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Glossary 
Aerobic: In the presence of or using molecular oxygen (O2). 
Alcohol: An organic compound containing an –OH alcohol functional group at some 
position on the molecule. The simplest and smallest alcohol is methanol, which contains 
only one carbon atom: CH3OH. The second smallest alcohol is ethanol, which contains 
two carbon atoms: C2H5OH. 
Amino Acid: Any of a group of compounds containing at least one amine group (– NH2) 
and at least one carboxyl group (–COOH). Amino acids of the construction 
RCH(NH2)COOH where R is an organic group are the building blocks of proteins.  
Anaerobic Digestion: A biological process in which bacteria degrade organic substrates 
in an anaerobic environment, to produce bio-gas a mixture of mainly carbon dioxide 
(CO2) and methane (CH4). 
Anaerobic: In the absence of molecular oxygen (O2). 
Ash: Solid residue from combustion. Bottom ash is usually located at the bottom of the 
furnace itself and contains residual combustible matter as well as non-combustible, non-
volatile matter such as sand, glass, metals etc. Fly ash is usually collected from the stack 
gases and higher furnace walls and may contain many hazardous compounds which may 
be products of combustion such as some acid gases, various pollutant products of 
incomplete combustion such as carbon monoxide, dioxins and furans, as well as carbon-
rich soot particles which may have other matter such as heavy metal oxides absorbed on 
to them. 
Biodegradation: The decomposition of organic matter by the action of living organisms 
(usually micro-organisms).  
Bio-ethanol: The alcohol, ethanol (C2H5OH), as produced by a biological process (rather 
than chemical synthesis), especially during fermentation of sugars by micro-organisms 
such as yeasts and some bacterial species. 
Biomatter: Organic matter that has been derived from biological sources, such as plant 
and animal matter, but also products derived from these, for example paper and butter.  
Bio-oil: The liquid fuel product of pyrolysis of biomatter. It contains intermediate 
decomposition products of the material, which was pyrolysed.  
Biopolymers: Large molecules made up of simple repeated units, which have been 
created in living organisms. Examples include proteins (made from amino acids); fats 
(from fatty acids); starch (from glucose sugars); genetic material (from nucleic acids). 
Bioreactor: A reactor, which is used to contain biological and biochemical processes 
(rather than just a chemical process in which case, reactor is simply used). 
Biowaste: In the context of this report, biowaste is a waste stream containing organic 
matter that was originally created in a living organism, such as waste plant matter or 
waste animal matter (that is biomatter). Note that not all organic wastes are biowastes—
some organic materials such as plastics, are synthetic rather than biological in origin. 
Biowastes may contain many different types of organic compounds: lignin; 
carbohydrates: hemi-/cellulose, starch, sugars; proteins and amino acids; fats, lipids and 
organic acids; alcohols; nucleic acids and polymers; cell energy intermediate molecules 
etc.  
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BOD: Biological/Biochemical oxygen demand. A measure of the concentration of 
biodegradable organic material in a waste stream (usually a liquid waste stream). It is the 
amount of oxygen consumed during oxidation of organic material in a sample, which is 
kept at 20oC for 5 days per volume of waste (Baird, 1995). The higher the BOD of a 
liquid waste stream then the higher its polluting value and oxygen depleting potential if 
emitted to a waterway. 
Bottom Ash: See Ash. 
Carbohydrate: Any of a group of organic compounds having the general approximate 
formula (CH2O)n where n is greater than or equal to 3 (Bailey and Ollis, 1986). Examples 
include polysaccharides such as cellulose, hemicellulose, glycogen and starches; 
disaccharides such as sucrose and lactose; and monosaccharides such as glucose. Simple 
sugars of between 3 and 9 carbon atoms are formed during photosynthesis. Carbohydrate 
matter exceeds the combined amount of all other organic compounds in the biosphere 
(Bailey and Ollis, 1986).  
Cellulose: A major structural component of plant cells. It is a polysaccharide formed 
from glucose (C6H12O6) sugars bonded by β-1,4 glycosidic linkages into long un-
branched chains. Few organisms are able to hydrolyse the sugar linkages in cellulose 
compared to in starches. Cellulose is highly crystalline and insoluble in water—both 
properties, which contribute to its resistance to degradation (Bailey and Ollis, 1986). 
Char: A carbon-rich solid formed during thermo-chemical processes such as 
combustion, gasification and pyrolysis. 
Co-current: Flows of material streams in the same direction. 
COD: Chemical oxygen demand. A measure of the concentration of all organic material 
in a waste stream, expressed as the amount of oxygen required for complete oxidation of 
the organic materials to carbon dioxide and water, per volume of waste (Sawyer et al., 
1994). 
Co-generation: Is the simultaneous production of various forms of energy from the one 
power source. Most commonly, co-generation is the production of both electricity and 
useful heat from the same fuel source. The overall conversion efficiency (which is the 
ratio of useful energy output to fuel energy input) is improved substantially with co-
generation, since some of the waste heat has become useful. Diesel generates the primary 
electrical energy, but then heat is recovered from this process to generate steam which 
runs through a low pressure steam turbine for further electrical generation, further 
heating, drying processes and the like. Co-generation produces various forms of energy 
from a single power source.1 
Convergence: Is the ‘coming together’ of formerly distinct technologies, industries or 
activities. 
Combustion: A burning process in which materials are oxidised, consuming oxygen (O2) 
and releasing carbon dioxide (CO2), water (H2O) and heat and light. 
Counter-current: Flows of material streams in directions opposite to each other. 

