a food processing SME 

Page 172 
 

supply chains, with the overall aim of maintaining inputs and products at their highest utility at all 

times (Stahel, 2016). At present the circular economy is depicted as being very consumer-centric, 

but this study will investigate the potential between the main processing stage in the supply chain 

(meat processing) with the upstream on-farm production, and the linking transport stages, as 

indicated by the red arrows in Figure 1.  

 

 

Figure 1: Circular economy of this study (adapted from (Ellen MacArthur Foundation).  

Q fever, caused by the bacteria Coxiella burnetii, is one potential constraint on applying circular 

economy principles within meat supply chains since the bacteria is extremely resistant to heat, 

drying and chemical agents (such as disinfectants), can survive in the environment for long periods 

of time (Shishido et al., 2016) and is highly infectious, requiring less than 10 bacteria to cause an 

infection (Center For Disease Control, 2012). It causes cases of illness in the meat industry (Tissot-

Dupont et al., 2004; Gidding et al., 2009; Lowbridge et al., 2012) and the wider population (Whitney 

et al., 2009; Tozer et al., 2011; Dahlgren et al., 2015; O’CONNOR et al., 2015; Sivabalan et al., 2017; 

Eastwood et al., 2018), with symptoms similar to influenza even though a small percentage have 

more severe symptoms (Nourse et al., 2004; Anderson et al., 2005; Dahlgren at al., 2015). 

The definition of a small and medium-sized enterprise varies, but in this study a SME is defined as 

having less than 250 employees, to be consistent with the OECD definition (OECD, 2005). The SME 

study site was located in the Mid North Coast region of New South Wales, an area of 18,851 square 

kilometres, 52 % of which is agricultural land including 27 % which is used for grazing on modified 
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pastures (Department of Agriculture and Water Resources, 2017). Beef cattle and dairy farms 

account for 59 % and 16 % of all farms respectively (Australian Bureau of Statistics, 2018). A recent 

Australia wide review of native vegetation management on agricultural land found that the 

percentage of native vegetation on farms ranged from a low of 3 % on dairy farms, to 11 % for 

specialised sheep and mixed cropping-livestock farm, 14 % on sheep-beef farms and 30 % on 

specialised beef farms (Harris-Adams, Townsend and Lawson, 2012). Linear easements, such as rail, 

road and powerline corridors, occupy 6.5 % of the land area of New South Wales, which is not 

insignificant when compared to the 8 % of land area preserved within National Parks and Nature 

Reserves (Dufty, 2010).  

The study site is representative of SMEs in the meat processing sector. In a recent environmental 

benchmarking report (Ridoutt, Sanguansri and Alexander, 2015) 14 red meat processing facilities 

were assessed of the 150 plants operating in Australia (i.e. 9 %)  and the assessed plants produced 

34 % of the total production for the year of the study (2012/2014). This study was intended to assist 

the site, a SME, with identifying where it could most significantly improve its environmental 

performance while simultaneously addressing business costs and risk issues. The research questions 

therefore were: 1) do current life cycle inventories and LCA studies adequately represent SMEs in 

this sector such as this plant; 2) what are the circular economy opportunities for SME regional meat 

processors to reduce their environmental impacts, using LCA as the analytical tool to prevent burden 

shifting; and 3) is climate change a suitable proxy for other impact categories. 

2. Material and Methods 

2.1 System Description 

This study focuses on a gate-to-gate life cycle assessment of a domestic meat processing plant 

which processes lamb, sheep, veal, beef, pork and goats and is representative of smaller plant with 

rendering serving the domestic “kill and chill” market in regional areas, using a more comprehensive 

inventory than previous studies. The site does not include freezing, so the onsite heating ventilation 

and air conditioning services (HVAC) are provided by individual packaged refrigeration units using 

hydrofluorocarbon and hydrochlorofluorocarbons, rather than a centralised ammonia system. The 

functional unit was 1 tonne of hot standard carcass weight (HSCW) at the retailer, as the plant sells 

whole carcasses, sides, primal cuts and has its own retail ready product lines (New England Lamb 

and Macleay River Veal). The system boundaries cover the core processes at the processing plant, 

including onsite activities and wastewater treatment, transport of inputs to the processing plant and 

the transport of products to market, which is controlled by the processing plant owner, as outlined 

in Figure 2.  
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Figure 2: System boundaries for current study - livestock production system for cattle, sheep, goats and pigs 

2.2 Inventory data, benchmarking, risks and opportunities  

Primary data was collected from the processing site for the 2015-2016 financial year for inputs such 

as livestock, energy (electricity, boiler fuels, transport fuels), water, chemicals (boiler, pest control, 

skins treating), products (meat), coproducts (edible offal), byproducts (not edible for humans but 

have a current use, such as tallow, meal, skins, paunch, manure, boiler ash, treated effluent) and 

wastes (no current economic use such as wastewater methane). Production data for meat, tallow 

and meal was obtained and based on the mix of species entering the plant, it was calculated that the 

average yield from live weight to HSCW was 50 %. As the study site is an integrated plant, an onsite 

rendering plant converts byproducts from meat processing and waste from local butchers and 

boning rooms into tallow and meal. A detailed inventory is provided in SM2. 

This primary life cycle inventory data was benchmarked against existing metrics for the red meat 

processing industry and the relative energy costs were ranked, to assist with identifying priorities for 

substitution. An energy balance of the site was undertaken to identify the current consumption and 

production of energy and to identify the reuse potential of coproducts, byproducts or wastes. 

Secondary data from literature was used for inputs sourced from multiple suppliers such as 

packaging and chemicals (lube oil, cleaning, wastewater treatment) (Pagan, Renouf and Prasad, 

2002). The site refrigeration system uses individual packaged units rather than a centralised 

ammonia or glycol system, so estimates of refrigerant losses were included  based on the installed 

capacity, estimated refrigerant charge of 1.5 kg/kW load and an estimated annual leakage rate of 10 

% for a medium temperature distributed system (Emerson Climate Technologies, 2010a). The 

theoretical maximum pond methane emissions were calculated using production data and the 

default values for meat processing in the methodology specified by the Australian Federal 

Government (Department of the Environment and Energy, 2016a). Transport fuel consumption for 

most site inputs was estimated based on the weight and transport distances (450 km from the port 

of Brisbane to the regional hub at Coffs Harbour and 150 km from the regional hub to the site for 

most inputs, with 1,800 km for salt for skins treating, 900 km for skin preservative and 450 km for 
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boiler coal). A commercial database (Ecoinvent 3.2) was used for background processes and some 

processes, such as the average diesel consumption in truck transport, were modified for Australian 

fleet averages (0.028 L/tkm for articulated trucks and 0.076 L/tkm for rigid/other trucks (Australian 

Bureau of Statistics, 2015). The fuel consumption in the site-owned transport fleet that delivers 

products to customers was converted to a tkm equivalent by dividing the litres of diesel consumed 

per functional unit by the average fuel consumption per tkm, assuming that 50 % of the product was 

delivered by rigid trucks and 50 % by articulated trucks, then modelled using a modified Ecoinvent 

processes. Previous LCA studies were used to provide information on the area of arable and non-

arable land used for upstream sheep and beef production (Wiedemann et al., 2015; Wiedemann et 

al., 2016) for biomass production. 

A qualitative review of risks and opportunities in the supply chain was undertaken, with a particular 

focus on risks with catastrophic consequences (SAI Global, 1999), which could lead to an offsite 

impact such as the death of a member of the public, a toxic release with detrimental effects or 

significant financial loss. Information on risks was obtained from site specific data (Environment 

Protection Authority - NSW, 2015), generic industry data (Dames & Moore Pty Ltd, 1999; URS 

Australia Pty Ltd, 2006; Office of Environment & Heritage, 2011; Sloan-Gardner et al., 2017) and 

compliance review information from the regulator (NSW EPA, 2003; Environment Protection 

Authority - NSW, 2009, 2010). The review of opportunities focused on the potential for supply chain 

integration in the surrounding geographic area and the potential to contribute positively to issues 

such as biodiversity, animal welfare and local employment.  

The locational benefits of the site (i.e. regional location and surrounding land use) and current 

operation were assessed in a qualitative fashion, to match potential synergies with identified risks, 

such as the beneficial reuse of treated effluent. 

2.3 Life Cycle Impact Assessment – methods and modelling  

Given that the goal was consistent with situation A “micro-level decision support” with no change in 

production levels, attributional datasets were used (EC-JRC, 2010). Previous LCAs had used a hybrid 

approach for handling coproducts and byproducts, using a combination of system expansion and by 

allocation (economic, physical or both). For this study, system expansion was used for handling all 

coproducts and byproducts. The main substituted products for tallow were palm oil and rape seed 

oil (on a mass basis), polyester for hides (on a mass basis), rape meal for meal (on a mass basis) and 

an upstream substitution of market for edible offal (upstream substitution of market for cattle for 

slaughtering on a mass basis). Other system expansions included natural aggregate for boiler ash on 

a mass basis, market for soil conditioner for manure and paunch on a mass basis, and the market for 
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irrigation for wastewater irrigation volumes on a volume basis. For the biomass case, the nutrient 

content of the wastewater was assumed to replace commercial fertilisers. 

The life cycle impact assessment methods and 12 midpoint impact categories (MIC) recommended in 

the Best Practice Guide by the Australian Life Cycle Assessment Society (ALCAS) were used (Renouf 

et al., 2016), namely: climate change (kg CO2-eq); minerals resource depletion (Sb-eq); fossil fuels 

resource depletion (MJ); consumptive water use (m3 H2O-eq); eutrophication (kg PO4
3-

-eq); 

acidification (kg SO2-eq); human toxicity (CTUh); ecotoxicity (CTUe); photochemical ozone formation 

(C2H4-eq); particulate matter formation (kg PM2.5-eq); ozone depletion (kg CFC-11-eq); and ionizing 

radiation (kBq U235-eq). The characterisation factors used were from version 2 of the best practice 

guide (Renouf et al., 2016) except for human toxicity and ecotoxicity, which used USEtox, the default 

method in openLCA. Three ReCiPe (H) endpoint (damage) impact categories (EIC) (human health, 

ecosystems and resources) were also used, as was agricultural land use using the ReCiPe (H) method. 

LCA modelling used openLCA software (version 1.7). 

2.4 Scenarios – LCA modelling, land use balance 

The reference scenario (REF) was based on the current operation. A number of electricity efficiency 

projects had been identified at the site and it is assumed that these were implemented, thus 

reducing the baseline energy consumption compared to the collected data for the REF case in the 

efficiency scenario (EFF). The efficiency projects were combined with electricity from solar 

photovoltaics and a small wind turbine. 

Alternative energy supply scenarios were developed, particularly opportunities to integrate with 

upstream (farming) and downstream (retail/consumer). Options considered were the use of tallow 

(TAL), the use of biogas from anaerobic wastewater treatment ponds (BGS) and the use of biomass 

(BMS). When tallow was converted to biodiesel, it was assumed that the glycerine produced was 

discharged into the onsite wastewater treatment pond system in the BGS and BMS scenarios to 

increase methane generation, whereas in the TAL scenario it was handled via system expansion. 

Inventory data for tallow biodiesel production was taken from (Dufour and Iribarren, 2012),  from 

(Poeschl, Ward and Owende, 2012) for biogas upgrading and from (Yanagida et al., 2011) for 

biomass production. The details of these scenarios are outlined in Table 1. The results for the 

scenarios were internally normalised by dividing by the “best” result in each impact category, so the 

value 1 represents the best environmental outcome.   
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Table 1: Scenarios – current and potential future energy supply options for plant 

Scenario Details 

Reference (REF) Current operation 

Efficiency (EFF) (14 % reduction in electricity consumption) + (15 kW of solar photovoltaics 

electricity generation) + (25 kW of wind electricity generation) 

Tallow (TAL) EFF + (tallow used for electricity generation, site transport fleet (biodiesel) and 

part of thermal energy) + (residual of thermal energy from current fuel source) 

Biogas (BGS) EFF + (biogas used for electricity generation) + (tallow used for residual 

electricity generation + biodiesel for site transport fleet + all thermal energy) 

Biomass (BMS) EFF + (biogas for electricity generation) + (residual electricity generation from 

tallow) + (tallow used for site transport fleet diesel consumption) + (biomass 

for all thermal energy) + residual tallow sold  

 

A land use balance was conducted to assess the area of land required for biomass production for 2 

cases; 1) using non agricultural land and 2) comparing non-arable land required to produce livestock 

for the plant and the area of land required to produce sufficient biomass for the plant thermal 

energy requirement. Only non-arable land use associated with livestock production was used, as 

insufficient data was available on goat and pork production. Biomass production per hectare was 

assumed to be 30 m3/ha/year (Heathcote, 2002) with a density of 265 kg/m3 (Thomas et al., 2009) 

and the energy content was assumed to be 10.4 GJ/t (Department of the Environment and Energy, 

2016a), providing a gross energy production of 83 GJ/ha/year. 

3. Results and Discussion 

3.1 Life Cycle Inventory benchmarking, risks & opportunities  

As indicated in Table 2, the site consumed a significantly lower volume of water compared to the 

Australian industry benchmarking data, by ratios of 0.28 - 0.34, and the nitrogen and phosphorus 

emission levels were lower than industry averages but not as significantly, with average ratios of 

0.55 and 0.75 respectively. The water consumption values are consistent with Australian industry 

data, as significant amounts of water are used in the boning room and this plant only processes a 

small percentage of the carcases, which highlights the difference between domestic SME and larger 

export plants (Pagan, Renouf and Prasad, 2002). The difference between the Australian industry and 

overseas industry figures from COOP EPDs (e and f) may reflect the importance that has been placed 

on reducing water consumption in Australia due to scarcity issues. The nutrient levels are consistent 
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with research on the source of nutrients and organic load within meat processing plants, which 

indicates that the paunch processing and rendering plants contribute the greatest nutrient load, 

whereas boning rooms contribute only a very small proportion of the wastewater nutrient load 

(Jensen and Batstone, 2012).  

For electricity consumption, the plant consumed 0.4 of the industry average. This is consistent with 

SME “kill and chill” domestic plants, which chill but do not freeze product. Thermal energy use and 

total energy use were about the same as the average industry consumption in terms of the total 

amount. This is consistent with industry data, as thermal energy use is normally over 70% of total 

site stationery energy use, and the rendering plant is normally the largest thermal energy consumer 

(Hydro Tasmania Consulting, 2009). It may also indicate inefficiency in the thermal energy system, 

ranging from generation, distribution or end use efficiency.  

Table 2: Life Cycle Inventory data benchmarked against published meat processing industry data 

Parameter Site value Industry Site: Industry ratio 

Water use (kL/t HSCW) 3.0 6-9a  

8.9b 

9.4b 

10.6d 

43e 

33f 

0.33-0.5 

0.34 

0.32 

0.28 

0.07 

0.09 

Wastewater Nitrogen release (kg N/t HSCW) 0.95 1.5c 

2.1d 

0.6 

0.5 

Wastewater Phosphorus release (kg P/t HSCW) 0.20 0.25c 

0.3d 

0.8 

0.7 

Electricity use (kWh/t HSCW) 105 271g 

280h 

0.4 

0.4 

Thermal energy use (MJ/t HSCW) 2,739 2,391f 1.1 

Total energy use (MJ/t HSCW)  

(note – excludes transport) 

3,117 3,005b 

4,108c 

3,389d 

3,368g 

1.0 

0.8 

0.9 

0.9 

Notes – a - refer to table 1, b - (Ridoutt, Sanguansri and Alexander, 2015), c - (GHD, 2011), d - (URS 

Australia Pty Ltd, 2005), e - (COOP, 2016b) core processes for veal only, corrected for 75% boneless 
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meat yield, f -  (COOP, 2016a), core processes for beef only, corrected for 80% boneless meat yield, g 

- (Hydro Tasmania Consulting, 2009), h - (Rowlands et al., 2007). 

Transport energy consumption added over 30 % to the total site total energy use, bringing it up to 

4,701 MJ per tonne of HSCW, as indicated in Table 3. Significant energy is available from coproducts 

and waste, with nearly 5,000 MJ/t HSCW from tallow and 1,000 MJ/t HSCW from biogas from the 

onsite anaerobic wastewater treatment ponds. If the efficiency of generation (assumed to be 39 % 

(GE Power, 2016)) was factored into the electricity consumption figure, this would give energy 

consumption of 969 MJ for the electricity generation and a total site consumption of 5,293 MJ/t 

HSCW.  

In terms of costs per MJ, if electricity is ranked as a value of 1, then diesel is 0.5 (or 50 % of the cost 

of electricity) and coal (the main boiler fuel) is 0.1 (or 10 % of the cost of electricity). This is 

consistent with industry data (Hydro Tasmania Consulting, 2009). 

Table 3: Site Energy Balance and Cost Ratios 

Site Energy Balance Use  

(MJ/ t HSCW) 

Availability  

(MJ/ t HSCW) 

Cost ratio 

Electricity 378  1 

Thermal Energy (boiler etc.) 2,739  Coal: 0.1 

Transport Energy 1,585  Diesel: 0.5 

Total usage 4,701   

Total usage (corrected for efficiency of electricity 

production) 

5,293   

Tallow a   4,793  

Biomethane from anaerobic ponds b  926  

Total availability  5,720  

Notes – a) based on 0.12 t tallow produced per 1 t HSCW (site primary data) and calorific value of 40 MJ/kg (CSIRO, 2002), 

b) maximum theoretical amount based on NGER default values of 13.7 kL wastewater/t HSCW, 6.1 kg COD/kL wastewater, 

0.8 fraction conversion of COD to methane, 6.3 t CO2-eq biomethane/t COD removed, 25 t CO2-eq/t methane, 0.6784 kg 

methane/m3 methane and 37.3 MJ/m3 biomethane (Department of the Environment and Energy, 2016b; Australian 

Government Clean Energy Regulator, 2018).  

As indicated in Table 4, the two major risks relate to the interruption to electricity supply to the site 

and the potential risk that Q fever may be entering the plant, surviving through the wastewater 

treatment system and therefore be present in the treated effluent. The major opportunities relate to 

converting tallow into biodiesel to replace fossil diesel in the company transport fleet, capturing and 
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using biogas from the anaerobic wastewater treatment pond and engaging with upstream farmers in 

the local area for on-farm coproduction of biomass. 

Table 4: Summary of risks, opportunities and circular economy opportunities.  

 Upstream (on-farm 

primary production) 

Core 

(processing) 

Downstream (use 

& end of life) 

Risk Q fever in animals Q fever in wastewater  

 Interruption to electricity supply  

Opportunity  Energy content in biomethane and tallow  

Fertiliser use on farm Nutrient content in treated effluent  

Transport fuel use Tallow conversion to biodiesel  Transport fuel use 

Biomass production  Biomass use for electrical/thermal energy  

 

Given the alignment between the cost ratios and identified risks, finding an alternative source of 

electricity is the most significant opportunity. From a cost and opportunity perspective, replacing 

purchased diesel in the site transport fleet with biodiesel produced from tallow should be the next 

highest priority, with replacement of thermal fuel as a lower priority. Although the treated effluent 

contains valuable nutrients that could be recycled to on-farm primary production, care should be 

taken to ensure that it is used in applications which will not cause a risk to animals, so use in dairy 

farming applications such as pasture fertilisation should be avoided in favour of using the treated 

effluent for biomass production.  

3.2 LCA of Current site operation 

LCA results for the reference scenario and previous LCA and EPD studies are presented in Table 5 for 

the MIC assessed. Compared to the values reported in existing LCA studies from Australia, the 

climate change value is consistent with previous LCA studies (Peters et al., 2010; Wiedemann et al., 

2015). The fossil fuel use is substantially lower, which is significant given that in previous LCA 

studies, this life cycle stage contributed from 14 - 67 % of total fossil fuel use. This is consistent with 

the life cycle inventory, where the electricity use was significantly lower than published industry 

averages. The difference between the fossil fuel use and climate change values may be due to non-

fossil sources, such as wastewater methane emissions, which are currently under-reported in 

published industry data. For example, the most recent environmental performance review of the red 

meat processing sector (Ridoutt, Sanguansri and Alexander, 2015) reported a greenhouse gas 

emission of 0.43 t CO2-eq/t HSCW, with 44% of emissions from Scope 1 (onsite) sources and 39 % of 



Paper III - Using a gate-to-gate LCA to apply circular economy principles to a food processing SME 

Page 181 
 

Scope 1 emissions from wastewater treatment, which equates to 0.07 t CO2-eq/ t HSCW from 

wastewater. This is significantly lower than the value obtained when using the default NGER value of 

0.42 t CO2-eq/t HSCW. The industry average figure includes an unknown number of sites that have 

installed covers on their anaerobic ponds, and capture and utilise the wastewater biomethane in 

onsite boilers, which would have a significant impact on the net greenhouse gas emissions.  

Compared to the values reported in EPD studies (COOP 2016b; COOP 2016a) assuming a 3% chiller 

loss, the climate change value is consistent, the fossil fuel use is significantly lower, the acidification 

and eutrophication potentials are significantly higher and the photochemical ozone formation 

potential is in the lower end of the range. This is most likely attributable to the use of coal for 

thermal energy at the plant, and the dominance of coal as a fuel in electricity generation in Australia.  
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Table 5: Current results for reference scenario (current operation, before system expansion, with transport removed) per kg HSCW, compared to published data using same system 

boundaries (LCA, current industry benchmarks and EPD), with percentage contributed by meat processing stage in parenthesis 

Species Climate 
change  

kg CO2-eq 

Fossil fuel 
use  
MJ 

Acidification 
potential 
kg SO2-eq 

Eutrophication 
potential 
kg PO4

3-
-eq 

Photochemical ozone 
creating potential  

kg C2H4-eq 
Multi (current study) 1.1 3.2 4.4 1.4 0.3 
Beef1 1.4 (14 %) 18.2 (67 %) 

Not assessed 

Beef, lifetime grass fed2 0.7 (3.7 %) 5.2 (30 %) 
Beef, long fed grain finsihing2 0.7 (4.0 %) 5.2 (19 %) 
Sheep1 1.0 (14 %) 13.6 (50 %) 
Lamb2 0.8 (6 %) 7.5 (41 %) 
Pork3 0.4 (8 %) 3.1 (14 %)  
Industry benchmark (red meat)4 0.43 (n/a) 3.0 (n/a) 
Veal5 2.0 (12 %) 18.2 (26 %) 1.0 (1 %) 0.5 (12 %) 5.5 (2 %) 
Beef6 1.3 (8 %) 15.1 (30 %) 0.1 (0.1 %)  0.4 (9 %) 4.1 (1 %) 
Frozen hamburger7 0.5 (15 %) 14.2 (37 %) 1.3 (2 %) 0.2 (1 %) 0.1 (10 %) 

Notes: 1) - (Peters et al., 2010), 2) - (Wiedemann et al., 2015), long fed is 330 days in the feedlot, 3) - (Wiedemann et al., 2018), 4) - (Ridoutt et al., 2015), 

only covers Scope 1 and 2 emissions, 5) - (COOP, 2016b), 6) - (COOP, 2016a), 8) - (INALCA, 2018), 5-7 use energy contents of 27 kJ/kg for coal, 42 kJ/kg for 

natural gas, 35.7 kJ/kg got oil and 39.7 GJ/kL for fuel oil with 0.9 kg/L density.  
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The full LCA results for the reference scenario are in Table 6, with separate values for before and 

after the inclusion of system expansion to handle the main coproducts and byproducts. Before 

system expansion all impact categories are emission sources.  Two system expansions for replacing 

tallow production were analysed - palm oil (the marginal product for tallow export) and rape seed oil 

(the marginal product for tallow use in the domestic market). 