                                                   
1 Source: Hinrichs, R and Kleinbach, M. (2002), Energy: Its Use and the Environment, Harcourt College 

Publishers, New York, p.378. 
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Digestate: The residual moist solid or slurry left over after anaerobic digestion. 
Eco-efficiency: Was coined by the Business Council for Sustainable Development in 
1991.2 In simplest terms, it means creating more goods and services with less use of 
resources, waste and pollution. Production processes are designed to maximise 
efficiency, and deliver competitively priced goods and services whilst progressively 
reducing resource intensity and ecological impacts. Eco-efficiency has been criticised for 
what is seen by some as too much of an emphasis on resource savings within the existing 
techniques of production.3 It is argued that if eco-efficiency lowers cost, more of the 
product will be demanded, and that: 

Narrowly focused eco-efficiency could be a disaster for the environment by 
overwhelming (the) resource savings with even larger growth in the production of the 
wrong products, produced by the wrong processes, from wrong materials, in the wrong 
place, at the wrong scale, and delivered using the wrong business models. 

What is really needed, it is argued, is a complete re-thinking of the whole system design 
of the production process not only the materials used, for example, but questions such as: 
Are the existing pipes the right width, and in the right places? And: Are there any 
processes I can use that imitate more closely the way nature produces goods and 
services?  
EGSB: Expanded granular sludge blanket. An anaerobic digestion bioreactor design 
which developed from the UASB design (see UASB also). In this design, a liquid 
biowaste enters the bioreactor at the bottom through a distributed influent system and 
then flows upwards through a very dense, anaerobic granular bacterial sludge, which has 
a very high settling speed (60–80 m.h-1). Organic matter is converted to biogas in the 
sludge bed, which is usually 7–14 m high. Biogas bubbles form attached to bacterial 
granules, causing them to rise and providing mixing within the system. A three-phase 
separator located at the top of the bioreactor separates the biogas from the liquid and 
bacterial granule. The biogas leaves through one exit port, the treated liquid through 
another port and the bacterial granule without its attached biogas bubble resettles. Liquid 
flow velocities of up to 15 m.h-1 and residence times as short as a few hours are typical in 
EGSB systems (Zoutberg and de Been, 1997).  
Endothermic: Used to describe processes (particularly, bio-/chemical reactions), which 
consume heat. 
Exothermic: Used to describe processes (particularly, bio-/chemical reactions), which 
release heat. 
Expanded Bed: A volume of solid particles (such as biowaste matter or bacterial cells) 
through which either a gas or liquid is passed in an upwards direction at a velocity great 
enough so as to just suspend the particles (expand the bed) and prevent them resting on 
each other. 