Table 6: LCA results for reference scenario (current operation), with and without system expansion (per t 

HSCW) 

Mid point impact categories 

(MIC) 

Unit Before system 

expansion 

After system expansion a 

Palm oil Rape seed oil 

Climate change  kg CO2-eq 1,394 -2,236 -1,996 

Resource depletion – mineral kg Sb-eq 0.000023 -0.00010 -0.00011 

Resource Depletion - fossil fuels MJ 3,326 -10,400 -10,900 

Consumptive water use  m3 H2O-eq 847 -2,316 -2,599 

Eutrophication   kg PO4
3-

-eq  1.58 -9.95 -11.46 

Acidification potential kg SO2-eq 5.53 -12.37 -14.59 

USEtox human CTUh 0.00017 -0.00182 -0.00183 

USEtox eco-toxicity (freshwater) CTUe 3,409 -45,614 -45,876 

Photochemical ozone formation  kg C2H4-eq 0.28 -0.53 -0.35 

Particulate matter formation  kg PM2.5-eq 0.55 -1.68 -1.62 

Ozone layer depletion kg CFC-11-eq 0.00046 0.00034 0.00032 

Ionizing radiation   kg U235-eq 36.56 -74.55 -86.28 

Ag Land occupation  m2*a 52 -2,423 -2,962 

Endpoint impact categories (EIC)    

Ecosystems - ReCiPe (H) species.yr 0.000019 -0.00032 -0.00016 

Human health - ReCiPe (H) DALY 0.0027 -0.0046 -0.0044 

Resources - ReCiPe (H) $ 56.18 -39.31 -44.00 

Notes – a) – includes boiler ash (modelled as negative input of natural aggregate), manure (market 

for soil conditioner), irrigation wastewater (market for irrigation), edible offal (market for cattle for 

slaughtering), hides (polyethylene), meal (protein feed, rape meal), and tallow (palm oil or rape seed 

oil) 

After system expansion, every category of impacts except ozone layer depletion becomes a sink 

(negative emission), as the avoided products had higher environmental impacts. It should be noted 

that the avoided products include the entire supply chain, whereas this gate-to-gate LCA only 

included the core and transport sections of the supply chain, not the on-farm contributions. Edible 



Paper III - Using a gate-to-gate LCA to apply circular economy principles to a food processing SME 

Page 184 
 

offal, which was modelled as market for cattle for slaughtering, provided the largest credit, ranging 

from 67 % for the mineral resource depletion MIC to 120 % for the acidification potential MIC, and 

47 % for the ecosystems EIC to 121 % for the human health EIC. Tallow, which was initially modelled 

as palm oil, was the second largest contributor in most MIC and EIC, except several categories 

(mineral and fossil fuel depletion, consumptive water use, acidification potential and ionizing 

radiation MIC, and resources EIC) where hides (modelled as polyethylene fleece) was a more 

significant contributor. In other studies, tallow has been modelled as canola (rape seed) oil, so this 

was modelled as an alternative system expansion. In the climate change, photochemical ozone 

formation and particulate matter formation MIC, palm oil performs better, but in every other 

category, rape seed oil performs better. In terms of end point impact categories, palm oil was better 

for ecosystems and human health (due to the contribution of climate change to these impact 

categories) while rape seed oil was better for the resources end point impact category. However, the 

difference between the two system expansions for tallow was less significant than the difference 

between before and after system expansion.  

3.3 Contribution analysis and circular economy opportunities – reference 

scenario (current operation) 

As indicated in Table 7, the most significant contributing process for climate change before system 

expansion was the methane emitted from the onsite wastewater treatment ponds (34 %), followed 

by coal use in the boiler (20 %), road transport (15 % in total, with 6 % from site fuel use) and 

imported electricity (7 %). This is consistent with the literature. Climate change contributes 

significantly to the ecosystems and human health EIC categories, so wastewater methane emissions 

contribute 16 % and 19 % respectively to these categories, but not to any other MIC. Other than the 

wastewater methane emissions, the climate change impact category is similar to the acidification, 

photochemical ozone formation and particulate matter formation MIC in terms of contributing 

processes. USEtox human and ecotoxicity have similar contributing processes, as do fossil fuel 

resource depletion and consumptive water use. Other MIC categories, such as eutrophication, 

mineral resource depletion, ozone layer depletion and agricultural land occupation, have quite 

different contributing processes: most of the eutrophication impacts come from the onsite 

wastewater treatment process; 34 % of the mineral depletion comes from the cardboard box use; 73 

% of the ozone layer depletion comes from the onsite refrigeration system; and 66 % of the 

agricultural land use comes from the cardboard box use. This indicates that climate change would 

not be a suitable proxy for this stage in the supply chain.  
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Coal use in the onsite boiler was the most significant process to the most categories, contributing to 

acidification (42 %), photochemical ozone formation (32 %), particulate matter formation (28 %) and 

EIC human health (22 %). Other significant processes which contributed to MIC and EIC categories 

include: electricity use, to fossil fuel resource depletion (44 %) and consumptive water use (37 %); 

cardboard box use, to mineral resource depletion (34 %) and agricultural land use (66 %); manure 

handling, to USEtox human (33 %) and ecotoxicity (37 %); wastewater nutrients emissions, to 

eutrophication (64 %); and the refrigeration system, to ozone layer depletion (73 %).   

Table 7 confirms the potential benefits of the circular economy opportunities identified earlier as 

part of the cost and risk integration exercise, namely that replacing grid purchased electricity with a 

renewable energy supply could potentially provide improvements to the fossil fuel resource 

depletion, consumptive water use, USEtox human and ecotoxicity MIC, and using the wastewater 

methane to provide this electricity would potentially improve the climate change MIC and 

ecosystems and human health EIC.  Replacing coal use in the boiler with a fuel with a lower 

environmental burden would also provide an opportunity to reduce impacts in the climate change, 

acidification potential, photochemical ozone formation and particulate matter formation MIC, as 

well as the ecosystems and human health EIC. Although this was not a high priority cost or risk issue, 

it was identified as an opportunity to optimise the reuse of nutrients in the wastewater.  
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Table 7: Percentage contribution of processes to impact categories before system expansion (values less than 1% generally not included) 
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Climate change kg CO2 eq 34 20 7 7 6 2 2 2 3 2  0.4  

Resource depletion – mineral kg Sb eq   2     34 4 2    

Resource depletion – fossil fuel MJ   44    3 12 13 3    

Consumptive water use m3 H2O eq   37    6 12 11 3    

Eutrophication kg PO4  5 5 3 2 1 4 2 2 3 64   

Acidification potential kg  SO2 eq  42 7 3 3 1 12 3 3 2    

USEtox human CTUh   31    2 5 3 33    

USEtox ecotoxicity CTUe   29    1 5 3 37   1/0.1 

Photochemical ozone formation kg C2H4 eq  32 5 1% 1%  8 3 3 3    

Particulate matter formation kg PM2.5 eq  28 5 1% 1%  9 6 6 2    

Ozone layer depletion kg CFC-11 eq       1 1 8   73  

Ionizing radiation kg U235 eq       9 12 8 2    

Agricultural land occupation m2*year   3    1 66 17 4    

Ecosystems – ReCiPe (H) species*year 16 12 5 4 4 1 2 6 3 2  0.3  

Human health – ReCiPe (H) DALY 19 22 9 6 5 1 4 3 3 3  0.3  

Resources – ReCiPe (H) $   8    3 3 3 1    
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3.4 Scenarios  

As indicated in Figure 3, where the best performance is indicated by the value 1, the biomass 

scenarios provided the best performance for eleven of the thirteen MIC categories and two of the 

three EIC categories, although in some categories (mineral resource depletion, USEtox human and 

ozone layer depletion) the performance was the same as the tallow and biogas scenarios. The 

remaining categories, particulate matter formation, agricultural land occupation and ecosystems 

damage, the values for the biomass scenario were 0.94, 0.97 and 0.79 respectively, meaning the 

biomass scenario had only slightly lower performance than the efficiency scenario (which had a 

value of 1). The reference scenario was the worst performing in 12 MIC and 2 EIC categories, and the 

tallow scenario was the worst in the photochemical ozone formation category (0.72) and equal 

worst with the biogas scenario (0.5) in the ecosystems EIC category. The biomass scenario 

performed poorly in the ecosystem EIC category due to the reduced credit from the tallow use for 

biodiesel and electricity production, so if tallow use in electricity production could be reduced, for 

example by the use of a larger solar photovoltaic system, then this ranking could be improved.  

Figure 3: Comparison of scenarios (1 = best performance), with palm oil as the system expansion for tallow 
(REF is reference scenario, EFF is efficiency scenario, TAL is tallow scenario, BGS is biogas scenario and BM is 
biomass scenario, as outlined in Table 1) 
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As Indicated in Figure 4, the avoided products make a significant percentage contribution to the 

climate change impact category, and are the reason that the category becomes a sink. Edible offal, 

the main coproduct, is the most significant sink contributor in all MIC and EIC in all scenarios, and 

although the absolute amount remains unchanged, the relative contribution changes in each 

scenario. The same holds for meal and hides, but those byproducts have a smaller contribution to 

the sink. The contribution of tallow varies according to how much is used in each scenario.  

Figure 4: Percentage contribution of system expansion to climate change category impacts 

 

The sources of greenhouse gas emissions are shown in Figure 5 for individual processes, with the 

main system expansion credits from edible offal, hides and meal removed. This is consistent with the 

numbers in Table 7, and shows the trade-off in the TAL, BGS and BMS cases between reducing 

emissions from the boiler and the reduction in credit from the tallow system expansion, which 

accounts for why the BM scenario is the best performing.  
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Figure 5: Contribution to climate change impact category when main sinks from coproduct byproduct system 
expansion are removed.  

 

3.5 Biomass production and land area use – sequestration and offsets 

The biomass potential production rate of 83 GJ/ha/year was compared to the amount of energy 

required for the plant (thermal and total), and results indicated that 0.03 ha of land was required per 

t HSCW to provide the thermal energy needs (2,739 MJ/t HSCW). This was then compared to the 

hectares of land required to produce each t HSCW of livestock, and the results are presented in 

Table 8 and indicate that in all cases less than 0.5 % of the livestock catchment area is required to 

provide the thermal requirements and only beef finished in feedlots for more than 300 days (long 

fed beef) require more than 1 % of the catchment area. Lifetime grass fed beef requires the smallest 

amount of the catchment area, and lamb and mid fed beef (grain fed for 108-164 days) are slightly 

higher but long fed beef require double the amount. If we assume a worst case supply chain 

emission of greenhouse gases per t HSCW (25.5 kg CO2-e, (Gregory M. Peters et al., 2010)) and look 

at offsetting greenhouse gas emissions by replacing an equivalent greenhouse gas emissions amount 

of coal with biomass grown on the farm, then lifetime grass fed beef has the best performance, with 
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30 %. This assessment is conservative, as it does not include any increase in soil carbon due to a 
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change from pasture to biomass production. Given the regional location and surrounding land use at 

the SME study site, it should be technically feasible within a 150 km radius of the plant.  

Table 8: Percentage of livestock capture area of plant compared to area required for energy and greenhouse 
needs (land use data derived from (Wiedemann, McGahan, Murphy, Yan, et al., 2015) 

 
ha/t HSCW 

Beef (lifetime 
grass fed) 

Beef (mid fed 
grain finished) 

Beef (long fed 
grain finished) 

Lamb 

Non-arable 29.3 21.8 11.6 21.4 
Arable pasture 1.5 1.1 0.6 1.1 
Arable crop 0.2 1.2 2.1 0.2 
Total 31 24.1 14.3 22.7 
% required, thermal energy 0.1 % 0.2 % 0.3 % 0.2 % 
% required, offset + thermal energy 11.8 % 15.8 % 29.8 % 16.1 % 
 

4. Conclusions and recommendations 

4.1 Risk and LCA 

The use of risk and cost screenings at the life cycle inventory stage to prioritise issues for the site 

provided a useful introduction to the gate-to-gate LCA. This assisted with identifying the circular 

economy opportunities with upstream and downstream, which were then investigated as part of the 

LCA study. Serendipitously, the risk and cost screenings aligned well with each other, and with the 

impacts identified in the reference case of the current operation.  

4.2 Gate to gate LCA of current operation 

The analysis indicated that current life cycle inventories and LCA results for MIC climate change and 

fossil fuel are significantly different to this analysis, so it would appear that SMEs, such as the plant 

in this study, may not be well represented by current life cycle inventories or LCA studies. There are 

a number of categories that have not previously been assessed in LCA studies, but given the 

difference in inventory data, it is likely that the results for other MIC would also be significantly 

different. For example, SME plants such as the study site use refrigerants with a greenhouse burden 

rather than ammonia, and these contributed 73 % to the ozone layer depletion MIC. Similarly, the 

current reported levels of wastewater methane emissions in industry benchmarking reports does 

not appear to reflect current SME operations, which are less likely to have biogas capture and use.   

Analysing the results before and after the allocation of the system expansion credits highlighted the 

contribution of coproducts and byproducts, with edible offal contributing the most significant credit, 

ranging from 56 % for ecosystems EIC to 120 % for climate change and acidification MIC. Changing 

the usage rates of this byproduct is not something an individual SME could necessarily influence, but 

it would need to be handled on an industry basis.  
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The individual process contribution highlighted that climate change was different to other MIC but 

similar to ecosystems and human health EIC, so was not suitable as a representative MIC. 

Wastewater emissions and boiler coal use were most significant in terms of these three categories. 

Eutrophication, acidification potential, photochemical ozone formation and particulate matter 

formation had similar individual process contributions, as did fossil fuel resource depletion, 

consumptive water use, USEtox human and ecotoxicity and the resources end point indicator.  

4.3 Future scenarios, offsets and sequestration.  

The LCA of future energy supply scenarios for the plant indicated that the best option was the 

biomass scenario, which integrated the risks and opportunities for circular economy identified at the 

life cycle inventory stage. The scenario captured and used wastewater methane from the onsite 

wastewater treatment system for onsite power generation, used tallow produced at the plant for 

biodiesel production for the site transport fleet and residual electricity production and then sourced 

all thermal energy requirements from biomass production.  

The amount of land required to produce biomass to replace the current thermal energy 

requirements was small (0.03 hectares or <0.5 % of non-arable land required to produce red meat 

livestock). If the worst case emission for beef (25.5 kg CO2-e/kg HSCW) were offset using biomass to 

replace coal in addition to replacing all energy use at the plant, the land area required would be 3.6 

hectares, which ranged from 12 % of non-arable land in the case of lifetime grass fed beef to 31 % of 

non-arable land for long fed grain finished beef. The latter value is not likely to be feasible for 

economic reasons, but a 12 % increase in the amount of biomass on a property while maintaining 

productivity is feasible, meaning that grass fed beef systems have the most potential for whole of 

supply chain greenhouse gas offsets. This assessment is conservative, in that it does not include any 

sequestration from increases in soil carbon in the analysis.    

4.4 Circular economy 

This study highlighted the potential for supply chain integration for both energy and nutrients in red 

meat supply chains. LCA provides a useful means of assessing all the categories of impacts, rather 

than single categories such as climate change, water or land use, as has been the case with previous 

LCAs. Nutrients were recycled from the onsite wastewater treatment system to biomass production, 

reducing the need for fertilisers produced from and using fossil-fuels. The climate change MIC was 

found to not be a suitable proxy, but rather all MIC and EIC need to be assessed to provide a 

comprehensive overview. This study indicates that there is potential for processing plants, which 

represent the core of the supply chain, to exploit circular economy opportunities, particularly with 

the upstream on-farm production part of the supply chain.  
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Table S.1: Australian Life Cycle Assessment studies for the beef, sheep or pig supply chains that include meat processing. 

Authors Year Sector Details Results 

Gregory M. 

Peters, Hazel V. 

Rowley, Stephen 

Wiedemann, 

Robyn Tucker, 

Michael D. Short 

and Matthias 

Schulz, 

Environmental 

Science 

Technology 

Journal, 2010, 44, 

pp 1327-1332 

(funded through 

MLA Project 

COMP.094) 

2010 Sheep (WA), 

Beef (organic 

grass fed 

(VIC))  

Beef (grain lot 

fed) (NSW)  

• Attributional LCA 

• 3 case study farms and 1 feedlot over 2 

years (2002 and 2004)  

• System boundary from farm to meat 

processing plant boundary 

• Functional unit – 1kg HSCW at exit gate 

of meat processing  plant 

• Excludes CO2-e emissions from soil 

carbon, land use, direct land use change 

and nitrous oxide emissions from 

leguminous pastures 

• Allocation of impacts to coproducts 

based on mass   

• Meat processing inventory per t HSCW – 

400 kWh electricity, 53 kg coal, 0.8 m3 

LPG, 7 kL water consumption 

• All report per kg HSCW 

• Carbon footprint – most emissions from enteric methane 

from livestock, then nitrous oxide   

Sheep - 7.2 – 8.3 kg CO2-e, >80 % from farm  

Organic beef – 8.2 - 12 kg CO2-e,  > 80 % from farm  

Grain fed beef – 9.9 - 10.2 kg CO2-e, 65 - 70 % from farm 

• Primary energy – mostly from processing, due to refrigeration 

equipment 

Sheep - 27.0 – 28.1 MJ, 50% from farm, 50 % from meat 

processing 

Organic beef – 24.3 - 28.8  MJ,  25 - 40 % from farm, 60 - 75 

% from meat processing 

Grain fed beef – 29.5 - 27.7 MJ, 18 - 22 % from farm, 15 % 

from feedlot, 62-65 % from meat processing 

• Solid waste – mostly from processing 

Sheep – 0.021 - 0.022 kg, >10 % from farm, remainder from 

meat processing 

Organic beef – 0.033 - 0.039 kg, remainder from meat 
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Authors Year Sector Details Results 

processing 

Grain fed beef – 0.028 - 0.029 kg, 7 % from feedlot, 

remainder from meat processing  

SG Wiedemann, 

CM Murphy, EJ 

McGahan, M 

Renouf, P Prasad, 

SL Bonner, EN 

Zadow, B Henry.  

Meat & Livestock 

Australia Project 

B.CCH.2028 Final 

Report 

2013 Beef 

(Northern 

Beef Supply 

Chain), grass 

fed bullocks 

for Japan ox 

market (NE 

Qld), grain 

finished beef 

for domestic 

market (SW 

Qld) 

•  Attributional LCA 

•  2 case study farms, 1 feedlot and 2 

meat processing plants over 24+ months 

• System boundary from farm to 

consumer (paddock to plate) 

• 3 Functional units – kg LW, kg boned 

beef ready for wholesale/retail at the 

processor gate, kg beef at consumer in 

Australia or Japan 

• CO2-e emissions excludes land use, direct 

land use change but include soil carbon 

flux potential 

• System expansion to handle minor 

byproducts (pet food, blood, meat and 

bone meal (soymeal and sorghum on 

protein and energy equivalent basis), 

tallow (canola oil on mass basis)), mass 

allocation for meat and hides (8.8 – 11 

All following metrics reported per kg boned beef  

nb NE = grass, SW = grain 

• Energy demand    NE 15.2 MJ, SW 16.8 MJ 

• Consumptive water use  NE 496.3 L, SW 356.2 L 

• Stress weighted water use   NE 77.2 L H2O-e, SW -4.5 L H2O-e  

• Arable land occupation   NE -1.9 m2, SW 4.9 m2  

• Non arable land occupation NE 1393.6 m2, SW 2180.4 m2 

• Carbon footprint   NE 28.2  kg CO2-e, SW 24.5 kg 

CO2-e,  most (70%) of emissions from enteric methane from 

livestock, followed by 11% from carbon dioxide from 

combustion of fossil fuels, then 10% from nitrous oxide from 

manure (mostly from grain fed beef in feedlots) 

• Soil carbon flux potential NE 0.03 kg CO2-e, SW 0.26  

• Soil depletion potential  NE 83.7 kg, SW 10.6 kg 

• Economic allocation resulted in 7 %, 8 % and 15 % higher 

burdens being applied to main product (meat) for ghg, energy 

and water impact categories respectively when compared to 

system expansion for minor byproducts 
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% hides by mass) 

• LW to boned retail meat yield was 57.1 - 

60.7 % for SW and NE supply chains 

• Did not specify emissions from meat processing 

SG Wiedemann, 

EJ McGahan, CM 

Murphy, M-J Yan, 

B Henry, G. 

Thoma, S 

Ledgard. 

Meat & Livestock 

Australia Project 

B.CCH.2072 

(Beef), published 

in 

“Environmental 

impacts and 

resource use of 

Australian beef 

and lamb 

exported to the 

USA determined 

2014 Beef -  

2 regions in 

eastern 

Australia 

(southern and 

central QLD, 

25 % of 

Australian 

beef herd, and 

north and 

north western 

NSW, 10 % of 

Australian 

beef herd),  

exported to 

USA 

(Philadelphia 

and Los 

• Attributional LCA 

• 15 case study farms and feedlots across 

2 regions for the period  2007 - 2010,  

augmented with regional survey data for 

farms from the Australian Bureau of 

Agricultural and Resource Economics 

and Sciences (ABARES) (115 beef 

producers) for the period 2005 - 2010, 

regional average farms modelled from 

the ABARES data, and 2 QLD meat 

processing plants supplemented by 2011 

industry resource survey (GHD, 2011) , 

including wastewater methane 

emissions (inventory for t CW of: 318 

kWh, 1230 MJ natural gas, 693 MJ coal, 

83 MJ LPG, 40 MJ diesel and 7MJ petrol, 

8.7 kL water use) 

• System boundary from farm to 

• 7 Impact categories – resource use, consumptive and stress 

weighted water use, total and arable land occupation, human 

edible protein efficiency, greenhouse gas emissions, all 

reported per kg boneless beef.  

• Resource use – ranged from 24.2 MJ (QLD grass) to 44.3 MJ 

(NSW LF), approximately 8.6 MJ from meat processing (19 – 

35 %) 

• Consumptive water use – ranged from 410.2 L (NSW LF) to 

640.3 L (QLD grass), approximately 12.6 L from meat 

processing (2 - 3 %) 

• Stressed water use – ranged from 40 L H20-e (NSW grass) to 

234 L H20-e  (QLD grass) 

• Arable land occupation (cultivated) – ranged from 0 m2 (QLD 

grass) to 28.7 m2 (NSW LF), which equates to 0 % and 29 % of 

total land use 

• Total land occupation – ranged from 94.1 m2 (NSW MF) to 

684.2 m2 (QLD grass) 

• Human edible protein conversion efficiency (inverse of HEPR) 
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using life cycle 

assessment”, 

Journal of 

Cleaner 

Production 94 

(2015) 67-75. 

Angeles), NSW 

and QLD grass 

fed, NSW and 

QLD mid fed 

grain (MF = 

115 days), and 

NSW long fed 

grain (LF = 330 

days), 

predominantly 

Angus and 

Wagyu for 

USA 

restaurant 

trade 

wholesale distribution (cold-storage 

warehouse) in USA  

• Functional units – kg boneless, retail 

ready beef 

• CO2-e emissions from land use (LU) and 

direct land use change (dLUC) estimated 

from average data) for regional average 

farms, but excluded for case study 

farms. Three cases for land use/dLUC 

associated with feed grain production 

were included for feedlot. Two cases 

modelled for net emissions from 

vegetation clearing and regrowth  

• System expansion to handle minor 

byproducts (pet food, blood, meat and 

bone meal (soymeal and sorghum on 

protein and energy equivalent basis), 

tallow (canola oil), biophysical 

allocation for meat and hides based on 

protein content in products 

• Carcase yield of 53 % (55 % dressing  

– ranged from 0.4 - 0.5 (LF grain) and 0.6 - 0.9 (MF grain), to 

1.8 – 12.3 (NSW grass) and 11.0 – 107.8 (QLD grass) 

• Greenhouse gas emissions – ranged from 19.8 (QLD MF) to 

27.2 kg CO2-e (NSW grass), 93 % from farm, 4 % from meat 

processing, 3 % from transport to USA. Enteric methane 

contributed 54 – 84 % of total, carbon dioxide 9 - 13 % from 

fossil fuels and nitrous oxide from manure 6 – 13 %. Herd 

productivity factors (weaning % and average daily gain) were 

the major factors contributing to enteric methane and 

therefore greenhouse gas emissions.  

• Greenhouse gas emission from LU and dLUC – ranged from 

0.4 - 2.7 kg CO2-e (LF) to 4.1 - 10.6 kg CO2-e (grass), soil carbon 

sequestration ranged from 1 kg CO2-e for grass, to 0.6 kg CO2-e 

for MF and LF. 

• When using economic allocation at the meat processing 

stage, greenhouse gas emission were 7 – 9 % higher and 

consumptive water use 6 – 9 % higher 
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(LW to HSCW), chilling losses of 3 % 

(HSCW to CW)) and retail yield (CW to 

retail portions) of 70 %, edible fraction 

of retail portions 95 % 

SG Wiedemann, 

EJ McGahan, CM 

Murphy, M-J Yan, 

B Henry, G. 

Thoma, S 

Ledgard. 

Meat & Livestock 

Australia Project 

B.CCH.2072 

(Lamb), 

published in 

“Environmental 

impacts and 

resource use of 

Australian beef 

and lamb 

exported to the 

2015 Lamb -  

from 3 

production 

regions in 

south-eastern 

Australia, 

Victoria (VIC, 

21 % of sheep 

flock), south-

eastern South 

Australia (SA, 

16 % of sheep 

flock) and 

northern and 

southern New 

South Wales 

(NSW, 37 % of 

• Attributional LCA 

• 6 supply chains modelled - 10 case study 

farms (CSF) in each of the 3 regions over 

a 1-2+ year period, regional average 

farms (RAF) from industry survey of 

specialist lamb producers for each 

region from the Australian Bureau of 

Agricultural and Resource Economics 

and Sciences (ABARES) for the period 

2006-2010, one lamb feedlot in VIC, data 

for 3 meat processing plants from 2011 

industry resource survey using data from 

2008-09 (GHD, 2011) , including 

wastewater methane emissions 

(assumes inventory for t CW of: 1,185 

kWh, 2346 MJ natural gas, 533 MJ LPG, 

19 MJ diesel and 14MJ petrol, 6.0 kL 

• 5 Impact categories – fossil fuel energy demand, consumptive 

and stress weighted water use, land occupation (arable 

pasture, arable cropping, non-arable rangelands), human-

edible protein conversion efficiency (HEP-CE), greenhouse gas 

emissions, all reported per kg retail ready (bone-in) lamb  

• Energy demand – ranged from 19.1 MJ to 28.5 MJ, with 43 % 

from on farm, 35 % from meat processing (8.6 MJ), 26 % from 

transportation and small credit  (-1.2MJ) from system 

expansion for meat processing coproducts 

• Consumptive water use – ranged from 125.2 L to 481.1 L, 

mostly (0-315L) from irrigation and 113L from evaporative 

losses from drinking water supply.   

• Stressed water use – ranged from 12.1 L H20-e to 280.9 L H20-

e  

• Arable land occupation (cultivated) – averaged 2.1 m2 

• Total greenhouse gas emissions – ranged from 13.4 to 16.1 kg 

CO2-e, 90 % from farms, 72 – 79 % of which are from enteric 
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USA determined 

using life cycle 

assessment”, 

Journal of 

Cleaner 

Production 94 

(2015) 67-75.  

Australian 

flock), mostly 

pasture fed, 

15 % of NSW 

and SA grain 

finished for 46 

days (Meat & 

Livestock 

Australia, 

2017). Export 

by ship to USA 

ports of 

Philadelphia 

and Los 

Angeles. 

water use) 

• System boundary from farm to 

wholesale distribution (cold-storage 

warehouse) in USA  

• Functional units – kg retail ready (bone-

in) lamb at the cold-storage warehouse 

in the USA 

• CO2-e emissions from land use (LU) and 

direct land use change (dLUC) estimated 

for two cases, with and without soil 

carbon sequestration 

• Biophysical allocation between wool 

and meat based on biophysical (protein 

content), biophysical allocation for 

meat and skins based on mass of 

products system expansion to handle 

minor byproducts (pet food, blood, meat 

and bone meal (soymeal using economic 

allocation, assuming 10 % domestic 

production, 40 % import from USA and 

50% import from Argentina), tallow 

methane from sheep. Meat processing (5.5 - 6.6 % of total) 

and transport were second and third largest contributors.  

• Greenhouse emissions from land use and land use change 

was 0.4 if soil carbon sequestration was assumed to be zero, 

or -0.8 to -4 when soil carbon sequestration from fertilised 

pastures was included 

• Note –the 2008/2009 financial year data used in the GDH 

2011 report is much higher than the subsequent figures using 

data from the 2013/2014 financial year (Ridoutt, Sanguansri 

and Alexander, 2015), possibly due to the inclusion of the 

Fletchers Dubbo wool scour which closed in December 2010.  

• Sensitivity case using economic allocation for wool/meat and 

meat/skins increased ghg by 9 %, fossil energy by 10 % and 

consumptive water by 8 % 
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(palm oil from Malaysia).  

• Carcass yield 45 % (Dressing percentage 

of 47 % (LW to HSCW), chilling losses of 

4 % (HSCW to CW)), retail yield (bone-in 

retail cuts from cold carcase weight) of 

88 % after removal of fat trim 

S. G. 

Wiedemann, E. J. 

McGahan, C. M. 

Murphy, 

published as 

“Environmental 

impacts and 

resource use 

from Australian 

pork production 

assessed using 

life-cycle 

assessment. 1. 

Greenhouse gas 

emissions” in 

2016- 

2018 

Pork 

(6 case study 

supply chains 

and the 

national herd, 

4 major 

production 

regions 

(Queensland 

(QLD), New 

South Wales 

(NSW), 

Western 

Australia (WA) 

and Victoria 

• Attributional LCA 

• Included 14 case study farms in 4 

regions, representing 6 case study 

supply chains for minimum 12 month 

period in the years 2010-2011 and the 

national herd (based on national survey 

for 2010). Six supply chains are QLD 

small-medium conventional, QLD large 

conventional, NSW conventional housing 

for breeding pigs and deep litter housing 

for grower-finisher pigs, VIC large 

conventional , WA large conventional 

and WA outdoor housing for breeding 

pigs and deep litter for grower-finisher 

pigs. Whole herd Feed Conversion Ratio 

• Impact categories – greenhouse gas emissions (including land 

use and direct land use change), fossil fuel energy demand, 

consumptive and stress weighted water use, land occupation 

(arable pasture, arable cropping, non-arable rangelands), all 

reported per kg wholesale pork (chilled, bone-in)  

•  Greenhouse gas emissions – 6.36 kg CO2-e, 50 % from manure 

management, 27 % from fed production, 8 % from meat 

processing. LU and dLUC only had a minor (6 %) impact, 

mostly due to dLUC soymeal production in South America 

being higher than sequestration in Australian arable 

cropland. Capture of methane from manure management 

and use in cogeneration plant resulted in 31 - 64 % reduction 

in greenhouse emissions. Switching from conventional 

housing to deep litter resulting in ~30 % lower emissions. 

Higher emissions than European studies due to emissions 
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Animal 

Production 

Science, 2016, 

56, 1418-1431 

AND  

“Environmental 

impacts and 

resource use 

from Australian 

pork production 

determined using 

life cycle 

assessment. 2. 

Energy, water 

and land 

occupation” in 

Animal 

Production 

Science, 2018, 

58, 1153-1163. 

HEPR reported in 

(VIC)). 

 

(FCR) ranged from 2.4-3.2, national 

average 3.1.    

• data for 4 meat processing plants over a 

12 month period , including wastewater 

methane emissions (assumes inventory 

for t chilled pork of: 252 kWh, 5.9 m3  

natural gas, 15.5 L  LPG, 11.3 kg coal, 

0.49 L diesel and 0.25 L petrol, water use 

not stated separately 

• System boundary from farm to cold 

storage unit where pork is stored prior 

to wholesale distribution, includes 

livestock transport from farm to 

processing plant 

• 2 Functional units – 1 kg pork liveweight 

(LW) at the farm gate and 1 kg of 

wholesale pork (chilled, bone-in) ready 

for packaging and distribution 

• CO2-e emissions from direct land use 

change (dLUC) for conversion of forest 

to crop land and land use (LU) CO2-e  

from manure management. Feed Conversion Ratio accounted 

for 88% of the variation in ghg intensity between sites.   

• Fossil fuel energy demand – 27 MJ, with 47 % from feed 

production, 23 % from piggery energy use (mostly for 

cooling), 16 % from fed milling and 14 % from meat 

processing. Manure use for biogas production could reduce 

energy demand by 25 %.   

• Consumptive water use – ranged from 184 L, mostly (74 %) 

from irrigation for feed production, followed by farm (animal) 

consumption (29 %) and 6 % at meat processing stage.  

Potential to improve water use efficiency by using piggery 

effluent for crop production, to reduce fresh water and 

synthetic fertiliser use 

• Stressed water use – 172 L H20-e, regional water stress has 

greater impact on results than the actual volume consumed   

• Arable land occupation – averaged 25.9 m2, mostly due to 

feed production, higher than European values due to lower 

grain yields 

• Sensitivity - feed use was the source of the greatest impacts 

in most impact categories, diets with lower amounts of 

soymeal had lower impacts, other Australian grown grains 
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Wiedemann 2018 

PhD thesis 

(Wiedemann, 

2018).  

sequestration due to improved cropping 

were estimated from national inventory 

data for the period 1990 - 2010, net 

result was annualised sequestration of 2 

kg CO2-e  /ha   

• Allocation used with manure, assume 

30% of nutrient content is used as cereal 

crop fertiliser (reducing industrial 

fertiliser use), economic allocation 

between meat and pet food, renderable 

products considered a residue and no  

impacts allocated to these products ie 

no allocation to tallow and meal.  

• Dressing percentage of 76 % (LW to 

HSCW), chilling loss 4 % (HSCW to CW), 

retail yield 77 % (CW to retail portions), 

edible yield/fraction of retail portions 85 

%   

(wheat, barley, sorghum) were relatively similar. Stressed 

water use is very dependant on irrigation for grain 

production, and arable land use was very dependent on grain 

yield, which can vary significantly between years (eg wheat 

yields were 2.0 and 0.9 t/ha for 2006 and 2007 respectively).  

Inter annual rainfall variation, and the impact on land and 

water use, mans that benchmarking needs to be updated 

frequent and/or longer averaging periods used to produce 

more stable results.   
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Supplementary Material 2 - Detailed Life Cycle Inventory & System Expansion 

per t HSCW (site data unless otherwise specified) 

Table S.2: Detailed life cycle inventory of meat processing plant 

Flow Unit Amount Comment 

1. Livestock, consumables & waste 
1.1 Inputs 
   Cleaning chemicals1 kg 1.3  
   Wastewater chemicals kg 0.2  
   Live weight of livestock t 2  
   Oils & lubes1 kg 0.18  
   Transport – local tkm 4.75 Includes chemicals to site, waste to landfill 
   Transport – national tkm 1000.76 Includes livestock to site, chemicals etc 
1.2 Outputs 
   Solid waste to landfill t 0.03 Excludes packaging 
   N in manure kg 0.0073  
   P in manure kg 0.0041  
   Paunch t 0.081 Used as soil conditioner 
2. Energy systems 
2.1 Inputs 
   Boiler ash t -0.007 Included as a credit, natural aggregate 
   Coal t 0.10  
   Electricity kWh 104.94  
   Diesel – backup boiler MJ 276.19  
   LPG  MJ 4.63 Used in water heater, laundry, kitchen etc 
   Boiler – scale inhibitor kg 0.00031 Sodium carbonate 
   Boiler - softener kg 0.21 Sodium chloride 
   Boiler – scale inhibitor kg 0.00008 Sodium hydroxide 
   Boiler - tannin kg 0.002  
   Transport - local tkm 5.25  
   Transport - national tkm 61.31  
   Diesel – current usage tkm 63.60  
   Petrol – current usage km 11.84  
2.2 Outputs 
   Methane from onsite ponds t 0.01685 Based on estimate from NGER 
   Tallow t 0.12 Included here to enable use in parameterised 

model 
3. Packaging1, 2    
3.1 Inputs 
   Cardboard kg 31  
   Vacuum bags kg 2.56 Assumed to be 50% polyamide, 50% 

polyethylene, 9% wastage 
   Polyethylene plastic kg 2.09 5% wastage 
   Polypropylene plastic kg 0.09 Assumed 5% wastage, plastic trays etc 
   Strapping (polypropylene) kg 0.84 2% wastage 
   Paper kg 0.92 Assumed 5% wastage, used for labels 
   Other plastics – PVC wrap kg 0.06 13% wastage 
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   Stockinette - cotton kg 0.36 Assume 5% wastage 
   Hessian kg 0.4 Assumed 5% wastage, modelled as jute 
   Transport - national   Materials into local depot 
   Transport - local   Materials in + waste to landfill 
3.2 Outputs – waste to landfill 
  Cardboard kg 0.62  
   Plastic mix kg 0.34  
   Plastic - polypropylene kg 0.02  
4. Pest control    
4.1 Inputs    
   Fipronil kg 0.0000012 All modelled as output flows to agricultural 

soils    Bifenthrin kg 0.0005 
   Permethrin kg 0.00000245 
   Transport - national tkm 0.001  
   Transport - local tkm 0.003  
5. Refrigerants    
5.1 Inputs    
   R134a equivalent kg 0.0043  
   Transport - national tkm 0.9  
   Transport - local tkm 0.3  
5.2 Outputs    
   R12 (CFC-12) kg 0.0002 Refrigerant change estimated as 1.5 kg/kW 

load from wattage on installed equipment 
list, 10% annual loss rate assumed3, modelled 
as elementary flow to air/ low population 
density 

   R22 (HCFC-22) kg 0.001 
   R134a (HFC-134a) kg 0.0003 
   R125 (HFC-125) kg 0.00008 
   R143 (HFC-143) kg 0.00009 
6. Skins treating    
6.1 Inputs 
   5-Chloro-2-methyl-4-
isothiazolin-3-one +  2-Methyl-
4-isothiazolin-3-one 

kg 0.022 benzo[thia]diazole-compound ecoinvent flow 
used 

   Boric acid kg 0.34  
   Sodium chloride kg 29.63  
   Sodium fluoride kg 0.34  
   Untreated hides t 0.18  
   Transport – roads – national tkm 139.65  
   Transport - ship tkm 1,420  
6.2 Outputs 
   Etridiazole  kg 0.011 Ecoinvent flow used, 50 % to ag soil, rest with 

effluent 
   Treated hides t 0.14  
   Hide water t 0.04  
7. Water use and wastewater treatment 
7.1 Inputs    
   Fresh water consumption m3 3.7  
7.2 Outputs    
   Treated effluent m3 3.0  
   Wastewater calcium  kg 0.1  
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   Wastewater magnesium  kg 0.05  
   Wastewater nitrogen kg 1.0  
   Wastewater phosphorus kg 0.2  
   Wastewater potassium kg 0.3  
   Wastewater sodium chloride kg 1.3  
   Water evaporation t 0.23 From tallow, meal, chillers losses 
8. Whole plant    
8.1 Inputs    
Transport - national tkm 140  
Transport - sea tkm 1,438  
8.2 Outputs     
   Edible offal t 0.12  
   Meat t 1  
   Meal t 0.11  
Notes: 1) (Pagan, Renouf and Prasad, 2002), 2) (Coopers and Lybrand Consultants, 1996), 3) 

(Emerson Climate Technologies, 2010b) 

Table S.3: Details of scenarios used in supply chain integration between meat processing and farm 

Scenario Details 

Efficiency 

(EFF) 

• 15 kW solar PV – average daily production assumed to be the same for 

Coffs Harbour (3.95 kWh/kW.day) (Clean Energy Council, 2017) 

• Wind – 25 kW   

Tallow (TAL) • Life Cycle Inventory data taken from (Dufour and Iribarren, 2012), 

values for rendered beef tallow, included in all subsequent scenarios 

• Ecoinvent process modified using emissions data from Australian NGER 

regulations for   

o Biodiesel use in site transport fleet  

o Tallow combustion to produce electricity 

o Tallow combustion to produce thermal energy 

• No tallow remaining to be sold, some coal still required for thermal 

energy requirements 

• Glycerine from biodiesel production assumed to be sold offsite 
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Scenario Details 

Biogas (BGS) • Life Cycle Inventory data taken from (Poeschl, Ward and Owende, 

2012), values for upgrading biogas to biomethane for substituting 

natural gas (0.38 kWhel/m3 biogas, 0.1 kWhth/m3 biogas). 

• Glycerine assumed to be discharged to the anaerobic pond to increase 

biogas production, rather than being sold offsite, for this and 

subsequent process. NGER values used to estimate biogas production, 

0.8 fraction degraded anaerobically, density 1.25 kg/L, average COD 

1,262,500 mg/L.  

• Ecoinvent process modified using emissions data from Australian NGER 

regulations for biogas combustion in gas engine    

Biomass (BM) • Life Cycle Inventory data taken from (Yanagida et al., 2011), diesel fuel 

use for transport converted into tkm at given fuel efficiency, included in 

existing flows. Fertiliser use modelled as credit from all nutrients 

available from treated effluent from site.  

• Ecoinvent process used for biomass used for thermal energy 

production, with land use removed from final number for agricultural 

land use  

Biomass land 

area 

calculations 

• Values used – biomass production = 30 m3/ha/year x 265 kg/m3 density 

x 10.4 GJ/t = 83 GJ biomass/ha/year 

• Plant thermal energy consumption = 2,739 MJ/ t HSCW  0.033 

ha/year 

• Plant total energy consumption = 3,326 MJ/ t HSCW at 20 % efficiency 

of conversion = 16,630 MJ/ t HSCW  0.2 ha/year 

• Land area for livestock production derived from (Wiedemann et al., 

2015) 

ha/t HSCW Beef grass Beef MF Beef LF Lamb 
non arable 29.3 21.8 11.6 21.4 

arable pasture 1.5 1.1 0.6 1.1 
arable crop 0.2 1.2 2.1 0.2 

total 31 24.1 14.3 22.7 
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Abstract 

Regenerative agriculture is being used by a small numbers of innovative farmers in Australia 

and elsewhere, and uses a range of holistic methods that works with the land and climate, 

such as short duration time controlled grazing with long rest periods for the paddock and 

higher proportions of above ground biomass, to improve soil health and farm profitability.  

This paper uses a delta life cycle assessment focusing only on the differences between 

regenerative and conventional production systems to assess the potential impact of 

regenerative agriculture on a full range of midpoint impact categories and end point areas 

https://


Paper IV - Delta LCA of regenerative agriculture in a sheep farming system 

Page 216 

of protection for an extensive sheep system in Australia. It assesses the potential 

improvement to the water, carbon and biodiversity footprints of sheep production, and 

finds that regenerative agriculture has the potential to improve environmental performance 

compared to current industrial agricultural practices. In particular, there seems to be 

considerable potential to offset a significant proportion of the on-farm climate change 

impacts through a combination of biosequestration in soils and above ground biomass and 

using harvested biomass to offset fossil fuel use. The assessment highlights the need for 

additional data to confirm the findings and the potential contribution that regenerative 

agriculture can make to sustainability of ruminant livestock production.  