                                                   
2 World Business Council for Sustainable Development (2000), Creating More Value with Less Impact, 

p.3. http://www.wbcsd.org/plugins/DocSearch/details.asp?type=DocDet&DocId=577 
3 Hawken, P., Lovins, A. and Lovins, L.H. (1999), Natural Capitalism, Earthscan, London, p.x. 
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Facultative Anaerobes: Micro-organisms which have two energy-yielding metabolic 
processes at their disposal, enabling them to grow in both aerobic and anaerobic 
environments. In aerobic environments they may use oxygen (O2) in respiration whereas 
in anaerobic environments they employ fermentation. 
Fat: Polymers of fatty acids, used as biological fuel storage.  
Fatty Acids: Fatty acids may be saturated or unsaturated. Saturated fatty acids have a 
general formula: CH3-(CH2)2n-COOH where n is usually between 6 and 10. Unsaturated 
fatty acids may have replacement of some of the single carbon-to-carbon bonds by 
double carbon-to-carbon bonds within the middle part of the acids (-(CH2)2n-) and 
therefore the chemical formula is similar except that there are fewer hydrogen atoms (H) 
in the middle section of the acids. Fatty acids may condense with glycerol to form fats 
releasing water in the process (Bailey and Ollis, 1986). 
Fermentation: Metabolic processes in which energy is obtained by the splitting of basic 
organic molecules into simpler substances, such as glucose sugar (C6H12O6) into two 
ethanols (C2H5OH) and two carbon dioxides (CO2). Fermentation processes do not 
require oxygen (O2). 
Fibre: Cellulose-rich plant matter. 
Fluidised Bed: A volume of solid particles (such as biowaste matter or bacterial cells) 
which has been fluidised through a high upward flow of either gas or liquid above that 
needed just to expand the solid particle bed. The particles move in an agitated manner. 
Fluidised beds are a common reactor and bioreactor design because they provide non-
mechanical mixing with good contact between the agitated solids and the surrounding 
liquid or gas. 
Fly Ash: See Ash.  
Fructose: A 6-carbon sugar  (C6H12O6) found in honey and one of the two 6-carbon 
sugars, which make up sucrose (household sugar).  
Gasification: A thermo-chemical process in which organic matter is heated to about 800–
2000oC (Tchobanoglous, et al., 1993) in the presence of a small amount of oxygen (O2)—
about 20–40% of that required for complete combustion (Sørensen, 2000). The organic 
matter thermally decomposes through oxidation, pyrolytic and reduction reactions to 
form mainly a gas fuel (producer gas) having either a low or medium energy density. 
Solid and liquid products are also formed. 
Glucose: A very common 6-carbon sugar  (C6H12O6) found in sucrose and also the 
building block of starches and cellulose which are important energy-storage and 
structural carbohydrates, respectively. 
Heating Value: The energy density of a potential fuel measured as the amount of 
chemical energy which is able to be released as heat during combustion under standard 
conditions, per mass of the material—this is the gross or higher heating value. Not all of 
the heat released may be available for use after combustion since non-combustible 
material (such as water) in the potential fuel consumes heat as it is vaporised during 
combustion. Therefore the alternative, lower heating value (the net useful heat released 
during combustion under standard conditions per mass of the material) is also sometimes 
used.  
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Hemicellulose: A plant polysaccharide found associated with cellulose (and often bound 
by lignin). Hemicelluloses are short, branched polymers of pentoses (5-carbon) and 
hexoses (6-carbon) sugars (Bailey and Ollis, 1986). 
Hexose: Any 6-carbon sugar (C6H12O6).  
Higher Heating Value: See heating value. 
Hydrolysis: Breakdown of organic polymers by the addition of (reaction with) water—
resulting in oligomers and monomers. 
Industry Clustering:  A term coined by Michael Porter.4 Whilst reporting on a study 
which sought to find out why some nations had firms which were much more competitive 
on the world market than firms in other countries. For Porter, the answer lay in the 
propensity for competitive firms to develop in ‘clusters’ (such as Silicon Valley in the 
USA). A cluster is a critical mass of co-located companies, all working in a related field. 
The companies in a cluster include those, which supply specialised inputs (components, 
machinery, and services) to other firms in the cluster and also producers of 
complementary products. Most importantly, Porter recognised that clusters also included 
institutions that provide specialised training, education, information, research, and 
technical support to the cluster. Examples of the latter are universities, think-tanks, 
vocational training providers, and standards setting agencies. In Porter’s analysis, the 
prosperity of clusters depends on achieving traditional scale economies, and also, 
importantly, on the synergies with other nearby firms, the tacit communication, which 
takes place between the firms and the stimulus to compete with each other in some 
aspects, yet co-operate usefully in others. Porter’s framework has suggested that one of 
the things governments can do to stimulate regional economic growth is to facilitate the 
development of clusters. Regional development strategies based on the principles of 
industry clustering have become very popular since the publication of Porter’s book. 
Industrial Ecology: Is a multidisciplinary field of study which analyses the 
environmental implications of today’s industrial systems. As such it is a broader term 
than industrial ecosystems, industrial symbiosis and integrated biosystems, which all 
comprise part of the study of industrial ecology.  
Industrial Metabolism: Unlike industrial ecology, where the word ‘industrial’ refers to 
the activities of specific firms or producers in an industry, ‘industrial’ in industrial 
metabolism, refers to the totality of civilisation, so that a study in industrial metabolism 
examines the material flows (e.g. toxic chemicals) through the world’s industrial system. 
These studies focus on the long-term habitability of the planet and have an emphasis on 
documenting the routes to toxification of the global environment.5 
Industry Ecosystems: If we use the metaphor of an individual industry as an organism, 
then an industry ecosystem is the next level up in the hierarchy; it is the interaction of the 
‘organisms’, both between themselves and with the physical environment. Thus an 
industry ecosystems approach is designed to facilitate the emergence of entire industrial 
systems based on co-operation in waste material and energy utilisation between the 