Keywords: comparative Life cycle assessment, regenerative agriculture, greenhouse gas 

emissions, carbon sequestration, carbon neutral sheep production 

1. Introduction 

Regenerative agriculture is a relatively new term, and there are a number of similar terms, 

such as carbon farming, agroecology, conservation agriculture, holistic farm management, 

holistic planning grazing, adaptive multi-paddock grazing and integrated ecological farming 

(California State University, n.d.; Claughton and Ralph, 2019; Cross, 2013; Duncan and 

Falloon, 2016; Elevitch et al., 2018; Hawkin, 2019; Hodbod et al., 2016; LaCanne and 

Lundgren, 2018; Rhodes, 2017, 2013; Rodale Institute, 2014; Shelef et al., 2017; Strong, 

2008; Teague and Barnes, 2017; Teague, 2018; Thorbecke and Dettling, 2019). In this paper, 

regenerative agriculture is defined using a practice-based approach, as extensive agriculture 

that: uses no-till farming; reduces or eliminates pesticide and herbicide use (e.g. spot 

spraying rather than broadacre spraying); reduces or eliminates fertiliser use; uses high 
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intensity, short duration time-controlled grazing with frequent rotation of livestock between 

small paddocks with perennial native grasses (i.e. cell grazing) and long rest periods; 

increases and subsequently maintains the proportion of land with native vegetation; and 

reduces or eliminates the use of supplementary feeding by destocking during period of low 

vegetative primary productivity, rather than operating at a fixed stocking rate. The net 

impact of these practices is expected to be: an improvement in soil fertility, including 

increases in soil carbon, soil nitrogen and phosphorus levels; an improvement in the 

resilience of the system to cope with climate change (including increased water infiltration, 

soil stability and nutrient cycling); improvements in animal welfare; increases in the levels of 

biodiversity; and an improvement in the profitability of the enterprise (Ampt and Doornbos, 

2011; Ampt, 2013; Ash et al., 2015; Lavorel et al., 2015; Provenza et al., 2007; Stanley et al., 

2018; Villalba and Landau, 2012; Walsh, 2015; Wright et al., 2005). As a consequence of the 

reduction or cessation of supplementary feeding, regenerative agriculture would generally 

have a human edible protein required (HEPR, the ratio of the amount of human edible 

protein consumed in feed by livestock to produce one kilogram of animal protein), of less 

than one (Wiedemann et al., 2015; Wiedemann, 2018), which limits the system to extensive 

production systems. A recent report (Ogilvy et al., 2018) which reviewed the profitability 

and biodiversity of farms using practices consistent with most aspects of this definition of 

regenerative agriculture, which were part of a 15 year project funded as part of the 

Australian Government’s National Environmental Science Program, found that regenerative 

farmers were “often more profitable than comparable contributors”, particularly in dry 

years. Similarly, anecdotal evidence of improvements to profitability, animal welfare and 

biodiversity over extended time periods exist (Claughton and Ralph, 2019; Robinson, 2019).  
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Life cycle assessment (LCA) has been widely used in the assessment of livestock products 

such as meat, wool and dairy products, with much of the focus on the on-farm life cycle 

stage, as this is the most intensive stage in terms of emissions (Steinfeld et al., 2006). The 

mid-point impact categories (MIC) assessed in LCA studies reflect the issues of relevance to 

the production system under assessment, so studies to date in Australia have focused on 

fossil fuel use, carbon, water and land-use footprints (Wiedemann, 2018), with a range of 

other MIC assessed in other geographical locations, such as eutrophication, acidification and 

ozone formation (Notarnicola et al., 2012). Earlier Australian carbon footprints tended not 

to include soil carbon or the impacts of land use change (Wiedemann, 2018).  Australian 

Farm dams have relatively high water losses, ranging from evaporative losses of 40% 

(Ridoutt et al., 2012) to water supply losses that are higher than livestock drinking water 

consumption (Wiedemann et al., 2015; Wiedemann et al., 2016)10. Regenerative farming 

increases water infiltration into the soil (Ampt and Doornbos, 2011), resulting in less run off 

into farm dams and necessitating the installation of bores for livestock watering (Robinson, 

2019). A recent research project (Colling and Turner, 2016; Hough, 2015) identified that, 

with redesign to optimise the surface area to volume ratio to reduce losses and incorporate 

environmental elements, dams could improve their performance in providing stock water 

while also improving their provision of ecosystem services. Similarly, a recent successful 

project (Griffiths, 2018) using floating solar panels on a wastewater treatment pond is 

currently being assessed for use on farm dams, for both reducing water losses and providing 

sustainable electricity supply. Land use footprints in Australian systems varied depending on 

                                                           
10 such as  43.3- 84.7 L for livestock consumption compared to 156.9 – 335 L for drinking 
water supply losses per kg greasy wool 
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whether the system under study differentiated between land types, namely arable 

cropping, arable grazing or non-arable (Ridoutt et al., 2014; Wiedemann, 2018).  

There have been numerous carbon footprints for livestock systems, which highlight the 

higher emissions of ruminant based systems compared to monogastrics (Steinfeld et al., 

2006). Options to reduce emissions from ruminant systems include reducing the emissions 

per unit of meat produced (increased productivity through a combination of genetics, 

animal health, reproductive performance and optimising liveweight gains, using feed 

additives to inhibit methanogenesis in grain fed ruminants) and offset the remaining 

emissions for ruminant supply chains (Herrero et al., 2016). Intensification, particularly 

increasing the use of grain finishing in feedlots for beef and lamb production, is often touted 

as an effective means of reducing the carbon footprint (Peters et al., 2010; Wiedemann et 

al., 2015), but it increases the use of arable land for grain production, and increases the 

HEPR to above 1 (Gill et al., 2010; Wilkinson, 2011; Wiedemann, 2018), effectively shifting 

the impacts from one MIC to another and increasing the pressure on existing arable land, 

increasing the risk of further land clearing to create more arable land, which in turn leads to 

more greenhouse emissions (Henry et al., 2018). There has been significant interest in the 

recent past in carbon farming, which uses an increase in soil carbon to offset emissions 

from the supply chain (Garnett et al., 2017; Hawken, 2016; Henry et al., 2018; Herrero et al., 

2016; Sanderman et al., 2010; Toensmeier, 2016). Several large agribusiness firms have 

recently made public commitments to substantially reduce their carbon footprint or become 

climate neutral by 2050 (Arla, 2019; Danish Crown, 2019; General Mills, 2019), and 

regenerative farming and the resulting increase in soil carbon form part of the strategies. 

Carbon sequestration in grasslands soils seems promising, as a recent study of regenerative 



Paper IV - Delta LCA of regenerative agriculture in a sheep farming system 

Page 220 

farming (Ampt and Doornbos, 2011; Filippi, 2013) found that the regenerated perennial 

native grasslands had a significantly higher levels of soil organic matter from litter, a larger 

active root systems and consequently a larger microbial biomass than the introduced annual 

grass equivalent, in part because the latter system has been designed to maximise the 

amount of above ground biomass available for animal consumption relative to the total 

amount of biomass. The perennial native grassland was found to be at least as productive as 

the more conventional, heavily fertilised system, and had higher levels of plant litter, which 

translated into higher levels of soil organic matter, which in turn assisted with conserving 

moisture and reducing soil erosion (Ampt and Doornbos, 2011; Ogilvy et al., 2018). 

However, conditions in Australia are generally not favourable to soil carbon sequestration 

(Henry et al., 2015) and there can be significant inter-annual variability in soil carbon levels 

(Haverd et al., 2016). Despite the remaining uncertainty regarding soil carbon sequestration, 

in March 2019, the first Australian carbon credit units (ACCU) were issued for a soil carbon 

project as part of the Emissions Reduction Fund, which is linked to Australia’s nationally 

determined contribution target under The Paris Agreement (Corporate Carbon, 2019; 

Renew Economy, 2019; UNFCCC, 2018). Carbon sequestration in above ground biomass is 

another option, but unless the above ground biomass is harvested, the sequestration peaks 

and then declines as trees reach maturity (Henry et al., 2015).  

Animal welfare may also improve in extensive regenerative agricultural systems and has not 

traditionally been assessed as part of LCA or life cycle sustainability assessments (LCSA,  

which include environmental, social and economic issues) (Scherer et al., 2018). Animal 

welfare definitions vary (Carenzi and Verga, 2010), but generally involve two elements, a 

healthy animal that has what it wants (Dawkins, 2017). There is an emphasis on the factors 
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that contribute to good health, such as food, water and shelter, balanced with the wants of 

the animal, such as the ability to move, physical (thermal) comfort, positive emotional state, 

interactions with others (Dawkins, 2008) or enrichment (SEGES Danish Pig Research Centre, 

2017). There is some evidence that improved animal welfare can also increase productivity, 

for example through reducing animal mortality, and improving general health and the 

resistance to disease (Dawkins, 2017). There is also a link between thermal comfort and 

productivity. Significant heat is produced during digestion in ruminants due to exothermic 

methanogenic reactions in the rumen, in addition to thermal energy absorbed from the 

ambient environment. The two main means by which cattle regulate their body 

temperature to within the thermal neutral comfort zone is by evaporative cooling (mostly 

sweating) and increasing their respiratory rate (or panting) (Blackshaw and Blackshaw, 1994; 

Kadzere and Murphy, 2002). By considering the link between energy intake and energy use, 

an overview of how heat stress impacts productivity can be obtained, as outlined in Figure 

1. In addition to impacts from heat stress, when animals are stressed, their core body 

temperature increases, and this is now being used to monitor animal welfare using thermal 

mapping with cameras (Meat & Livestock Australia and Ernst & Young, 2018), which 

translates into an energy use which does not contribute to weight gain. Once an animal has 

reached a certain stage and is no longer growing muscle, any excess energy is stored in fat, 

particularly intramuscular fat, which is what occurs during the finishing stage in feedlots 

(Blackshaw and Blackshaw, 1994; Meat & Livestock Australia, 2012; Tomkins et al., 2009; 

URS Australia Pty Ltd, 2006; Wiedemann et al., 2015). Additional information is provided in 

Supplementary Material 2.  

Figure 1: Energy cascade for ruminants (adapted from (Thoma et al., 2013))  
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2. Method 

2.1 Delta LCA 

This delta LCA is based on an existing LCA of sheep wool production in three regions in 

Australia, which used a functional unit of one kilogram of wool (Stephen G. Wiedemann et 

al., 2016). This delta LCA only models the differences between the conventional system as 

presented in the existing LCA and the regenerative agriculture systems under study, not the 

whole system. The results from this delta LCA can then be added to the existing LCA study 

results, to derive a net result. The system boundaries applied in this study are consistent 

with the existing LCA, so covered on-farm activities up to the farm gate, as indicated in 

Figure 2. Inventory data from the New South Wales high rainfall zone case study sheep farm 

(NSW HRZ CSF) was used, as this is a similar location to the farm used in this study, however 

it was modelled using a functional unit of 1 metric ton of live weight (t LW) instead of 1 kg 

greasy wool, using 100 % allocation to meat to cover all the emissions. Midpoint impact 

categories in the existing LCA included greenhouse gas emissions, fossil fuel energy demand, 

fresh water consumption and stress-weighted water use. Stress-weighted water use 
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reported in the existing LCA used water stress index (WSI) factors to reflect different levels 

of water stress in different geographic regions and reported the results in water equivalents 

(H2O-e) (Pfister, Koehler, & Hellweg, 2009). Assumptions based from a recent article 

(Robinson, 2019) included: electricity consumption 25 % higher, due to the extra pumping 

required for supplying troughs for livestock drinking, as less water is captured in dams due 

to the increased infiltration; electricity was produced by solar photovoltaics, some of which 

could be floating on dams to reduce evaporative losses; petrol use increased by 20 %; 

superphosphate use and supplementary feeding with protein grains ceased, but the use of 

lime was the same; vet product use reduced by 25 % due to the cessation of wether 

drenching and this was modelled as a reduction in moxidectin, a milbemycin acaricide 

insecticide (Wormboss, 2016); herbicide use reduced by 90 %, due to change from 

broadacre spraying to spot spraying (Scott & Cook, 2016). Complete details are included in 

Supplementary Material 1.1-1.3.   

 

Figure 2: System boundary for delta LCA of regenerative farm (compared to conventional farm) 

The delta LCA was modelled using openLCA v1.7.4 software and the Ecoinvent 3.2 database. 

The method and characterisation factors in the Best Practice Guide for Life Cycle Impact 

Assessment in Australia (Renouf et al., 2016) were used for the climate change, mineral 

resource depletion, fossil fuel resource depletion, consumptive water use, eutrophication, 

Conventional Farm Regenerative Farm
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acidification, photochemical ozone formation, particulate matter formation, ozone 

depletion and ionizing radiation MICs. The default methods in openLCA were used for the 

human and ecotoxicity (USEtox) and agricultural land use (ReCiPe H) MICs, and the ReCiPe H 

method was used for the endpoint areas of protection for human health, ecosystems and 

resources.     

2.2 Carbon balance 

For the carbon balance, the area of the three categories of land (arable crop, arable pasture 

and non-arable) from an existing LCA (Stephen G. Wiedemann et al., 2016) were used but 

converted to the functional unit of 1 metric ton of LW (t LW) with 100 % of impacts 

allocated to meat production. Varying percentages of non-arable land, up to 20 % in total, 

were then assumed to be allocated to biomass plantings for biodiversity, bioenergy 

production or a combination of both. It was assumed that improvements in animal welfare 

and productivity from using regenerative agricultural practices would offset the percentage 

of land used for sequestration, as animals would: use less energy to walk to water or feed 

due to the use of smaller paddocks with watering point; be able to actively seek shade and 

more shade would be available due to the higher proportion of vegetation. The net impact 

was assumed to be that the land area required per functional unit was the same, even 

though up to 20 % of the land was now being used for biomass.  

Existing estimates of the carbon offsets available from above ground biomass were used ( 

Henry et al., 2015). The energy available from the biomass plantings was used to replace 

solid fossil fuels, whose details were taken from the relevant Australian greenhouse 

reporting guidelines. The worst case substitution used non-biomass municipal materials 

(10.5 GJ/t, 88.9 kg CO2-eq/GJ) and the best case substitution used coal coke (27 GJ/t, 107.24 
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kg CO2-eq/GJ) (Department of the Environment and Energy, 2016). Three different soil 

carbon sequestration cases were modelled. The base case value of greenhouse gas 

sequestration in soil carbon was taken from the same study for the same system (NSW HRZ 

CSF) (Henry et al., 2015; Wiedemann et al., 2016), which equated to -0.4 t CO2-eq/t LW. For 

the second case, a soil organic carbon level 35% higher (Ampt and Doornbos, 2011) than the 

base case was used. For the best case scenario, a multiplier from a study in a Midwestern 

USA beef system (Stanley et al., 2018) was used, which found that the rate of soil carbon 

sequestration was approximately 10 times higher in regenerative agriculture grazing 

systems (Stanley et al., 2018) compared to industrial agriculture.  The sum of all three 

sources of carbon sequestration (above ground biomass, fossil fuel replacement and soil 

carbon) for the different cases (soil carbon levels, percentage allocated to biodiversity, 

bioenergy or a combination of both, and fossil fuel substitution) were then calculated, and 

the totals were compared to the total on-farm emissions from sheep production. The 

contribution of the total offset from soil carbon and fuel substitution was calculated.  

2.3 Water Use 

As the amount of water infiltration into soil increases in regenerative agriculture, the 

amount of runoff into farm dams decreases, meaning that water needs to be sourced from 

alternative sources for stock trough watering, such as bores. Although the surface area-to-

volume ratio of water troughs is worse than farm dams, it was assumed that the water 

troughs in paddocks were only filled when there were stock in the paddock, so that the total 

volume of water in the trough was less than the total volume of water exposed to 

evaporative forces in the conventional supply from dams. Additionally, the installation of 

floating solar panels on farm dams were expected to reduce evaporation from the dam 
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surface. Two cases were modelled, with a 25% and 50% reduction in drinking water supply 

losses and the total fresh water consumption and the stress-weighted water use for 

regenerative agriculture were then calculated. Both systems are rain-fed rather than 

irrigated.  

3. Results & Discussion 

3.1 LCA results 

Table 1 details the results from the delta LCA for regenerative agriculture, which indicate that 

the change in production had positive impact on all impact categories reported in the initial 

study, ranging from small (4 %) in climate change, moderate (22 %) in agricultural land 

occupation but a very significant in fossil fuel depletion (108 %). The small change in the 

climate change value is expected, as most of the emissions come from enteric methane 

production in the sheep, which remains unchanged in this case. The reduction in phosphate 

fertiliser use provided an overall saving of 97 % of all MIC, with percentages above 100 % for 

photochemical ozone formation, ionizing radiation and particulate matter formation. The 

ratio of the savings in emissions from the reduced grid electricity consumption compared to 

the solar photovoltaic produced electricity that replaced it averaged 6 over all MIC, except 

for mineral resource depletion, ozone layer depletion and ionizing radiation, where 

electricity from solar photovoltaics was 7, 1.4 and 2.3 times higher respectively. The 

reduction in on-farm emissions from pesticides only contributed <1 % to the toxicity MICs 

(human health and freshwater ecotoxicity).
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Table 1: Delta Life Cycle Assessment results for regenerative agriculture per t sheep live weight at farm gate showing the contribution of each source and final value for 
the 3 MICs included in the initial LCA. 

Impact category Unit Total 

Percentage contributed by each source to regen ag  
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Climate change kg CO2-eq -501 -92 -11 -0.4 -0.2 0.2 0.8 2.4  12,300 11,799 4 % 
Mineral resource depletion kg Sb-eq -0.0002 -95 -0.1 -4.6 -0.1 0.01 0.7 1.4     
Fossil fuel depletion MJ -5,902 -87 -14 -0.4 -0.2 0.1 0.4 0.8  5,463 -439 108 % 
Eutrophication potential kg PO4

3-
eq -2.43 -98 -1.9 -0.1 -0.1 0.03 0.2 0.2     

Acidification potential kg SO2-eq -6.07 -97 -3.5 -0.3 -0.1 0.1 0.4 0.6     
Freshwater ecotoxicity CTUe -5,757 -92 -9.4 -0.3 -0.1 0.05 1.3 0.7 -0.8    
Human health  CTUh -0.00034 -94 -8.6 -0.2 -0.1 0.05 1.2 0.6 -0.01    
Photochemical ozone formation kg C2H4-eq -0.21 -120 -3.8 -0.6 -0.2 0.1 0.7 23.4     
Particulate matter formation kg PM2.5-eq -1.16 -100 -1.3 -0.2 -0.1 0.1 0.6 0.5     
Ozone layer depletion kg CFC-11-eq -0.000061 -98 -1.0 -5.7 -0.3 0.3 1.4 3.1     
Ionizing radiation kBq U235-eq -62.28 -101 -0.3 -0.3 -0.2 0.1 0.7 1.1     
Agricultural land occupation m2*year -31.07 -98 -2.7 -0.4 -0.2 0.1 1.1 0.3  141 110 22 % 

Average percentage contribution, MIC -97 -5.2 -1.0 -0.2 0.1 0.8 2.8 -0.4    
End point - resources $ -33.91 -95 -7.0 -0.4 -0.1 0.2 0.8 2.0     
End point – human health DALY -0.0017 -94 -8.3 -0.3 -0.1 0.1 0.8 1.3 -0.1    
End point - ecosystems species.yr -0.000011 -95 -4.5 -0.2 -0.1 0.1 0.4 1.0 -1.7    
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3.2 Water use results 

As indicated in Table 2, given that drinking water supply losses account for nearly 80 % of 

total fresh water consumption in the original LCA study, when the supply losses were 

reduced by 25 %, there was a corresponding 19 % improvement to the total freshwater 

consumption and stress-weighted water use. Similarly, when the supply losses were 

reduced by 50 %, both water use indicators improved by 39 %. This indicates that the most 

significant area to target for reducing the water footprint of sheep meat production is the 

supply system efficiency, which could be achieved in rotational grazing by ensuring that 

water is only available in paddocks while livestock are present. The reduced runoff that 

results from improved ground cover in regenerative agriculture means that water is 

“stored” in the soil and groundwater, rather than being stored in above ground dams, 

where evaporative losses are significantly higher.  

Table 2: Original LCA water values compared to Regenerative Agriculture water values for cases of 25 % and 
50 % lower supply losses   

Parameter Unit Original 
LCA 

25 % lower 
supply losses 

50 % lower 
supply losses 

Supply losses kL/ t LW 90.9 68.2  45.4 
Freshwater consumption kL/ t LW 117.4 94.7 72.0 
Stress-weighted  water 
use 

kL/ t LW 3.0 2.5 1.9 

 

3.3 Carbon balance results  

As indicated in Table 3, for the case with the lowest soil carbon levels (base case soil 

carbon), if the biomass grown is all used for bioenergy to replace fossil fuels, then 

approximately 15 % of the non-arable land needs to be used for biomass production to 

offset all the on-farm emissions of 12.3  t CO2-eq/t LW. As expected, the total amount of 
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offset is about 10 % higher in the best case substitution, where the biomass is replacing coal 

coke, compared to the worst case, where the biomass is replacing an equivalent amount of 

energy from non-biomass municipal materials. Most of the offset comes from the 

bioenergy, with only a very small portion, 3 – 7 %, from the soil carbon sequestration. The 

case using all the biomass for fossil fuel substitution unsurprisingly leads to a lower land 

area required for sequestration of on-farm emissions (15 %), compared to 8 % for 

biodiversity and 12 % for bioenergy.  

For the case where the soil carbon levels are 35 % higher than the base case, there are only 

slight reduction in the amount of land required to completely offset the on-farm emissions, 

because most of the offsets are coming from the bioenergy, not the soil carbon 

sequestration.  

For the case with soil carbon levels ten times higher than the base case, the amount of land 

required for plantings decreases, to 9.3 % for bioenergy production or 17.5 % for 

biodiversity (with no bioenergy production).  More of the on-farm emissions can be 

sequestered in the soil carbon, ranging between 31 – 35 %. Once again, the best case fuel 

substitution has higher levels of greenhouse reduction (94 – 104 % offset) compared to the 

worst case (91 – 100 % offset), but the proportional contribution of the fuel substitution to 

reducing on-farm emissions has decreased.   

The amount of soil carbon sequestration therefore has a large effect on the overall results, 

and significantly reduces the overall amount of land required to offset all on-farm emissions. 
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Table 3: Regenerative Agriculture carbon balance for three soil carbon cases and two fossil fuel substation cases , allocating up to 20 % of non-arable 

land to biodiversity and bioenergy plantings, compared to on-farm emissions of 12.3  t CO2-eq/t LW. Percentages indicate how much of on-farm emissions 

can be offset and relative contribution from bioenergy substitution of fossil fuel and soil carbon for each scenario.  

Scenario Unit Base case soil carbon 
(0.4 t CO2-eq/t LW) 

35 % higher soil carbon 
(0.5 t CO2-eq/t LW) 

10x higher soil carbon 
(4 t CO2-eq/t LW) 

Percentages of non-arable land 
allocation to biodiversity (B) 

and bioenergy (E) 

5 % B +  
5 % E 

0 % B +  
15 % E 

8 % B  +  
12 % E 

5 % B +  
5 % E 

0 % B +  
14.8 % E 

8.3 % B  +  
11.7 % E 

5 % B +  
5 % E 

0 % B +  
9.3 % E 

17.5 % B  
+  0 % E 

Worst case (substituting non-biomass municipal materials (10.5 GJ/t, 88.9 kg CO2-eq/GJ)  
Carbon offset t CO2-eq/t LW 5.6 11.7 11.7 5.7 11.7 11.7 11.2 12 12.3 

Offset % of total 45 % 95 % 95 % 46 % 95 % 95 % 91 % 97 % 100 % 

Bioenergy % of offset 45 % 64 % 51 % 44 % 63 % 50 % 22 % 39 % 0 % 

Soil carbon % of offset 7 % 3 % 3 % 9 % 5 % 5 % 35 % 33 % 32 % 

Best case (substituting coal coke (27 GJ/t, 107.24 kg CO2-eq/GJ) 
Carbon offset t CO2-eq/t LW 6.1 13.2 12.9 6.2 13.2 12.9 11.6 12.6 12.3 

Offset % of total 49 % 107 % 105 % 50 % 107 % 104 % 94 % 103 % 100 % 

Bioenergy % of offset 47 % 65 % 53 % 46 % 64 % 52 % 25 % 42 % 0 % 

Soil carbon % of offset 6 % 3 % 3 % 9 % 4 % 4 % 34 % 31 % 32 % 
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It should be noted that the results in Table 3 are indicative only, as they do not include 

emissions relating to the planting, harvesting, transport and use of the bioenergy produced. 

Rather, they are an indicator of how close to the target of offsetting the on-farm emissions 

biosequestration and subsequent fossil fuel substitution can come.  

4. Conclusions & Recommendations 

This delta LCA was done to identify the potential benefits of regenerative agriculture over its 

industrial alternative. The analysis indicated that the most significant saving in every 

category of impact comes from reducing super phosphate fertiliser use. The total impact to 

climate change was small, but the potential benefit to fossil fuel depletion was quite 

significant. The reduction in pesticide use had a minimal impact on all midpoint impact 

category indicators and the ecosystem area of protection. Regenerative agriculture could 

assist with reducing the water footprint of extensive agriculture, principally by reducing 

supply losses. The carbon balance provided the most interesting results, indicating that if 

land is used to produce bioenergy, and the bioenergy is used to offset fossil fuels, then there 

appears to be potential to offset all on-farm emissions. In future, remote sensing of 

vegetation fractionation may be incorporated into the method, to confirm the biodiversity 

land use gains made by regenerative agriculture (Ogilvy et al., 2018).   

However, there were a number of assumptions used in this assessment that need to be 

confirmed, such as: the savings in water losses from the supply system by moving away 

from dams to watering points such as troughs; the actual soil carbon sequestration potential 

of extensive agriculture in Australian soils and climatic conditions, including whether it is a 

transition effect until the soil reaches a new equilibrium and what that new equilibrium 

level is; inter-annual variability of soil carbon in regenerative agriculture systems, and 
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whether soil carbon levels are more stable than in industrial agricultural systems; additional 

emissions relating to the planting, harvest, transport and use of bioenergy; and the link 

between animal welfare, biodiversity and productivity in regenerative agricultural systems, 

particularly the impact of increased amounts of above ground biomass on managing 

thermal comfort and health stress in ruminants.  

 Acknowledgments  

There are no conflicts of interest relating to this paper. It was part of a larger self funded 

PhD project. The first author would like to acknowledge Norm Smith from Glenwood 

Merinos and Sue Ogilvy for providing the background reports used in this paper.   

5. References 

Ampt, P., & Doornbos, S. (2011). Communities in Landscapes project Benchmark Study of 
Innovators. Sydney. Retrieved from 
https://www.bibbaringa.com/media/pdf/Communities-in-Landscapes-project-
21Nov2015.pdf 

Ampt, P. R. (2013). The integration of biodiversity conservation and agricultural production 
for improved natural resource management in production landscapes. University of 
New South Wales. Retrieved from 
http://unsworks.unsw.edu.au/fapi/datastream/unsworks:12184/SOURCE02?view=true 

Arla. (2019). Green Ambition 2050. Viby. Retrieved from 
https://www.arla.com/493b98/globalassets/arla-global/sustainability/climate-
ambition/arla_201902_08.pdf 

Ash, A., Hunt, L., McDonald, C., Scanlan, J., Bell, L., Cowley, R., … MacLeod, N. (2015). 
Boosting the productivity and profitability of northern Australian beef enterprises: 
Exploring innovation options using simulation modelling and systems analysis. 
Agricultural Systems, 139, 50–65. https://doi.org/10.1016/j.agsy.2015.06.001 

Atrian, P., & Shahryar, H. A. (2012). Heat Stress in Dairy Cows (A Review). Research in 
Zoology, 2(4), 31–37. https://doi.org/10.5923/j.zoology.20120204.03 

Blackshaw, J., & Blackshaw, A. (1994). Heat stress in cattle and the effect of shade on 
production and behaviour: a review. Australian Journal of Experimental Agriculture, 
34(2), 285–295. https://doi.org/https://doi.org/10.1071/EA9940285 



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 233 

Brown-Brandl, T. M., Eigenberg, R. A., Nienaber, J. A., & Hahn, G. L. (2005). Dynamic 
Response Indicators of Heat Stress in Shaded and Non-shaded Feedlot Cattle, Part 1: 
Analyses of Indicators. Biosystems Engineering, 90(4), 451–462. 
https://doi.org/https://doi.org/10.1016/j.biosystemseng.2004.12.006 

California State University, C. (n.d.). Regenerative Agriculture Initiative - CSU, Chico. 
Retrieved March 14, 2019, from 
https://www.csuchico.edu/regenerativeagriculture/index.shtml 

Carenzi, C., & Verga, M. (2010). Animal welfare: review of the scientific concept and 
definition. Italian Journal of Animal Science, 8(sup1), 21–30. 
https://doi.org/10.4081/ijas.2009.s1.21 

Cederberg, C., Berglund, M., Gustavsson, J., & Wallman, M. (2012). Environmental impacts 
from livestock production with different animal welfare potentials – a literature review. 
Retrieved from https://www.diva-portal.org/smash/get/diva2:944129/FULLTEXT01.pdf 

Claughton, D., & Ralph, O. (2019). Regenerative agriculture finds solid backing as decades of 
success show renewal - ABC Rural - ABC News. Retrieved March 14, 2019, from 
https://www.abc.net.au/news/rural/2019-03-10/regenerative-agriculture-attracts-
solid-backing-amid-success/10871130?fbclid=IwAR0dzObbBcjuDL-fp0Gc-
saWnMwhGqrXf-ZVhAoGMz1_u-qY4v3e1si5dx0 

Colling, E., & Turner, D. (2016). The Aussie Farm Dam Make-over. Retrieved April 29, 2019, 
from https://www.waterpowermagazine.com/features/featurethe-aussie-farm-dam-
make-over-4772303/ 

Cook, N B, Mentink, R. L., Bennett, T. B., & Burgi, K. (2007). The Effect of Heat Stress and 
Lameness on Time Budgets of Lactating Dairy Cows. Journal of Dairy Science, 90, 1674–
1682. https://doi.org/10.3168/jds.2006-634 

Cook, Nigel B, & Nordlund, K. V. (2009). The influence of the environment on dairy cow 
behavior, claw health and herd lameness dynamics. The Veterinary Journal, 179, 360–
369. https://doi.org/10.1016/j.tvjl.2007.09.016 

Corporate Carbon. (2019). World’s first soil carbon project to earn credits under Paris /// 
Corporate Carbon. Retrieved March 18, 2019, from 
http://www.corporatecarbon.com.au/worlds-first-soil-carbon-project-earn-credits-
under-paris 

Cross, R. (2013). Conversations with Farmers: Agri-cultural Practice Change and the “Eco-
Innovator.” University of New South Wales. Retrieved from 
http://unsworks.unsw.edu.au/fapi/datastream/unsworks:35024/SOURCE02?view=true 

Curran, M. A. (2013). Life Cycle Assessment: A review of the methodology and its application 
to sustainability. Current Opinion in Chemical Engineering, 2(3), 273–277. 
https://doi.org/10.1016/j.coche.2013.02.002 

Curran, M., De Souza, D. M., Antón, A., Teixeira, R. F. M., Michelsen, O., Vidal-Legaz, B., … 
Milà I Canals, L. (2016). How Well Does LCA Model Land Use Impacts on Biodiversity? - 
A Comparison with Approaches from Ecology and Conservation. Environmental Science 



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 234 

and Technology, 50(6), 2782–2795. https://doi.org/10.1021/acs.est.5b04681 

Dairy Australia. (2018). Dealing with heat stress in Australian Dairy Herds. Retrieved from 
http://www.coolcows.com.au/cows-and-heat/when-cows-get-hot.htm 

Danish Crown. (2019). Fact Sheet: Danish Crown’s Sustainability Strategy. Randers. 
Retrieved from https://www.danishcrown.com/media/5931/fact-
sheet_danish_crown_sustainability_strategy.pdf 

Dawkins, M. S. (2008). The science of animal suffering. Ethology, 114(10), 937–945. 
https://doi.org/10.1111/j.1439-0310.2008.01557.x 

Dawkins, M. S. (2017). Animal welfare and efficient farming: is conflict inevitable? Animal 
Production Science, 57, 201–208. https://doi.org/10.1071/AN15383 

de Mello, A. C., Carnevalli, R. A., Shiratsuchi, L. S., e Pedreira, B., Lopes, L. B., & Xavier, D. B. 
(2017). Improved grazing activity of dairy heifers in shaded tropical grasslands. Animal 
Production, 47(2), 1–7. https://doi.org/10.1590/0103-8478cr20160316 

De Rensis, F., & Scaramuzzi, R. J. (2003). Heat stress and seasonal effects on reproduction in 
the dairy cow—a review. Theriogenology, 60, 1139–1151. 
https://doi.org/10.1016/S0093-691X(03)00126-2 

Department of the Environment and Energy. (2016). National Greenhouse Accounts Factors, 
Australian National Greenhouse Accounts. Canberra, ACT. Retrieved from 
www.environment.gov.au 

Duncan, T., & Falloon, B. (2016). Case Study: Taranaki Farm Regenerative Agriculture. 
Pathways to Integrated Ecological Farming. In Land Restoration (p. 17). Elsevier. 
https://doi.org/10.1016/B978-0-12-801231-4.00022-7 

Eigenberg, R. A., Brown-Brandl, T. M., Nienaber, J. A., & Hahn, G. L. (2005). Dynamic 
Response Indicators of Heat Stress in Shaded and Non-shaded Feedlot Cattle, Part 2: 
Predictive Relationships. Biosystems Engineering, 91(1), 111–118. 
https://doi.org/10.1016/j.biosystemseng.2005.02.001 

Elevitch, C. R., Mazaroli, N. D., & Ragone, D. (2018). Agroforestry standards for regenerative 
agriculture. Sustainability (Switzerland), 10(9), 1–21. 
https://doi.org/10.3390/su10093337 

Farm Animal Welfare Council. (1993). Report on Priorities for Animal Welfare Research and 
Development. Tolwork Tower, Surbiton. Retrieved from http://edepot.wur.nl/134980 

Filippi, P. (2013). Plant productivity, litter accumulation and phosphorus loss in a diverse 
perennial grassland under unfertilised cell grazing (Vol. 84). Sydney. Retrieved from 
http://ir.obihiro.ac.jp/dspace/handle/10322/3933 

Garnett, T., Godde, C., Muller, A., Röös, E., Smith, P., De Boer, I., … Godfray, C. (2017). 
Grazed and confused? Ruminating on Cattle, Grazing Systems, Methane, Nitrous Oxide, 
the Soil Carbon Sequestration Question-and what it All Means for Greenhouse Gas 
Emissions. Oxford. Retrieved from https://www.fcrn.org.uk/sites/default/files/project-



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 235 

files/fcrn_gnc_report.pdf 

Gaughan, J. B., Mader, T. L., Holt, S. M., & Lisle, A. (2007). A new heat load index for feedlot 
cattle. Journal of Animal Science, 86(1), 226–234. https://doi.org/10.2527/jas.2007-
0305 

General Mills. (2019). General Mills to advance regenerative agriculture practices on one 
million acres of farmland by 2030. Retrieved March 14, 2019, from 
https://www.generalmills.com/en/News/NewsReleases/Library/2019/March/Regen-Ag 

Gill, M., Smith, P., & Wilkinson, J. M. (2010). Mitigating climate change: the role of domestic 
livestock. Animal, 4(3), 323–333. https://doi.org/10.1017/S1751731109004662 

Griffiths, J. (2018). Floating solar panels on farm dams set to cut energy costs. Retrieved 
April 29, 2019, from 
https://www.nswfarmers.org.au/NSWFA/Posts/The_Farmer/Innovation/Floating_solar
_panels_on_farm_dams_set_to_cut_energy_costs.aspx 

Haverd, V., Smith, B., & Trudinger, C. (2016). Process contributions of Australian ecosystems 
to interannual variations in the carbon cycle. Environmental Research Letters, 11(5). 
https://doi.org/10.1088/1748-9326/11/5/054013 

Hawken, P. (2016). Drawdown. Penguin. Retrieved from https://www.drawdown.org/the-
book 

Hawkin, P. (2019). Regenerative Agriculture | Drawdown. Retrieved April 29, 2019, from 
https://www.drawdown.org/solutions/food/regenerative-agriculture 

Hayward, M. W., Scanlon, R. J., Callen, A., Howell, L. G., Klop-Toker, K. L., Di Blanco, Y., … 
Weise, F. J. (2019). Reintroducing rewilding to restoration - Rejecting the search for 
novelty. Biological Conservation, 233, 255–259. 
https://doi.org/10.1016/j.biocon.2019.03.011 

Hemswortha, P. H., Bametta, J. L., Beveridgeb, L., & Matthews, L. R. (1995). The welfare of 
extensively managed dairy cattle: a review. Applied Animal Behaviour Science, 42(16), 
161–182. 

Henry, B., Murphy, B., & Cowie, A. (2018). Sustainable Land Management for Environmental 
Benefits and Food Security - A synthesis report for the GEF. Washington D.C. 
https://doi.org/10.13140/RG.2.2.25084.39041 

Henry, B K, Butler, D., & Wiedemann, S. G. (2015). Quantifying carbon sequestration on 
sheep grazing land in Australia for life cycle assessment studies. The Rangeland Journal, 
37(4), 379–388. https://doi.org/10.1071/RJ14109 

Henry, Beverley K., Butler, D., & Wiedemann, S. G. (2015). A life cycle assessment approach 
to quantifying greenhouse gas emissions from land-use change for beef production in 
eastern Australia. Rangeland Journal, 37(3), 273–283. https://doi.org/10.1071/RJ14112 

Herrero, M., Henderson, B., Havlík, P., Thornton, P. K., Conant, R. T., Smith, P., Stehfest, E. 
(2016). Greenhouse gas mitigation potentials in the livestock sector. Nature Climate 



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 236 

Change, 6(5), 452–461. https://doi.org/10.1038/nclimate2925 

Hodbod, J., Barreteau, O., Allen, C., & Ele Magda, D. (2016). Managing adaptively for 
multifunctionality in agricultural systems. Journal of Environmental Management, 183, 
379–388. https://doi.org/10.1016/j.jenvman.2016.05.064 

Hough, C. (2015). University students give Australian dams a makeover - ABC Rural - ABC 
News. Retrieved April 29, 2019, from https://www.abc.net.au/news/rural/2015-06-
03/aussie-dam-makeover/6519594 

Kadzere, C., & Murphy, M. (2002). Heat stress in lactating dairy cows : a review. Livestock 
Production …, 77, 59–91. https://doi.org/10.1016/S0301-6226(01)00330-X 

LaCanne, C. E., & Lundgren, J. G. (2018). Regenerative agriculture: merging farming and 
natural resource conservation profitably. PeerJ, 4428, 17. 
https://doi.org/10.7717/peerj.4428 

Lavorel, S., Colloff, M. J., Mcintyre, S., Doherty, M. D., Murphy, H. T., Metcalfe, D. J., … 
Williams, K. J. (2015). Ecological mechanisms underpinning climate adaptation services. 
Global Change Biology, 21(1), 12–31. https://doi.org/10.1111/gcb.12689 

Mader, T. L., Holt, S. M., Hahn, G. L., Davis, M. S., & Spiers, D. E. (2002). Feeding strategies 
for managing heat load in feedlot cattle. Journal of Animal Science, 80(9), 2373. 
https://doi.org/10.2527/2002.8092373x 

Marai, I. F. M., El-Darawany, A. A., Fadiel, A., & Abdel-Hafez, M. A. M. (2007). Physiological 
traits as affected by heat stress in sheep—A review. Small Ruminant Research, 71, 1–
12. https://doi.org/10.1016/j.smallrumres.2006.10.003 

Meat & Livestock Australia. (2012). National Guidelines for Beef Cattle Feedlots in Australia. 
3rd Edition. Sydney, NSW: Meat & Livestock Australia. Retrieved from 
https://www.mla.com.au/research-and-development/search-rd-reports/final-report-
details/Productivity-On-Farm/Feedlot-industry-GIS-database/1579 

Meat & Livestock Australia, & Ernst & Young. (2018). State of the Industry Report 2018: The 
Australian red meat and livestock industry. North Sydney. Retrieved from 
http://rmac.com.au/wp-content/uploads/2018/09/SOTI18.pdf 

MLA. (2012). National Beef Cattle Feedlot Environmental Code of Practice - 2nd edition. 
Sydney, NSW: Meat & Livestock Australia. Retrieved from 
https://www.mla.com.au/download/finalreports?itemId=1631 

Notarnicola, B., Hayashi, K., Curran, M. A., & Huisingh, D. (2012). Progress in working 
towards a more sustainable agri-food industry. Journal of Cleaner Production, 28, 1–8. 
https://doi.org/10.1016/j.jclepro.2012.02.007 

Notarnicola, B., Sala, S., Anton, A., McLaren, S. J., Saouter, E., & Sonesson, U. (2017). The 
role of life cycle assessment in supporting sustainable agri-food systems: A review of 
the challenges. Journal of Cleaner Production, 140, 399–409. 
https://doi.org/10.1016/j.jclepro.2016.06.071 



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 237 

Ogilvy, S., Gardner, M., Mallawaarachchi, T., Schirmer, J., Brown, K., & Heagney, E. (2018). 
NESP-EP : Farm Profitability & Biodiversity Project Final Report. Canberra. 

Peters, G. M., Rowley, H. V, Wiedemann, S., Tucker, R., Short, M. D., & Schulz, M. (2010). 
Red Meat Production in Australia-a Life Cycle Assessment and Comparison with 
overseas studies - Supplementary Material. Environ Sci Technol, 44, 1327–1332. 
https://doi.org/https://pubs.acs.org/doi/suppl/10.1021/es901131e/suppl_file/es90113
1e_si_001.pdf 

Pfister, S., Koehler, A., & Hellweg, S. (2009). Assessing the Environmental Impacts of 
Freshwater Consumption in LCA. Environmental Science & Technology, 43(11), 4098–
4104. https://doi.org/10.1021/es802423e 

Provenza, F. D., Villalba, J. J., Haskell, J., MacAdam, J. W., Griggs, T. C., & Wiedmeier, R. D. 
(2007). The value to herbivores of plant physical and chemical diversity in time and 
space. Crop Science, 47(1), 382–398. https://doi.org/10.2135/cropsci2006.02.0083 

Rayner, L., Lindenmayer, D. B., Wood, J. T., Gibbons, P., & Manning, A. D. (2013). Are 
protected areas maintaining bird diversity? Ecography, 37(1), 43–53. 
https://doi.org/10.1111/j.1600-0587.2013.00388.x 

Renew Economy. (2019). Issuance of the first Australian carbon credit units to a soil carbon 
project | RenewEconomy. Retrieved March 18, 2019, from 
https://reneweconomy.com.au/issuance-of-the-first-australian-carbon-credit-units-to-
a-soil-carbon-project-37846/ 

Renouf, M. A., Grant, T., Sevenster, M., Logie, J., Ridoutt, B., Ximenes, F., … Lane, J. (2016). 
Best Practice Guide for Life Cycle Impact Assessment in Australia (Vol. 2). Retrieved 
from http://www.alcas.asn.au/sites/default/files/Best Practice Guide (V2 15_2_16) 
(Final)_0.pdf 

Rhodes, C. J. (2013). Feeding and Healing the World: Through Regenerative Agriculture and 
Permaculture. Science Progress, 95(4), 345–446. 
https://doi.org/10.3184/003685012X13504990668392 

Rhodes, C. J. (2017). The Imperative for Regenerative Agriculture. Science Progress, 100(1), 
80–129. https://doi.org/10.3184/003685017X14876775256165 

Ridoutt, B. G., Page, G., Opie, K., Huang, J., & Bellotti, W. (2014). Carbon, water and land use 
footprints of beef cattle production systems in southern Australia. Journal of Cleaner 
Production, 73, 24–30. https://doi.org/10.1016/j.jclepro.2013.08.012 

Ridoutt, B. G., Sanguansri, P., Freer, M., & Harper, G. S. (2012). Water footprint of livestock: 
comparison of six geographically defined beef production systems. International 
Journal of Life Cycle Assessment, 17, 165–175. https://doi.org/10.1007/s11367-011-
0346-y 

Robinson, P. (2019). Sustainable Merino farm turns to perennial grasses. Retrieved March 
14, 2019, from 
http://www.nswfarmers.org.au/NSWFA/Posts/The_Farmer/Environment/Sustainable_
Merino_farm_turns_to_perennial_grasses.aspx 



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 238 

Rodale Institute. (2014). Regenerative Organic Agriculture and Climate Change A Down-to-
Earth Solution to Global Warming. Retrieved from https://rodaleinstitute.org/wp-
content/uploads/rodale-white-paper.pdf 

Röös, E., Sundberg, C., Tidåker, P., Strid, I., & Hansson, P. A. (2013). Can carbon footprint 
serve as an indicator of the environmental impact of meat production? Ecological 
Indicators, 24, 573–581. https://doi.org/10.1016/j.ecolind.2012.08.004 

Sanderman, J., Farquharson, R., & Baldock, J. (2010). Soil Carbon Sequestration Potential : A 
review for Australian agriculture. CSIRO Report prepared for Department of Climate 
Change and Energy Efficiency. Urrbrae SA. Retrieved from 
https://publications.csiro.au/rpr/download?pid=csiro:EP10121&dsid=DS8 

Scherer, L., Tomasik, B., Rueda, O., & Pfister, S. (2018). Framework for integrating animal 
welfare into life cycle sustainability assessment. Int J Life Cycle Assess, 23, 1476–1490. 
https://doi.org/10.1007/s11367-017-1420-x 

Schü Tz, K. E., Rogers, A. R., Cox, N. R., & Tucker, C. B. (2009). Dairy cows prefer shade that 
offers greater protection against solar radiation in summer: Shade use, behaviour, and 
body temperature. Applied Animal Behaviour Science, 116, 28–34. 
https://doi.org/10.1016/j.applanim.2008.07.005 

Schütz, K. E., Rogers, A. R., Poulouin, Y. A., Cox, N. R., & Tucker, C. B. (2010). The amount of 
shade influences the behavior and physiology of dairy cattle. Journal of Dairy Science, 
93, 125–133. https://doi.org/10.3168/jds.2009-2416 

SEGES Danish Pig Research Centre. (2017). RESULTS 2017. Copenhagen. Retrieved from 
http://www.pigresearchcentre.dk/~/media/Files/PDF - Aarsberetning VSP 
English/Resultater_2017_UK.pdf 

Shelef, O., Weisberg, P. J., & Provenza, F. D. (2017). The Value of Native Plants and Local 
Production in an Era of Global Agriculture. Frontiers in Plant Science, 8(December), 1–
15. https://doi.org/10.3389/fpls.2017.02069 

Sonnemann, G., & Margni, M. (2015). Life Cycle Management. (W. Klopffer & M. A. Curran, 
Eds.), LCA Compendium - The Complete World of Life Cycle Assessment Series (Vol. 4). 
Springer Open. https://doi.org/10.1016/0378-7206(81)90003-3 

Soule, M. E., & Noss, R. (1998). Rewilding and biodiversity: complementary goals for 
continential conservation. In Wild Earth 8 (pp. 18–28). 