                                                   
4 Michael Porter (1990), The Competitive Advantage of Nations, The Free Press. 
5 Socolow, R., Andrews, C., Berkhout, F. and Thomas, V. (1994), Industrial Ecology and Global Change, 

Cambridge University Press, Cambridge, UK, p.xvii. 
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industries involved in the system.6 The most famous industry ecosystem is that at 
Kalundborg, Denmark. At Kalundborg, firms, utilities, refineries and farms within a 
three-mile radius exchange gas, steam, heat, fly ash, fermentation sludge and sulphur.  
Industrial Symbiosis: In biology, symbiosis is an intimate association between two 
species, either for the benefit of one of them (parasitic symbiosis) or for both of them 
(mutualistic symbiosis). The concept can be applied to industrial ecology with the 
difference that industrial symbiosis can occur opportunistically, or it can be planned. 
Planned industrial symbiosis offers the promise of designing industrial ecosystems that 
are far more environmentally benign.7 
Integrated Biosystem: Integration makes explicit connections between activities such as 
farming (e.g. pigs, chickens, vegetables, mushrooms etc.), aquaculture, food-processing 
industries, waste management, water use, biological processes and fuel generation. Such 
systems can create waste loops and increase the efficiency of water and nutrient use. 
Integrated biosystems are an explicit part of industrial ecosystem design.  
Inoculum: A sample of micro-organisms either in solid form or suspended in a liquid, 
used for inoculating a feedstock or substrate so that the micro-organisms may grow on 
the substrate. 
Labile: Prone to chemical change or movement. 
Lignin: A complex, irregular, large, insoluble polymer found in the cell walls of woody 
plant tissue, containing aromatic benzene rings (C6H6) connected to each other by carbon 
and oxygen atoms. It is very resistant to biological and chemical degradation. Partial 
oxidative breakdown in soils gives the humic acids, which are an important organic 
component of soils (Baird, 1995). 
Lipid: Biological compounds that are soluble in non-polar solvents and practically 
insoluble in water; and include both fats and fatty acids. They are diverse in their 
chemical structures and biological functions (Bailey and Ollis, 1986). See fat and fatty 
acid also. 
Lower Heating Value: See heating value. 
Mesophilic: Loving middle temperatures (within the general range about 25–40oC)—as 
of bacteria responsible for anaerobic digestion. 
Methanogenic Bacteria: Also called methanogens. Bacteria capable of generating 
methane (CH4) from the metabolism of bio-organic substrates.  
Mono-saccharide: One sugar molecule having the general formula (CH2O)n where n is 
typically between 3 and 9. Pentoses (5 carbon) and hexoses (6 carbon) are widespread 
(Bailey and Ollis, 1986). Standard nomenclature for describing the structure of sugars 
and sugar-based compounds, numbers the carbons in the sugar molecules as 1, 2, 3 etc. 
starting at the end closest to the aldehyde or ketone group. Linkages between sugars are 
described by indicating the numbers of the carbon atoms involved on each sugar. For 
example a 1,6 linkage indicates that carbon 1 on one sugar is linked to carbon 6 on its 
linked sugar. 

                                                   
6 Korhonen, J. (2001) ‘Some suggestions for regional industrial ecosystems – extended industrial ecology’, 

Eco-management and Auditing, vol. 8, p1. 
7 Graedel, T. and Allenby, B. (2003), Industrial Ecology, (2nd ed.), Prentice Hall, New Jersey, p.273. 
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MSW: Municipal solid waste. Solid waste matter generated mainly by domestic 
households but also by commercial operations and collected during municipal waste 
management programs. 
Non-methanogens: In the context of anaerobic digestion, these are bacteria, which do 
not produce methane (CH4). These are hydrolysing and fermentative bacteria, involved in 
earlier steps in the digestion process. 
OFMSW: Organic fraction of municipal solid waste. Namely the biodegradable, 
putrescible fraction of MSW which includes kitchen scraps, yard wastes etc. 
Oligo-saccharide: An intermediate-sized carbohydrate molecule consisting of a short 
chain of sugars. 
Organic: Describing, or relating to, any of a group of chemical compounds that are based 
on carbon. Organic compounds may be either human-made (synthetic) or derived from 
living organisms (bio-organic). 