Souza, D. M., Teixeira, R. F. M., & Ostermann, O. P. (2015). Assessing biodiversity loss due to 
land use with Life Cycle Assessment: Are we there yet? Global Change Biology, 21(1), 
32–47. https://doi.org/10.1111/gcb.12709 

Stanley, P. L., Rowntree, J. E., Beede, D. K., DeLonge, M. S., & Hamm, M. W. (2018). Impacts 
of soil carbon sequestration on life cycle greenhouse gas emissions in Midwestern USA 
beef finishing systems. Agricultural Systems, 162(February), 249–258. 
https://doi.org/10.1016/j.agsy.2018.02.003 

Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M., & De Haan, C. (2006). 



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 239 

Livestock’s long shadow - environmental issues and options. Food and Agriculture 
Organization of the United Nations (Vol. 3). Rome. https://doi.org/10.1007/s10666-
008-9149-3 

Strong, G. (2008). Regenerative agriculture: the case for dialogue with nature. In T. Lefroy, K. 
Bailey, G. Unwin, & T. Norton (Eds.), Biodiversity: integrating conservation and 
production: case studies from Australian farms, forests and fisheries (p. 13). 
Collingwood: CSIRO Publishing. Retrieved from 
https://www.publish.csiro.au/book/5915/ 

Sullivan, M. L., Cawdell-Smith, A. J., Mader, T. L., & Gaughan, J. B. (2011). Effect of shade 
area on performance and welfare of short-fed feedlot cattle. Journal of Animal Science, 
89(9), 2911–2925. https://doi.org/10.2527/jas.2010-3152 

Teague, R., & Barnes, M. (2017). Grazing management that regenerates ecosystem function 
and grazingland livelihoods. African Journal of Range and Forage Science, 34(2), 77–86. 
https://doi.org/10.2989/10220119.2017.1334706 

Teague, W. R. (2018). FORAGES AND PASTURES SYMPOSIUM: COVER CROPS IN LIVESTOCK 
PRODUCTION: WHOLE-SYSTEM APPROACH: Managing grazing to restore soil health and 
farm livelihoods 1. J. Anim. Sci, 96, 1519–1530. https://doi.org/10.1093/jas/skx060 

Teixeira, R. F. M., De Souza, D. M., Curran, M. P., Antón, A., Michelsen, O., & Milá I Canals, L. 
(2015). Towards consensus on land use impacts on biodiversity in LCA: UNEP/SETAC 
Life Cycle Initiative preliminary recommendations based on expert contributions. 
Journal of Cleaner Production, 112(September), 4283–4287. 
https://doi.org/10.1016/j.jclepro.2015.07.118 

Thoma, G., Jolliet, O., & Wang, Y. (2013). A biophysical approach to allocation of life cycle 
environmental burdens for fluid milk supply chain analysis. International Dairy Journal, 
31(1), S41–S49. https://doi.org/10.1016/j.idairyj.2012.08.012 

Thorbecke, M., & Dettling, J. (2019). CARBON FOOTPRINT EVALUATION OF REGENERATIVE 
GRAZING AT WHITE OAK PASTURES. Retrieved from 
https://blog.whiteoakpastures.com/hubfs/WOP-LCA-Quantis-2019.pdf 

Toensmeier, E. (2016). The Carbon Farming Solution. White River Junction,: Chelsea Green 
Publishing. 

Tomkins, N. W., Colegate, S. M., & Hunter, R. A. (2009). A bromochloromethane formulation 
reduces enteric methanogenesis in cattle fed grain-based diets. Animal Production 
Science, 49(12), 1053. https://doi.org/10.1071/EA08223 

UNFCCC. (2018). The Paris Agreement | UNFCCC. Retrieved May 7, 2019, from 
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement 

URS Australia Pty Ltd. (2006). Environmental Management System - Integrated Red Meat 
Supply Chain. Final Report A.SCC.0021. 

Valtorta, S. E., Leva, P. E., & Gallardo, M. R. (1997). Evaluation of different shades to 
improve dairy cattle well-being in Argentina. Int J Biometeorology, 41(2), 65–67. 



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 240 

https://doi.org/10.1007/s004840050055 

Villalba, J. J., & Landau, S. Y. (2012). Host behavior, environment and ability to self-
medicate. Small Ruminant Research, 103(1), 50–59. 
https://doi.org/10.1016/j.smallrumres.2011.10.018 

Villalba, J. J., & Provenza, F. D. (2009). Learning and Dietary Choice in Herbivores. Rangeland 
Ecology and Management, 62(5), 399–406. 

WA Department of Primary Industries and Regional Development. (2018). Regenerative 
agriculture and pastoralism in Western Australia | Agriculture and Food. Retrieved 
March 14, 2019, from https://www.agric.wa.gov.au/land-use/regenerative-agriculture-
and-pastoralism-western-australia 

Walsh, D. (2015). Ahead of the pack: what 30 years of commercial pastoral innovation can 
teach us. In M. H. Friedel (Ed.), Innovation in the Rangelands. Proceedings of the 18th 
Australian Rangeland Society Biennial Conference, Alice Springs (pp. 10–17). Parkside, 
SA: Australian Rangeland Society. https://doi.org/10.1145/3132847.3132886 

West, J. W. (2003). Effects of Heat-Stress on Production in Dairy Cattle. Journal of Dairy 
Science, 86, 2131–2144. https://doi.org/10.3168/jds.S0022-0302(03)73803-X 

Wiedemann, S., McGahan, E., Murphy, C., Ming-Jia Yan, Henry, B., Thoma, G., & Ledgard, S. 
(2015). Environmental impacts and resource use of Australian beef and lamb exported 
to the USA determined using life cycle assessment - Appendix A. Supplementary data. 
Journal of Cleaner Production, 94, 67–75. Retrieved from 
https://www.sciencedirect.com/science/article/pii/S0959652615000773?via%3Dihub#
appsec1 

Wiedemann, S., McGahan, E., Murphy, C., Yan, M.-J., Henry, B., Thoma, G., & Ledgard, S. 
(2015). Environmental impacts and resource use of Australian beef and lamb exported 
to the USA determined using life cycle assessment. Journal of Cleaner Production, 94, 
67–75. https://doi.org/10.1016/j.jclepro.2015.01.073 

Wiedemann, S., McGahan, E., Murphy, C., & Yan, M. (2016). Resource use and 
environmental impacts from beef production in eastern Australia investigated using life 
cycle assessment. Animal Production Science, 56(5), 882–894. 
https://doi.org/10.1071/AN14687 

Wiedemann, S G. (2018). Analysis of Resource Use and Greenhouse Gas Emissions from Four 
Australian Meat production systems, with investigation of mitigation opportunities and 
trade-offs. Charles Sturt. Retrieved from 
https://researchoutput.csu.edu.au/ws/portalfiles/portal/25901759/Wiedemann_2018
_Livestock_LCA_Thesis_FINAL.pdf 

Wiedemann, Stephen G., Yan, M.-J., Henry, B. K., & Murphy, C. M. (2016). Resource use and 
greenhouse gas emissions from three wool production regions in Australia. Journal of 
Cleaner Production, 122, 121–132. https://doi.org/10.1016/j.jclepro.2016.02.025 

Wilkinson, J. M. (2011). Re-defining efficiency of feed use by livestock. Animal, 5(7). 
https://doi.org/10.1017/S175173111100005X 



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 241 

Wise, M. E., Armstrong, D. V., Huber, J. T., Hunter, R., Wiersma, F., Spiers, D. E., … Enns, R. 
M. (1988). Hormonal Alterations in the Lactating Dairy Cow in Response to Thermal 
Stress. Journal of Dairy Science, 71(9), 2480–2485. https://doi.org/10.3168/jds.S0022-
0302(88)79834-3 

Wright, K., Wright, T., & Reid, N. (2005). Case Study: Wool production & biodiversity working 
together for Tim & Karen Wright - “Lana.” Armidale, New South Wales. Retrieved from 
https://www.wool.com/globalassets/start/on-farm-research-and-
development/production-systems-
eco/environment/biodiversity/lww_veg_une43_cs_wright1.pdf 

Wythes, J. (2016). Paper laneways project is a win-win for farmers. Retrieved from 
https://www.theland.com.au/story/3925330/paper-laneways-project-is-a-win-win-for-
farmers/ 

  



Paper IV – Delta LCA of regenerative agriculture in a sheep farming system  

Page 242 

Supplementary Materials 

1. Data used in modelling 

1.1 Inventory data and MIC for NSW HRZ CSF, per t LW, adapted from (Stephen G. 

Wiedemann et al., 2016) 

Parameter Unit  

On-farm crop land ha 0 

Arable land for pasture ha 0.3 

Non arable land ha 6.4 

Electricity kWh 58.2 

Diesel L 25 

Petrol L 19.2 

Superphosphate t 0.25 

Lime t 0.7 

Protein grains t 0.31 

Admin overheads $ 84.27 

Vet products $ 159.23 

Herbicides $ 8.30 

Transport $ 50.42 

 

Midpoint Impact Categories  

Climate change kg CO2-e 12.3 

Total fresh water consumption L 117.4 
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Midpoint Impact Categories  

Stress weighted water use L 3.0 

Fossil energy demand MJ 5.5 

 

1.2 Delta LCA inventory – assumptions  

Parameter  

Electricity • 25 % higher, all from solar PV  

Petrol • 20 % higher 

Vet products 

 

• 25 % reduction in cost assumed, due to cessation of wether 
drenching, ie $72.64 per t LW 

• Modelled as Cydectin Long Acting drench, $1.38 per animal, 2.5 mL 
per 50 kg animal, 20 g moxidectin per L, total saving of 2.63 g 
moxidectin   

• Data taken from http://www.wormboss.com.au/drenches.php 
Herbicides • 90 % reduction, due to change from broadacre spraying to spot 

spraying 
• Application rates per ha – 1.2 L glyphosate mix ($4.70/L), 1.5 L 

Paraquat mix ($6.48/L), 1.5 L Spray Seed ($9.49/L), total cost per 
hectare $29.60 

• Active ingredients – 450 g/L glyphosate in  glyphosate mix, 250 g/L 
paraquat in paraquat mix, 135 g/L paraquat and 115 g/L diquat in 
Spray Seed mix  

• Data taken from  
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0010/678997/Costs-of-
key-iwm-tactics-in-the-northern-region.pdf 

 

1.3 Delta LCA inventory to be modelled 

Parameter Unit Change to be modelled 

Electricity kWh -58 grid electricity +73 solar PV 

Petrol L 3.8  

Superphosphate t -0.25 

http://www.wormboss.com.au/drenches.php
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0010/678997/Costs-of-key-iwm-tactics-in-the-northern-region.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0010/678997/Costs-of-key-iwm-tactics-in-the-northern-region.pdf
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Parameter Unit Change to be modelled 

Protein grains t -0.31 

Vet products $ -$39.81 as -1.44 g moxidectin 

Herbicides $ -$7.47, as -75.7 g glyphosate, -43.6 g diquat, -145.8 g paraquat 

Total pesticides excluding glyphosate = -190.8 

 

2. Supplementary material relating to regenerative agriculture 

2.1 Rewilding 

In parallel with developments in regenerative agriculture, there is a growing interest in 

conservation related fields in rewilding. In the original context, rewilding refers to the 

reintroduction of keystone predators as part of conversation management interventions, 

thereby reinstating top-down trophic cascades, which is one component of ecological 

restoration (Soule and Noss, 1998). Since that time, the terms has been used in a range of 

different contexts, such as island rewilding, passive rewilding and ecological rewilding 

(Hayward et al., 2019). In the regenerative agriculture context, rewilding is unlikely to take 

the form of the reintroduction of species, particularly not keystone predators, but will be a 

form of passive ecological rewilding, due to the increase in the proportion of native 

vegetation, particularly if the location of the vegetation is designed to provide 

interconnected habitats. In turn, suitable habitats are then colonised by species that may 

contribute positively to farm productivity, such as a recent study of birds (Rayner et al., 

2013) which indicated that 54 % of all species ate only invertebrates, with 77 % of all species 

eating invertebrates. The extent to which ecological rewilding has contributed to a 

reduction in certain types of parasite infestations of livestock in regenerative agriculture 
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systems by consuming the parasites is currently unclear, it may instead be due to the 

diversity of vegetation providing compounds which assist the animals in self-medicative 

behaviours to self-manage infestations (Provenza et al., 2007; Robinson, 2019; Villalba and 

Landau, 2012; Villalba and Provenza, 2009).   

2.2 Animal Welfare 

Central to the concept of managing animal welfare are the ideal states of the five freedoms 

(Farm Animal Welfare Council, 1993): 1) freedom from thirst, hunger and malnutrition; 2) 

freedom from discomfort; 3) freedom from pain, injury and disease; 4) freedom to express 

normal behaviour; and 5) freedom from fear and distress. 

2.3 Thermal comfort and productivity 

Extensive studies on the link between the welfare and productivity of dairy cattle have been 

undertaken over several decades, and it is well known that heat stress affects the general 

health, reproduction and lactation of cows (Atrian and Shahryar, 2012; Cook et al., 2007; 

Cook and Nordlund, 2009; de Mello et al., 2017; De Rensis and Scaramuzzi, 2003; 

Hemswortha et al., 1995; Schü Tz et al., 2009; Schütz et al., 2010; Valtorta et al., 1997; 

West, 2003; Wise et al., 1988). In terms of the energy budget for dairy cattle, not only does 

feed (and therefore energy) intake decrease by 10 – 20 % once ambient temperatures are 

above 26 °C, but 20 – 30 % more maintenance energy is required to regulate body 

temperature (Dairy Australia, 2018). The net impact is that milk production volumes and 

protein content decreases, which are measured on a daily basis. 

Other observable behaviours include reducing the amount of heat absorbed from the 

environment (e.g. actively seeking shade, grouping with herd mates to create shade, 
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aligning their bodies to minimise heat gain), reducing the amount of heat generated 

internally (reducing feed intake) and optimising heat lost to the environment (avoiding lying 

down, standing where there is a breeze, increasing water intake, restlessness, drooling) 

(Blackshaw and Blackshaw, 1994). Cattle “actively seek shade” in hot weather, which “may 

reduce the radiant heat load by 30 % or more” (Blackshaw and Blackshaw, 1994) but in 

extensive grazing systems the impacts on production are not observable in the short term. 

Studies in beef feedlots have indicated that heat stress leads to a reduction in feed intake 

and weight gain, and the respiration rate is used most frequently as the indicator of heat 

stress (Brown-Brandl et al., 2005; Eigenberg et al., 2005; Gaughan et al., 2007; Mader et al., 

2002; Meat & Livestock Australia, 2012; MLA, 2012; Sullivan et al., 2011).  

Sheep are physiologically similar to cattle in terms of how they manage body temperatures, 

but the presence of wool reduces the effectiveness of sweating, so more heat is lost via the 

legs and ears (Marai et al., 2007). Sheep adopt similar behavioural modifications in hot 

weather, such as decreasing or avoiding feed intake, which has flow on effects for 

production and reproduction. 
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Appendix 2 – Sisal chapter 
Additional background information on the sisal industry in Tanzania.  

Tanzania became an independent republic in 1961 after the departure of Britain, who took over from 
Germany after World War II. As early as 1964, a Presidential Directive decreed that communal 
schemes should be created to enable smallholders to participate in the sisal industry. Amboni Estates 
in the Tanga region, then owned by Swiss nationals, established a partnership with the government to 
establish a scheme for 4,000 hectares of sisal to be grown by smallholders, and by late 1965 there 
were over 400 schemes and over 500 individual sisal farmers on 6,551 hectares. Various other 
schemes, such as the Sisal Smallholder and Outgrower Scheme (SISO), have been used since then to 
encourage smallholder participation, with smallholders defined as farmers with 6 – 200 hectares of 
land. Smallholders either grow sisal as a hedge, or as a dedicated crop on estates or in non-estate 
areas, possibly with coplanting of food crops.   

Approximately 60 % of sisal estates, mostly those owned by foreign investors, were nationalised in 
1967 after the Arusha Declaration (Tenga, 2008; Zakaria, 2016). Privatisation of parts of the industry 
occurred after the Sisal Industry Act of 1997 (Government of Tanzania, 1997) and during 2018 the 
government indicated an intention to revoke ownership of sisal plantations if they had not been 
developed (Janeth Joseph, 2018).  

Since the liberalisation of the industry in the 1990s, SMEs have been increasingly involved in the 
upstream (primary production) life cycle stage of the sisal supply chain through contracting 
schemes. A scheme started in 1996 in the Mara Region, called the Mara Region Farmers’ Initiative 
Project (Mara-FIP) and was funded by the Government of Tanzania, a Belgium Survival Fund Grant 
and the International Fund for Agriculture. It involved smallholders using small plots to grow sisal, 
but ultimately was not successful (International Fund for Agricultural Development, 2003; Mwimo et 
al., 2016).  

The largest scheme to date started at the Mwelya estate in the Tanga region in the Northern Zone in 
1999 (George Gideon, 2014; Mwimo et al., 2016). The Tanzania Sisal Board (TSB) owned five 
estates (Hale, Magunga, Magoma, Mwelya and Ngombezi); they subdivided this land and issued 
subleases to smallholder farmers, on the condition that they grow sisal, although seasonal cropping 
was allowed in fallow areas and between sisal rows (Tanzania Sisal Board, 2009). Outgrowers, who 
owned their own land, were also encouraged to plant sisal. Katani acts as the administrator of the 
SISO scheme, and the contract is between the smallholder and Katani. Growers are responsible for 
farm preparation, inputs (such as fertiliser), growing and maintenance activities (Mwimo et al., 2016). 
Sisal leaves grown by smallholders and outgrowers are harvested and transported by the purchasers, 
Katani Ltd, which has sisal decortification plants on each of the TSB estates, and by D. D. Ruhinda, 
which runs the 1,734 hectare Mkumbara estate (Sutton and Olomi, 2012). This ensures that the quality 
of the fibre is controlled from the time of harvest and the quality of the fibres and the resulting price 
can only be assessed after the fibre has been brushed to remove impurities (Oxfam and Roothaert, 
2013).  

By 2012 there were 2,000 smallholder farmers with more than 12,000 hectares planted with sisal in 
the Tanga region (Sutton and Olomi, 2012). A 2016 review in the Tanga region indicated that the 
scheme had increased the real incomes of growers, and that, as a consequence, they had better access 
to shelter, health services and education for their children (Mwimo et al., 2016). However, the scheme 
has had challenges, mostly due to differences of opinion between farmers and Katani over the share of 
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earnings from the sisal fibre and the timeliness of payments to farmers (IPP Media, 2018b). Katani 
had set the share of earnings at 54 % for themselves and 46 % for the farmers leading to a dispute in 
2018, which in turn led to the shutdown of Katani’s eight primary processing operations by the 
Regional Commissioner (IPP Media, 2018a, 2018b). The TSB has also promoted SISO-type projects 
in the Handeni and Maramba Divisions of the Tanga region and plans to expand this approach to other 
regions (FAO Committee on Commodity Problems, 2013).  

In 2009, the SISO scheme was expanded to the Kishapu District in the Shinyanga region, Lake Zone, 
as part of the Oxfam “Governance and Innovation for Strengthening Sisal and Rice Value Chain in 
Tanzania” project in the Tanzania Agriculture Scale Up programme (FAO Committee on Commodity 
Problems, 2013). The project was undertaken in cooperation with the Tanzanian Government Small 
Industries Development Organisation and the Relief to Development Society (Redeso), and Katani 
Ltd was involved with the sisal part of the project (Match Maker Associates Limited, 2012; Lamtey, 
2019). This is consistent with the TSB 10-year Crop Development Plan (2011-2020), to increase 
smallholder and outgrower participation in sisal production in the Lake Zone (Shinyanga, Mwanza 
and Mara regions), from 419 householders in 2010 to 4,440 households, as part of a government plan 
to reduce rural poverty (IPP Media, 2012). The project included the development of a Market 
Enterprise model (Oxfam Tanzania, 2019), with the aim to scale up to 100,000 smallholder farmers 
over 10 years (Machin, 2008) and increase the participation of women (Match Maker Associates 
Limited, 2012). The project initially focused on harvesting sisal that is used as a hedge in the drought-
prone Kishapu district until harvesting could start from new sisal plantings on small individual plots 
of 0.5 acre or group plots of 1 acre (Oxfam and Roothaert, 2013). Five raspadoras, and a small 
number of existing local operators, were used for decortification and were provided through a 
grant/loan scheme with Katani, mediated by Oxfam (Oxfam and Roothaert, 2013). Katani agreed to 
buy the fibres from the raspadoras it had provided loans for and the fibre was then transported from 
Kishapu to Katani’s main plant in the Tanga region for brushing and grading, before payment. A 
portion of the payment for the fibre was withheld by Katani to repay the loan for the raspadoras. This 
project effectively increasing SME participation in the core (processing) life cycle stage. One fibre 
brushing machine and four rope-making machines were provided to women’s cooperatives on a 
loan/grant basis, but to date these projects have not created as large a scale transition in the industry as 
the SISO grower schemes in the upstream (primary production) life cycle stage (Oxfam, 2013, 
2014, 2018; Oxfam Tanzania, 2019).  

As at least one new local manufacturer of raspadoras resulted from the Oxfam project, it is unclear 
exactly how many are operating in the Shinyanga region (in the Lake Zone) or if they are being used 
in other regions. Oxfam in Tanzania also supported the establishment of a sisal processing and 
marketing association (SWIWAMKI) by farmers and processors from the Kishapu District in the 
Shinyanga region in Dar es Salaam in 2016 (Oxfam Tanzania, 2018). The scheme in the Shinyanga 
region also had a number of logistical challenges (Oxfam and Roothaert, 2013). Production was much 
higher than anticipated, so leaf shortages were observed in 2012 as the new sisal plantings were not 
ready to replace the hedge sisal that had been depleted. The initial estimate had been that the 
raspadoras would produce a maximum of 4 tonnes per month, but in May 2012 the smallest processor 
produced 4.5 tonnes, while others were producing 40-50 tonnes per month. Due to the increase in 
production of fibre in the area, more buyers had been attracted to the area. In the initial 12 months, the 
raspadora operators had a grace period for repaying the loans to Katani and had to sell exclusively to 
Katani. After the end of the 12 months, Katani would withhold part of the income as repayment of the 
initial loan for the raspadora. At the end of the 12-month grace period, raspadora operators found that 
they could sell to other buyers for a higher price than they received from Katani, without also having 
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some of their income withheld. As a Savings and Internal Lending Communities model was used for 
ongoing funding of new raspadoras, this meant that five potential new processors were waiting for 
machines, as Katani had not received funds back from the existing raspadora operators. There was no 
local premium being paid for brushed fibre, so the brushing machine project had not succeeded. 
Similarly, the rope-making venture had trouble selling product and none of the participants had a 
financial stake in the project, so it had not succeeded.  

In contrast to Tanzania, in Brazil, the world’s largest producer since the 1970’s, most of the primary 
production and primary processing in the core life cycle stage is done by SMEs, which is due to the 
emergence of the sisal industry in Brazil after it achieved independence from Portugal in 1822 
(Tenga, 2008). This means that plant residues are left in field after processing, which means that 
nutrients are returned to the fields.    
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Appendix 3 – Pork chapter 

3.1 Detailed information on LCAs of pork from Denmark, Australia and China 
The first LCA of Danish pork was completed at Aarhus University in 2007 using 2005 data on 
average Danish production (Dalgaard, Halberg and Hermansen, 2007), as part of a study entitled 
“Danish pork production - An environmental assessment”. The report was partly funded by the 
Danish Meat Association but predominantly by the Danish Government, and was part of the PhD 
thesis of the primary author of the report. The three aims of the report were: 1) to estimate the 
potential environmental impacts of Danish pork and identify the most polluting areas in the 
production chain; 2) to clarify the contribution of transport to the global warming potential MIC; and 
3) to compare 2005 performance to 1995 performance, to compare 2005 performance to different 
scenarios for 2015 and compare 2005 performance to Great Britain and the Netherlands. The system 
boundaries included on-farm feed and pork production, meat processing and export to Great Britain 
by sea, which is reflected in the functional unit of 1 kg of Danish pork (carcase weight) delivered at 
the Port of Harwich. The selection of carcase weight as the functional unit meant that there was no 
differentiation between different types of pork products. Two additional transport scenarios, road 
transport of pork to Munich and sea transport to Tokyo, Japan, were assessed. Three MICs assessed 
were acidification potential, eutrophication potential and global warming potential. The 
modelling used a consequential approach, and the EDIP v 2.03 Life Cycle Impact Assessment Method 
(LCIA) was used in SimaPro software. Pig feed consumption was based on data from the British Pig 
Executive, which is now the Agriculture and Horticulture Development Board Pork, which publishes 
data from the InterPIG project. Other data were obtained from Danish organisations (such as the 
Danish Meat Research Institute, Danish Crown [a pork processor], DAKA Denmark [produces feed 
and disposes of dead animals]) and other EU organisations (such as the Meat and Livestock 
Commission and the Institute of Grassland and Environmental Research in Great Britain, and the 
Agricultural Economics Research Institute of the Netherlands).     

The study identified that feed production and manure handling contributed significantly to the 
acidification, eutrophication and global warming MICs. “Food miles” were found to be a misleading 
environmental indicator, as the impact of transporting the final product to the Port of Harwich was 
minimal (less than 1 %) on climate change values. Data from 2005 was compared to data from 1995, 
and improvements in the environmental impact were found, mostly due to reductions in feed 
consumption (ie, improvements in the FCR) and improved manure handling procedures. 
Anaerobically digesting manure and using the biomethane produced to generation heat and power was 
identified as a means of further improving climate change impacts. The two additional transport 
scenarios only resulted in a marginal increase in greenhouse gas emissions. When results for Danish 
pork were compared to pork produced in Britain and the Netherlands, global warming potential was 
the same, and eutrophication and acidification potential were highest in Great Britain and slightly 
lower in the Netherlands when compared to Denmark. The report also noted that soy production in 
Argentina is depleting soil nitrogen. The report did not look at land use, water use or human 
edible protein, nor did it include soil carbon or land use change in the global warming potential 
assessment.  

A second LCA of Danish pork was completed in 2011 using data from 2010, again researchers at 
Aarhus University (Nguyen, Hermansen and Mogensen, 2011). Danish Crown primarily funded the 
report, with some support from the Danish Federal Government and the project was part of larger EU 
funded project on LCA method development. The aim of the report was to assess and report on the 
environmental profile of Danish pork from LCA using attributional and consequential modelling 
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methods. This report assessed two pork production cases, an “average” Danish farm and the 25% of 
Danish herds with the highest efficiency, on the assumption that the latter farms would become the 
average performance in the future as the overall industry performance improved. The report 
considered an additional scenario with 7 – 8 % increased feed efficiency and a 100 % increase in the 
number of piglets weaned per sow per year. The system boundaries included on-farm feed and pork 
production, meat processing and three transport cases for the final product. The transport cases were: 
600 km truck transport of chilled product to Sweden or Germany; 130 km truck transport then 600 km 
chilled ship transport to Great Britain; and 130 km truck transport then 21,000 km of ship transport of 
frozen product to Asia. The functional unit was therefore 1 kg of pork meat (carcase weight) delivered 
to the final destination, which meant that there was no differentiation between different types of pork 
products. Five MICs were assessed, namely acidification, eutrophication, global warming 
potential, land use and non-renewable energy use. The last two MICs were new in this study. 
Modelling in SimaPro used the EDIP Life Cycle Impact Assessment method for the first four MICs 
and Impact 2002+ for non-renewable energy use. This report used both attributional and 
consequential modelling approaches, which makes it more comparable with other pork LCA results, 
such as those following the British Publicly Available Specification PAS 2050, which also use an 
attributional modelling approach. The Danish Food and Agriculture Council provided data for pig 
feed consumption and the modelling used new data on crop yields from Statistics Denmark. System 
expansion for bone, blood and meat meal was assumed to be a saving in barley, so resulted in land use 
saving in addition to the credits in the other MICs. Danish Crown provided data on processing and 
DAKA provided data on by-products system expansion.  

The study found that the results were consistent with the 2007 study. Once again, on farm manure 
management and feed (cereal) production were the major contributors to global warming potential, 
accounting for 30 % and 60 % respectively. The consequential modelling approach produced higher 
environmental impacts in all MICs and for both pork production cases, largely due to the higher yield 
and stricter environmental regulation of Danish feed production when compared to marginal world 
cereal production. Results were slightly lower (8 – 10 %) for the higher efficiency pork production 
systems. In terms of the transport options, option 2 (130 km by truck then 600 km by ship transport of 
chilled product) was about the same as the 600 km truck transport of chilled product for global 
warming, acidification and non-renewable primary energy use. However, option 3 (50 km by truck 
then 21,000 km by ship of frozen product) increased the acidification by 14 %, energy use by 27 % 
and global warming potential by 16 %. Land use was not separated into arable cropping, arable 
grazing and non-arable as only land use from grain production was included (arable cropping) and the 
value was 4.1 - 6.5 m2 land per kilogram of pork meat per year. The higher values (6.0 - 6.5) resulted 
from the consequential modelling approach, due to the lower yield and consequently higher land use 
for non-Danish barley production. The report, once again, did not look at soil carbon or land use 
change in the assessment of global warming potential, nor at human edible protein required.  

There have been a number of LCA studies that have looked at specific issues such as manure 
management (Prapaspongsa et al., 2010; Wesnæs et al., 2013; Ten Hoeve et al., 2014), feed changes 
(Nielsen and Wenzel, 2007) and integrated crop-livestock systems (Parajuli, Dalgaard and Birkved, 
2018).   

Aarhus University is understood to be in the process of updating the Danish LCA of pork production.  

The first Australian LCA study on pork production was completed in 2010 (Wiedemann et al., 2010). 
This looked at two different management systems in two geographic regions in Australia, one in 
southern Queensland (north eastern Australia) using conventional housing and one in southern NSW 
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(south eastern Australia) using deep litter for the weaner and finishing stages. Australian Pork Limited 
(APL), the producer-owned industry organisation, and the Rural Industries Research and 
Development Corporation (RIRDC)11, a statutory authority of the Australian Federal Government, 
funded the LCA, using producer levies with matching funds from the Australian Federal Government. 
A consulting firm completed the work. The aim of the project was to assess resource usage and 
environmental impacts from pork production, to assist with identifying efficiency improvements. The 
system boundaries covered on-farm feed and pork production and meat processing up until the point 
of wholesale carcase distribution, so the functional unit was 1 kg of hot standard carcase weight at the 
meat processor. Only three MICs were assessed, primary energy use, consumptive water use and 
greenhouse gas emissions (global warming potential). An attributional approach was used in 
modelling and system expansion was used to handle co-products. Water use is particularly relevant to 
the Australian context, but has often not been included in European studies to date. Various scenarios 
for waste and by-product management were investigated, as were gaps in data. Upstream grain 
processes were modelled using the Australian Life Cycle Inventory (AUSLCI), foreground data for 
pork production was obtained from two case study farms (one in each supply chain) and data for meat 
processing was obtained from four processing plants. The pork production in both supply chains was 
based on “large, progressive piggeries”, and both supply chain case study piggeries were farrow-to-
finish operations.  

Interestingly, manure management was the largest source of greenhouse emissions, with feed 
production generating 15 % of emissions in the northern, conventional housing system and 28 % in 
the southern, deep litter housing system. Water use, primary energy use and global warming potential 
were all lower in the southern, deep litter housing system. Water use was lower than reported in the 
literature for other pork production systems, highlighting the efficiency of water use in the Australian 
system. Primary energy use in both systems was higher than other studies reported in the literature. A 
scenario that investigated covering manure effluent ponds, capturing the biomethane generated and 
flaring it, provided a 90 % reduction in methane emissions, substantially reducing the global warming 
potential result to below the deep litter system value.      

A second LCA on Australian pork was completed in 2012 looking at manure methane mitigation 
options and a larger number of case study farms in three additional supply chains (Wiedemann, 
McGahan and Murphy, 2012). The study was funded by the Pork CRC, with funds from industry levy 
money. The three additional supply chains included: five SME farrow to finish farms in south-east 
Queensland; a large conventional supply chain in Western Australia, which included three breeder 
units, one weaner-grower and one grower-finisher unit, on multiple sites; and an outdoor and deep 
litter supply chain in Western Australia. The system boundaries and functional unit were mostly the 
same, with the addition of a functional unit of 1 kg of chilled, bone-in pork cuts ready for wholesale 
distribution, which takes into account the boning or retail yield. An attributional approach was used to 
modelling, and system expansion was used to handle co-products, rather than economic allocation as 
in the first LCA. There was a slight change to the MICs studied – cumulative energy demand, 
global warming potential, consumptive and stress weighted water use.  

                                                           
11 RIRDC is a statutory authority of the Australian Federal Government, and was established to “work with 
small and emerging industries to invest in research and development for a more sustainable, productive and 
profitable rural sector and further understanding of national rural issues. The Australian Government's National 
Science and Research Priorities and the Commonwealth’s Rural Research, Development and Extension 
Priorities provide an over-arching framework for public investment in rural research and development.” 
(Australian Federal Government, 2019). It was rebranded as AgriFutures Australia in 2017. 
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Cumulative energy demand varied by 20 % between the supply chains, with feed use accounting for 
most of the consumption. The main consumer of water was feed production (33 – 63 %), due to 
irrigation of soy crop in the US, where most of the soymeal is purchased from. Water use at the 
piggeries (16 – 51 %), which is used for cooling, cleaning and drinking water, is the next biggest 
water consumer, and water is lost through evaporation from the effluent ponds and treated effluent 
irrigation system. Stressed water use was higher for the supply chain in NSW, due to the location of 
the supply chain in a water-stressed catchment area. Methane contributed to most of the global 
warming potential impacts, mostly from manure and effluent treatment. Feed production was the next 
most significant contributor to climate change in most cases. Global warming potential, water use and 
energy use all decreased in deep litter systems compared to conventional production, but if biogas 
capture and use was factored in, then emissions from conventional production could be reduced by 
about 50 %. If soil carbon losses in grain production were included, this resulted in an 11 % higher 
global warming potential value for the Queensland large conventional supply chain, other supply 
chains were not assessed although it was noted that soil carbon losses could be higher in other 
regions. The study did not assess land use or HEPR, or land use change in the global warming 
potential MIC.  

A third Australian study, entitled “The Low Emission Future of Pork”, was completed in 2018 using a 
consequential modelling approach (Wiedemann and Watson, 2018). It focused on the future carbon 
footprint (CF) of Australian pork to the farm gate, looking at the performance and management of 
marginal producers to predict a future CF, using the results of industry projects to capture and use 
biogas for electricity generation. The study was funded by the Australian Pork Cooperative Research 
Centre. The system boundaries and functional unit were not the same as the preceding LCAs, as the 
study only looking at the upstream, primary production stage, so the functional unit was kg of live 
weight (LW). The study included the CF from land use change (LUC), particularly from expansion of 
soymeal production, which was about 1 kg CO2-e per kg LW. Similar to the previous studies, it found 
that improved productivity and enhanced manure management could lead to significant reductions in 
the CF of pork, ranging from 23 – 41 %, compared to the 2010 value of 3.6 kg CO2-e per kg LW. The 
Pork CRC has established a proactive target to reduce the CF of pork to 1 kg CO2-e per kg LW, but 
this study basically confirmed that if LUC was included, this was not possible.       

A review that was completed as part of a PhD project augmented the information from the earlier 
LCA studies and included the MICs of HEPR and arable land use (Wiedemann, 2018). This report 
determined the HEPR for Australian pork to be 4.27, meaning that the supply chain was a non-
consumer of human edible protein. The land occupation ranged from 10.9 to 16.1 m2/kg LW. 
Approximately 97 – 99 % of the land occupation was arable land, due to the land required to grow 
feed grain for the pigs. 

Each of the Danish and Australian LCA studies included a detailed background report, which 
included all the data used in the analysis. In contrast, the amount of data available in English on 
Chinese pork production systems is more limited. 

Most of the analysis of pork supply chains in China to date has been CF-based on the upstream farm 
life cycle stage. A 2015 paper on CF of livestock systems in the Sichuan province, written by 
scientists from the Nanjing Agricultural University, found pork had a CF of 5.42 kg CO2-e per kg LW 
for backyard farms and 4.29 kg CO2-e per kg LW from aggregated farms (Luo et al., 2015). The article 
did not mention allocation to by-products of feed crops. Another paper published around the same 
time by scientists from the Chinese Academy of Sciences looked at CFs for 30 years of food 
production in China, using a hybrid Economic Input-Output and LCA model (Jianyi et al., 2014). It 
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found that the CF decreased from 10.84 kg CO2-e per kg meat in 1979, to 2.891 kg CO2-e per kg meat 
in 2009, largely due to improvements in productivity. The contribution of feed production dropped 
from 50.9 % in 1979 to 33 % in 2009, when it was overtaken in significance by manure management. 
A 2016 paper on the comparative CF of plant and animal-based foods in China, written by researchers 
from Shanxi University and the University of Oklahoma, found that Chinese pork has a CF of 2.3 kg 
CO2-e per kg meat yield, using calorific value to allocate CF to by-products (Xu and Lan, 2016). 
Relative contributions from feed production, manure management, on-farm energy consumption and 
enteric fermentation were 45 %, 30 %, 17 % and 5 % respectively and 51 % of the CF was allocated 
to by-products of feed crops. A more recent study of a large-scale pork production system in Northern 
China, conducted by scientists from the Chinese Academy of Agricultural Sciences, Iowa State 
University, University of China and Beijing Academy of Agriculture and Forestry Science, found a 
CF of 3.4 kg CO2-e per kg LW (Zhou et al., 2018). Relative contributions from feed production, 
manure management, on-farm energy consumption and enteric fermentation were 55 %, 28 %, 12 % 
and 4 % respectively and allocation of CF to by-products of feed crops was on a mass basis. Each of 
the studies has slight differences in the way the system is modelled, such as different feed mixes and 
allocation methods for handling feed by-products, which accounts for much of the difference between 
the cases.    

3.2 Detailed information on the pork value chain in Denmark 
The InterPIG project involves 17 countries: mostly (14) from the EU (Great Britain, Austria, Belgium, 
Czech Republic, Denmark, Finland, France, Germany, Hungary, Ireland, Italy, Netherlands, Spain 
and Sweden); 2 from North America (Canada and USA); 1 from South America (Brazil), the only 
developing country. No countries from Asia or Africa are participating (Agriculture and Horticulture 
Development Board, 2018). The Agri Benchmarking Pig Network also has 17 members: 9 from the 
EU (Czech Republic, Denmark, France, Germany, Hungary, Italy, Netherlands, Poland, Spain); the 
same 2 from North American (Canada and USA); the same 1 from South America (Brazil); with the 
addition of 1 African country (South Africa); 3 countries from Asia (China, Japan and Vietnam); and 
Russia.  

Based on the most recent report from Statistics Denmark (Statistics Denmark, 2018), although the 
contribution of agriculture to the Danish economy is steadily declining, pork production is the most 
significant supply chain in the agriculture sector and pork exports are the largest Danish agricultural 
export (Statistics Denmark, 2018). Danish pig products accounted for 4.8 % of total export earnings, 
19.2 % of agricultural exports and 35.3 % of animal agricultural exports. Of the total Danish pork 
exports (live pigs and meat) of nearly 2 million tonnes, 72 % went to other EU countries, 13 % to 
China and Hong Kong, 6 % to Japan, 2 % to Australia and 1 % to South Korea and Taiwan. The type 
of Danish pork product purchased varies significantly between countries. EU-28 countries purchase 
100 % of carcases, 95 % of bacon, 69 % of cuts, 68 % of sausages, 53 % of canned meat and 29 % of 
by-products. Nearly all of the carcases go to Germany and 89 % of the bacon and 28 % of the 
sausages go to the UK. In comparison, 61 % of the exported by-products go to China, making up 65 
% of total Chinese pig product imports, with the remaining 35 % of Chinese imports from cuts.   

Of the total pigmeat exports and a total pig population of 31.9 million, 44.3 % of the weaners 
produced in Denmark were exported live, along with 0.9 % of pigs and sows (the remainder were 
processed in Denmark), which accounts for about 22 % of total pigmeat exports. Of the live exports, 
most (95 %) are 15 - 50 kg weaners and nearly all the live pigs are exported to EU-28 countries, with 
46 % to Germany, 40 % to Poland and 5 % to Italy. The pig herd in Denmark was slightly lower in 
2017 (12.3 million) compared to 2004 (13.2 million), but the number of pigs slaughtered in Denmark 
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is on a downward trend, from 22.6 million in 2004 to 17.5 million in 2017, a 23 % decrease. The 
difference is the increased number of weaners exported live. This means that a significant portion of 
the pigs processed in Germany (11 %) and Poland (26 %) are based on weaners purchased from 
Denmark. Danish farmers have set up operations in Poland and other Baltic States, due to the scarcity 
of land and strict environmental regulations present in Denmark, and this may account for much of the 
demand for weaners in Poland (Hamann, 2006).  

Looking at trends since 1997, the total tonnes of Danish pigmeat exports has risen 38 %, but this is 
comprised of a 536 % increase in live pigs and sow exports and a 74 % increase in carcases, at the 
expense of value added products such as bacon, sausages and canned meat, which have decreased by 
67 %, 41 % and 58 % respectively. By-product exports have increased by 58 %, largely due to a 9028 
% increase in exports to China and Hong Kong. Exports to EU countries have increased 44 %, with a 
large increase to Poland (1469 %) and smaller increases to Germany (72 %) and Italy (17 %) 
offsetting falls to the UK (-13 %), Sweden (-17 %) and other EU countries (-32 %). Exports to Japan 
and the USA have fallen by 24 % and 33 % respectively, partly offset by a 27,222 % increase to 
Australia from a very low base in 1997.   

In terms of the primary production in the pork industry in Denmark, farms with less than 1,000 head 
accounted for 32 % of farms, but only 2 % of pigs. Conversely, farms with over 8,000 head housed 46 
% of pigs although they accounted for only 14 % of the number of farms. There were 3,227 pig farms 
in 2017, down from 18,829 in 1997. Between 1980 and 2017 the average number of pigs per farm 
increased from 150 to 3,300, which highlights the trend towards fewer, larger farms (Statistics 
Denmark, 2017, 2018). About 75 % of Danish pig feed is sourced from within Denmark, and the 
Danish-sourced feed components include wheat, barley, rapeseed cake, wheat bran and beet molasses 
(Nguyen, Hermansen and Mogensen, 2011; Mogensen et al., 2018). Often the pig farmers themselves 
grow the feed components, as it is a convenient way to recycle the manure from the piggery (Danish 
Agriculture & Food Council, 2013). For example, Tybjerggaard, the largest pig breeder in Denmark 
(Skiold, 2019), has 564.3 hectares of land (Tybjerggaard, 2016). Feed which is not produced by the 
farmers themselves must be purchased from approved companies (Landbrug & Fødevarer, 2012). 
Most of the crops are rainfed, although around 17 % of farming areas have access to irrigation and 
there is some irrigation of crops on the sandy soils of Western Jutland during extremely dry periods 
(Danish Agrifish Agency, 2016). Most feed mills are owned by Danish farmers (Danish Agriculture 
& Food Council, 2013) and there are a number of companies providing feed mixes for pork farmers, 
such as Danish Agro and DLC Group. Danish Agro is a cooperative owned by 10,500 Danish farmers 
and sells through Danish Agro Shoppen (Danish Agro, 2019). DLG Group is also owned by Danish 
farmers, which expanded internationally in the early 2000s and now operates in 18 countries (DLG, 
2019). The whole agriculture, forestry and fishing industry sector accounted for 2.7 % of employed 
persons during 2015, which equates to 74,000 persons, reflecting a decreasing employment trend 
since 1901, when 40 % of the population were employed in the sector (Statistics Denmark, 2017). 
Denmark has a total land area of 42,934 km², nearly 40 % of which is used to grow cereal crops, 
much of which are used for pig fodder (Statistics Denmark, 2017). Given the small size of the country 
and the flat topography, the climate is relatively uniform (Statistics Denmark, 2018). This means that 
feed and pork production are relatively uniform throughout the country.        

In terms of primary processing in Denmark, the industry is dominated by Danish Crown, which 
processes 75 % of pork head numbers. Danish Crown is a farmer owned cooperative, with seven 
processing plants ranging in size from 0.3 million head per year at Skærbæk to 4.4 million head per 
year at Horsens. Tican and SB Pork are the other two large processors, with 1.8 and 1.6 million head 
processed respectively, representing 19 % of the head numbers processed, and the German company 
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Tönnies owns both of them. Given the total 2017 employment of 6,298 in Danish processing plants, 
which gives an average processing of 2,731 pigs per employee, then only plants processing less than 
about 0.68 million head per year would be SMEs, such as the Sevel Slagteri, Moesgaard Meat, 
Hvidebæk Slagteri, St Lihme/DanePork and Glumsø/Danish Pork Meat plants. These smaller SME 
plants account for the remaining 6% of pork head numbers processed. This is a change from 2013, 
when Tican was also a farmer-owned cooperative and, together with Danish Crown, accounted for 
90% of pigs processed (Danish Agriculture & Food Council, 2013).   

In terms of the organisation of the supply chain, a statutory levy is in place at the primary processor 
stage of the supply chain. Funds collected are directed into the Pig Levy Fund, which invests in 
research and development in the industry through the Danish Pig Research Centre (Bell, 2016). The 
Pig Production sector board within the Danish Agriculture and Food Council (DAFC) (Landbrug & 
Fødevarer Svineproduktion) is made up of nine pig producers and one advisor, who are appointed by 
the Minister of Environment and Food after being elected by pig farmers. The Pig Production sector 
board makes decisions regarding the research activities of the Danish Pig Research Centre, which is 
hosted within the research division of DAFC (SEGES). In addition to money from the Pig Levy Fund, 
additional funding for the Danish Pig Research Centre is sourced from DanBred (formerly DanAvl), 
as well as public and private funding (Danish Pig Research Centre (SEGES), 2019), such as the 
Pesticide Levy Fund (another statutory levy on pesticide use) (Bell, 2016). DanBred is a continuation 
of DanAvl, the Danish pork breeding system, and a portion of the revenue from selling breeding stock 
and genetics internationally is directed back to research and development (Danish Pig Research 
Centre (SEGES), 2016b). DanBred is owned by SEGES (51 %), 24.5 % by Danish Agro (a farmer 
cooperative) and 24.5 % by DanBred International. Two other companies, Danish Genetics and 
Danic, also sell Danish pig genetics.    

As part of the 2009 “Green Growth Strategy”, the Danish Government developed a goal that at least 
50 % of all farm manure is to be used to make biogas by 2020, which would be the equivalent of 20 
PJ/year of biogas. To assist with this transition, the Danish Government Energy Agency provided 30 
% capital grants and favourable feed in tariffs for exported electricity guaranteed for 15 years (Lybæk, 
2016) and an exemption from the energy and greenhouse tax, which equated to a subsidy of about 
€10/GJ biogas (Bundgaard et al., 2014). As part of the “Our Future Energy” proposal in 2011, the 
Danish Government set the objective of all energy consumption being sourced from renewable energy 
by 2050. Biogas plants in Denmark can be based on individual farms, but there are also centralised 
plants, which provide district heating and electricity. In 2012, there were 21 joint manure-based plants 
and 46 farm-sized biogas plants (Bundgaard et al., 2014). The Energy Agreement 2012 strengthened 
support for biogas and included an overall target of 35 % of energy being sourced from renewable 
energy by 2020. This included enhanced support by increasing the subsidy level to €15.44/ GJ and 
new support systems, such as the Biogas Task Force. This policy decision would have been informed, 
at least in part, by the LCA of Danish pork that identified manure biogas as a means of reducing the 
CF of Danish pork. The nutrients in the digestate from the anaerobic digesters can then be recycled 
back to farms, which reduces the odour levels compared to spreading undigested manure, which was 
the traditional practice (Lybæk, 2016). There has been some community resistance to centralised 
plants, due to issues such as dust and noise from truck movements.  

Results from LCA studies have been used by the Danish government to develop energy policy. 
Examples include the 2009 “Green Growth Strategy”, which aimed for 50 % of all farm manure to be 
used for biogas production by 2020. The 2012 Energy Agreement strengthened Government support 
for pork farm biogas projects, which include recycling of nutrients. Constraints on recycling include 
pathogens such as the African Swine Fever (ASF) and Pork Epidemic Diarrhoea (PED) viruses 
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(Danish Pig Research Centre (SEGES), 2017). The incidence and prevalence of ASF and PED are 
both a threat and an opportunity for the Danish pork industry: a threat, given the high mortality rate 
and the density of production in Denmark; and an opportunity, because occurrence of the disease in 
other countries will reduce production in those countries, which then creates opportunities for Danish 
exports of both pork meat and certified disease-free livestock.   

Major supply chain threats to the Danish pork industry, particularly weaner exports, result from 
biosecurity threats such as pig diseases, such as the ASF and PED (Danish Pig Research Centre 
(SEGES), 2017). Neither have been detected in Denmark to date but both can be spread by animal 
transport (Danish Pig Research Centre (SEGES), 2016a). The Danish pork industry has taken detailed 
biosecurity precautions, including disinfecting trucks which deliver livestock to neighbouring 
countries, at facilities such as the DANISH Safety Wash site at Padborg near the Danish-German 
border (Danish Pig Research Centre (SEGES), 2015). There is a system in Denmark known as the 
Specific Pathogen Free Health System, which ensures that weaners produced in Denmark are free of 
pathogens including lice, mange mites, swine dysentery bacteria, rhinitis bacteria, pleuropneumonia 
bacteria, enzootic (mycoplasmal) pneumonia (Myc) bacteria, and the porcine reproductive and 
respiratory syndrome virus.  

By 2014, ASF had spread via wild boar herds from the Caucasus to Russia, Belarus and Ukraine, and 
subsequently to neighbouring Baltic countries such as Estonia, Latvia, Lithuania and Eastern Poland 
(Danish Pig Research Centre (SEGES), 2015). ASF has a 50 – 99 % mortality rate in infected pigs, 
and may survive for months in products from infected animals, such as processed meats (Danish Pig 
Research Centre (SEGES), 2016a). A recent report by the World Organisation for Animal Health 
(OiE) on ASF stated that the disease is present in Africa, Europe and most recently Asia (World 
Organisation for Animal Health, 2019). Since 2016 it has spread in Europe, from when it was first 
detected in Moldova in September 2016 to June 2017 in the Czech Republic, July 2017 in Romania, 
April 2018 in Hungary, August 2018 in Bulgaria and September 2018 in wild boars in Belgium. There 
was an outbreak in Lithuania in 2014 that was contained and a similar outbreak in Belgium in 1985. 
The most recent outbreak of ASF is in Asia, where it was first reported in China in August 2018, 
Mongolia in January 2019, Vietnam in February 2019, Cambodia in March 2019 and Hong Kong in 
May 2019 (World Organisation for Animal Health, 2019). As the disease is incurable, infected animal 
must be destroyed, and at the time of the OiE report, 1.7 million pigs had been lost in Asia and 0.8 
million in Europe. The most recent report (The Pig Site Editor, 2019) indicates that ASF can now be 
found in Laos and North Korea, 2.5 million pigs have been culled in Vietnam and the Chinese herd is 
likely to shrink by 30 %, with the loss of more than 200 million pigs.  

PED was first detected in England in the 1970s, had a 10 – 20 % mortality rate amongst piglets and 
then spread to Europe, although not as far north west as Scandinavian countries (Danish Pig Research 
Centre (SEGES), 2015). In 2010, a new PED variant was detected in Asia, with 70 – 100 % mortality 
rates in piglets. The same variant was detected in North America in 2013, possibly through 
contaminated feed or contact with persons, and similar variants have been detected in Germany and 
Italy.  

In early 2019 it was reported in the media that Denmark were building a 70 km fence along the 
southern border with Germany to prevent the spread of ASF via wild boars (BBC, 2019). 
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Appendix 4 – Red meat chapter 

4.1 Overview of soil carbon issues in Australian agriculture  
The Australian government-run Commonwealth Scientific and Industrial Research Organisation 
(CSIRO) performed a comprehensive review of the soil carbon sequestration potential of Australian 
agriculture in 2010, as part of the National Research Flagship on Sustainable Agriculture (Sanderman, 
Farquharson and Baldock, 2010). Global carbon stores include: an atmospheric store of 730 Pg C (as 
carbon dioxide); a soil store of carbon as 900 to 1,700 Pg of inorganic C and 1,500 Pg of organic C 
with an annual flux between the soil and atmosphere of 60 to 120 Pg C; an ocean store of 38,000 Pg 
C; and vegetation stores of 500 Pg C (Prentice et al., 2018). Soil inorganic carbon is predominantly 
carbonates and results from both the weathering of soil parent material and the reaction of gases in the 
atmosphere with soil minerals, such as calcium. Soil organic carbon (SOC) accounts for 40 – 60 % 
of soil organic matter (SOM) by mass (Sanderman, Farquharson and Baldock, 2010). The remaining 
elements are oxygen, hydrogen, sulphur, nitrogen, phosphorus, calcium, potassium and magnesium 
(Bot and José Benites, 2005). SOM is comprised of living and non-living portions: living SOM 
includes bacteria, fungi, fauna such as nematodes, and plant roots; and non-living SOM, which is the 
majority of the SOM, is partially decomposed plant and animal residues. SOM, particularly SOC, has 
a number of functions, such as increasing the retention of water in the soil profile, improving soil 
structure, reducing soil erosion due to wind or water, the net impact being that soil productivity is 
maintained. Most emission reduction schemes only consider SOC, not soil inorganic carbon 
(Sanderman, Farquharson and Baldock, 2010). To put the magnitude of the flux between the soil and 
atmosphere into perspective, the 2007 annual Australian flux was 12 % greater than all Australian 
anthropogenic greenhouse gas emissions and a 0.8 % annual increase in SOC stocks could effectively 
mitigate all of Australia’s annual greenhouse gas emissions (Sanderman, Farquharson and Baldock, 
2010). This explains why there is so much interest in the topic on the part of regulators and the 
agricultural sector.  

It is useful to think of SOC as having different “pools”, which have different residence times in the 
soil: the smallest and most active pool is the labile pool, with a turnover time of up to 5 years; the 
humidified pool has a turnover time of decades; and the inert, resistant or passive pool has a 
turnover time of millennia (Cowie, Smith and Johnson, 2006). The rates of turnover are impacted by 
factors such as temperature, pH, water availability, aeration, biological activity (such as 
comminution), soil clay content, proportion of recalcitrant fractions (such as waxes and lignins) and 
availability of nitrogen (Cowie, Smith and Johnson, 2006). Soil carbon levels increase through the 
inclusion of plant or animal organic residues, and decrease due to processes such as erosion, uptake in 
plant material, leaching and decomposition (Cowie, Smith and Johnson, 2006). Biochar is an example 
of a resistant or passive organic carbon source. Switching to Australian native grasses, which have 
larger active root systems and associated microbial biomasses, can increase the amount of living SOC 
in the labile pool on an ongoing basis (Filippi, 2013). Similarly, increasing the amount of above 
ground vegetation will lead to a corresponding increase in the amount of litter, which will increase the 
amount of non-living SOC, even though this may be part of the labile pool and therefore the C content 
may be recycled back to the atmosphere.      

The 2010 CSIRO report highlighted areas where data is lacking and additional research is required, 
such as: 

• Anthropogenic impacts on soil inorganic carbon pool, in terms of formation and losses 
• Total potential of agricultural soils to store additional carbon 
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• Accumulation rate of carbon in soils 

• Permanence of soil carbon pools, particularly given inter-annual variations in climate and 
vegetation growth 

• Impact of different management strategies in different agricultural sectors on soil carbon 
levels 

4.2 Stakeholders and SMEs in the Australian red meat value chain 
In terms of data on primary production in Australia, the Australian Bureau of Statistics (ABS) 
conducts a detailed Agricultural Census every 5 years, which includes data such as the average farm 
and herd size. The most recent census was in the 2015-16 financial year (Australian Bureau of 
Statistics, 2018). In the intervening years the ABS conducts the Rural Environment and Agricultural 
Commodities Survey (REACS), the most recent of which is from the 2016-17 financial year 
(Australian Bureau of Statistics, 2019), and includes more general data, such as land use and 
production. REACS’s data are then used by the Australian Taxation Office to publish the annual 
Register of Foreign Ownership of Agricultural land (the Agricultural Land Register, commonly 
referred to as AgLand) (Australian Taxation Office, 2018). The 2015-16 Agricultural Census reported 
that; the average Australian farm size was 4,331 hectares; the average beef herd was 805 head; the 
average sheep flock was 2,857 head; the total beef herd has 22,306,275 head (about 1 cow per 
Australian), and the total sheep flock was 67,543,092 (about 3 sheep per Australian). 

Most (95 %) of the livestock-related agricultural businesses were primary producers (farms), 
although the companies owning the farming enterprise may be non-SME Australian or overseas 
companies (Wagstaff, 2019). To put this in perspective, Australia’s largest beef primary producer is 
the Australian Agricultural Company, which owns approximately 7 million hectares, nearly 10% of 
Australian agricultural land representing an area 1.6 times the size of Denmark (Statistics Denmark, 
2017), and employed only 424 people as of 31 March 2019 (AACo, 2019). Most (over 85%) of the 
13.4 % foreign ownership of agricultural land in Australia is used for livestock purposes (Australian 
Taxation Office, 2018), but the majority of the parent companies would not be considered SMEs. 
Most (90 %) of the cattle herd are beef, and only 10 % came from dairy, which is quite different to 
Europe, where a significant proportion of the cattle are dairy breeds (Cederberg et al., 2009; Hessle et 
al., 2017).  

During the year ending March 2019, 3.1 million cattle were finished using feedlots (Australian Lot 
Feeders Association, 2018, 2019b, 2019a), which represents a significant proportion of Australia’s 
production, ie 40 % of adult cattle slaughtered in 2017 (Ernst & Young, 2018). Industry projections 
are that the proportion of cattle finished in feedlots will double between 2006 and 2021 (EconSearch 
Pty Ltd et al., 2009), so that ultimately nearly 70 % of cattle will be finished in feedlots. The three 
largest feedlot operators are also meat processors – namely JSB Australia, Teys Australia (joint 
venture with Cargill) and NH Foods Australia (EconSearch Pty Ltd et al., 2009), all of which are non-
SMEs. Sheep and lamb feedlots are a newer phenomenon, but similar to beef feedlots, are growing in 
numbers and processing capacity, particularly for meat sheep such as Dorpers (Dickson and Jolly, 
2011; Chadwick and Pearce, 2013). During the 2008 - 2012 period, the National Livestock 
Identification System (NLIS) database listed 261 feedlots (Iglesias and East, 2015). The growth in the 
number and usage of feedlots has meant that fewer livestock move through saleyards, down to 40 % 
for the 2008 - 2012 period (Iglesias and East, 2015). 

There are a small number of vertically integrated enterprises operating in the beef sector, which own 
farms, feedlots and meat processing plants, namely Stanbroke (Stanbroke, 2019), Australian Company 
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Choice (Australian Country Choice (ACC), 2019) and Bindaree Beef (Bindaree Beef Group, 2019). In 
the sheep industry, there is not the same dominance of feedlots, and similarly, there are a small 
number of vertically integrated enterprises that own farms and meat processing plants, namely 
Fletchers International Exports (Fletcher International Exports, 2019) and the Midfield Group (The 
Midfield Group, 2019).  

In the red meat processing sector in Australia, the largest producers (JBS Australia, Teys-Cargill 
Australia, Thomas Foods International, NH Foods Australia [formerly Nippon Meat Packers 
Australia], Kilcoy Pastoral, Fletcher International Exports) are primarily export-oriented, have 
significant levels of overseas ownership and employ well in excess of 250 people (Condon, 2016). 
Smaller plants, such as the case study site, fall within the definition of SMEs, tend to be family-owned 
and are principally oriented towards the domestic market for their meat products (although some co-
products and by-products, such as tallow and skins, may be exported). According to the most recent 
industry report (Ernst & Young, 2018), the top 16 companies employ more than 250 people. The top 
16 companies operate 41 sites out of an industry total of approximately 130 - 150 sites (Ridoutt, 
Sanguansri and Alexander, 2015; AUS-MEAT, 2019; Australian Meat Processor Corporation, 2019), 
so theoretically there are 90-110 SME red meat processors in Australia. Interestingly, in the period 
2008-2012 the NLIS database listed 357 individual property identification codes for abattoirs, which 
may include a number of non-commercial enterprises (Iglesias and East, 2015). During the 2016-17 
year, about 27 % of the cattle herd and 41 % of the sheep flock were slaughtered, in the latter case, 
about 75 % of the head slaughtered were lambs (Ernst & Young, 2018). During the 2016-17 year, 
Australia exported most of its red meat production: 69% of beef and veal production; 59 % of lamb 
production; 95 % of mutton production; and 91 % of goatmeat production. During the same period, 
Australia was the largest sheep meat and goatmeat exporter in the world, and the third largest beef and 
veal exporter behind India and Brazil.  

However, there has been consolidation in the meat processing sector in the recent past, mostly 
through the largest operator (JBS Australia) buying up smaller plants and the second and fifth largest, 
formerly Teys Bros and Cargill Beef Australia, forming a joint venture (Teys Australia) (Meat & 
Livestock Australia, 2008; Ernst & Young, 2018). In the year 2007, ranking by throughput results 
were: JBS Swift Australia with 16 %; Teys Bros with 12 %; Nippon Meat Packers Australia (now NH 
Foods) with 6 %; Tasman Group Services (bought out by JBS) with 6 %; Cargill Beef Australia with 
5 % (now in joint venture with Teys); and T&R Pastoral (now Thomas Food International) with 5 % 
(Meat & Livestock Australia, 2008). In the 2016 - 17 financial year, the largest processor, JBS 
Australia, had 11 processing sites and the parent company Industry Park (which owns JBS Australia 
and Australian Consolidated Food Investment) employed 36 % of workers in the meat processing 
sector (Ernst & Young, 2018). In the year 2017, JBS Australia had twice the revenue of the next 
processor, Teys Australia, 4 times the revenue of the third largest processor, Thomas Food 
International, and 6 times the revenue of the fourth largest processor, NH Foods Australia and nearly 
30 times the revenue of the largest SME, G & K O’Connor (IBIS World, 2018). There is also 
significant overseas ownership at the processor level, namely JBS Australia, Teys Australia (49 % 
owned by Cargill), NH Foods Australia, Kilcoy Pastoral, Bindaree Beef (51% owned by Archstone 
Investments) and OSI International Foods, none of which are SMEs. There are two cooperatives, 
Northern Co-Operative Meat Company, which has two plants in New South Wales, and Western 
Australian Meat Marketing International Co-Operative, which has one plant in Western Australia. The 
cooperatives employed 775 and 348 people respectively in the 2016 - 17 financial year, so neither are 
SMEs (Ernst & Young, 2018).  
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There is a live export trade in both cattle and sheep and during the 2016 - 17 year about 3 % of both 
the total cattle herd and sheep flock were exported live, which equates to 0.9 million cattle and 2 
million sheep, and a small number of live goats were also exported (Ernst & Young, 2018). Most of 
the beef exports occur from the northern part of Australia via ports in that area (Darwin, Broome, 
Townsville) (AusVet Animal Health Services, 2006), whereas most of the live sheep exports, mostly 
wethers, occurs via ports in the main sheep areas of Fremantle, Portland and Port Hedland (East and 
Foreman, 2011).  

The NLIS system was introduced in 1999 and allows traceability of livestock movements in Australia 
by a unique identifier for each animal (usually an electronic ear tag) and a unique Property 
Identification Code (PIC) for each separate physical location (National Livestock Identification 
Scheme, 2019). The system provides traceability of livestock, to assist with tracing disease and food 
safety incidents back to the source, and is part of a wider Australian biosecurity system. When it was 
introduced in 1999, the system was only used for beef production, but was expanded to include sheep 
and goats in 2009 and pigs in 2018. 

In terms of stakeholders in the value chain, Meat and Livestock Australia (MLA) is the producer 
owned organisation which manages the research and marketing for the red meat industry (beef, sheep 
and goats), for both the primary production (on-farm) and processing stages. MLA is funded by a levy 
at the primary processor stage and the Australian Federal Government provides matching funds, but 
the industry directs where research money is spent and government involvement is consequently more 
passive than active (Meat & Livestock Australia, 2019). Individual processors can also use part of the 
levy money they pay for Plant Initiated Projects at their site, which they then contribute 25 % of the 
funding to. There are a number of other industry bodies, such as the National Farmers Federation, 
Cattle and Sheep Councils of Australia, the Red Meat Advisory Council, Australian Meat Processor 
Corporation (which represents meat processors), the Australian Meat Industry Council (the peak body 
which represents processors, smallgoods manufacturers and retailers) and Australian Q Fever 
Register. Industry training is provided by a national body, the Meat Industry Training Advisory 
Council, which has links to registered training organisations in each state and territory.  

4.3 Calculation of HEPR values for this PhD 

4.3.1 HEPR for sheep meat that is grain-finished in a feedlot 
Data was taken from a MLA publication on lot feeding lambs (Meat & Livestock Australia, 2005).  

Table 4.1 Calculation of FCR for sheep meat that is grain-finished in a feedlot (Table numbers refer to 
source in original report) (Meat & Livestock Australia, 2005) 

 Table 1 Table 2 Table 3 
Starting weight (kg) 47.7 47.7 43.9 34 

Finishing weight (kg) 51.7 50.5 53.7 45.2 

# days in feedlot 25 53 35 35 

kg feed/day 2 2.23 1.9 1.6 

Total feed (kg)  50 118.2 66.5 56.0 

growth rate kg/day 0.16 0.1 0.3 0.3 

kg weight gain/kg feed 0.08 0.02 0.15 0.20 

FCR (kg feed/kg weight gain) 12.5 42.2 6.8 5.0 
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      Note – blue shading indicates numbers from literature, yellow shading indicates calculated 
     values 

Best FCR (stated in report, Table 3) = 4.7 

Worst FCR (calculated from Table 2) = 42.2 

 

Table 4.2 Calculation of HEPR for sheep meat that is grain-finished in a feedlot 

 Light lamb Heavy lamb Data source 
FCR 4.7 42.2 (Meat & Livestock Australia, 2005) 

CP % 14 % 19 % (Chadwick and Pearce, 2013) 

P/kg LW 0.7 8.0  

Carcase yield 45 % (Wiedemann and Yan, 2014) 

Boning yield 76 % As above 

P in feed/ kg meat 1.9 23.5  

kg into feedlot 34 44 (Meat & Livestock Australia, 2005) 

kg out of feedlot 45.2 54 As above 

Weight gain in feedlot (kg) 11.2 10  

P % in meat 18 % (Wiedemann et al., 2016) 

Grass HEPR 0.35 1 0.35 from (Stephen G. Wiedemann et al., 
2015a, 2015b), 1 from (Wiedemann, 2018) 

Grass P in feed 0.06 0.18  

Total HEPR 0.7 5.2  
Note – FCR = feed conversion ratio, CP = crude protein, P= protein, LW = live weight 

4.3.2 HEPR for sheep meat from regenerative agriculture 
No supplementary feeding = no human edible protein fed to sheep; therefore HEPR = 0 
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