Paunch (or paunch manure): is the partially digested feed contained in the stomach of 
slaughtered animals. 

Packed Bed: A volume of solid particles (such as biowaste matter or bacterial cells), 
which are static and rest on each other, with a fluid (either a gas or liquid) occupying 
inter-particle spaces. 
Polysaccharide: A sugar polymer such as starch, cellulose or glycogen, which is made 
up of repeated sugar monosaccharide units linked together in chains. 
Producer Gas: The gas containing mainly carbon monoxide (CO) and hydrogen (H2) 
produced from the gasification of organic materials. ‘Producer’ gas is used also more 
specifically to mean the gas from gasification processes in which oxygen is supplied to 
the process in air. ‘Synthesis gas’ may sometimes be used in the case where pure oxygen, 
rather than air is supplied. 
Protein: See amino acid. 
Pyrolysis: A thermo-chemical process in which organic matter is rapidly heated to about 
400–600oC (BTG, 2003). Oxygen (O2) is not supplied therefore combustion does not 
occur. Instead, the organic matter thermally decomposes and vaporises. The organic 
vapour is quickly condensed to recover a bio-oil fuel having a typical energy density of 
16–19 MJ.kg-1 (PyNe, 2004).  Solid and gas products are also formed. 
Natural Capitalism: Is a term first used in the book Natural Capitalism written by 
prominent environmental advocate Paul Hawken, and Amory and Hunter Lovins of the 
Rocky Mountains Research Institute in Colorado USA.8 The term refers to a 
transformation of the world of commerce by means of a radical increase in the 
‘productivity’ of natural resources used as inputs into production processes. The idea 
contrasts with the remarkable increase in the productivity of labour, which has been 
achieved since the Industrial Revolution. The latter was achieved by the use of fossil 
fuels, abundant and free natural resources and ever-improving technologies for man-
made capital. Now, it is argued, the pattern has sharply reversed. Man-made capital has 
become abundant and natural capital has become scarce. (Fisher people are not limited by 

                                                   
8 Hawken, P., Lovins, A. and Lovins, H. (1999), Natural Capitalism, Earthscan, London. 
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the catching capacity of their boats, but by the increasingly scarce availability of fish.) 
Thus what is called for now, is an increase in the productivity of natural capital by which 
is meant that natural capital must be used far more efficiently and frugally. The book 
argues that this can be achieved through the market system, that the world stands on the 
threshold of this fundamental change in the conditions of business, and that companies 
would be very unwise to ignore what is happening .The book gives many examples of 
businesses making the changes required. 
Respiration: A metabolic process occurring in living organisms in which organic 
compounds are oxidised to produce energy (which is harvested for biological 
functioning), carbon dioxide (CO2) and water (H2O). Respiration requires oxygen (O2) as 
the oxidising agent.  
Starch: The main energy storage carbohydrate for plants, consisting of linear and/or 
branched chains of glucose sugar molecules (C6H12O6) joined together by α-1,4 
glycosidic linkages in linear sections and 1,6 linkages at branch points. Starches are 
readily broken in to their constituent sugars by many micro-organisms (Bailey and Ollis, 
1986). 
Stoichiometric: Having or regarding the exact proportion of a particular chemical 
reaction, for example a gas mixture containing one mole of hydrogren (H2) and half a 
mole of oxygen (O2) is a stoichiometric mixture for the combustion reaction of hydrogen 
to water:    H2  +  0.5 O2  à   H2O. 
STP: Standard temperature and pressure, 25oC and 101325 Pa (that is 1 atm). STP is 
used as a standard for expressing conditions at which measurements might be made. 
Sugars: are—simple small molecules usually as disaccharides (two sugar molecules) 
such as sucrose (disaccharide of glucose and fructose) in plants or derived syrups and can 
be fermented directly. Sugars 3 to 9 C sugars produced by photosynthesis. Some hexoses 
(6-C) and pentoses (5-C) are commonly found in many biological systems. 
Sugar: See mono-saccharide. 
Thermal Cracking: Break down of larger organic molecules into smaller organic 
molecules where the disruption of chemical bonds occurs as the result of heating. 
Thermophilic: Loving high temperatures (within the general range about 45–70oC)—as 
of bacteria responsible for anaerobic digestion. 
Triple Bottom-Line: Is an approach wherein the performance (e.g. of a private firm) is 
measured in a broad framework encompassing three dimensions: economic, 
environmental and social. In normal parlance, the ‘bottom-line’ is economic, that is, how 
are profits affected. In the triple bottom line therefore, this focus is broadened to include 
the environmental impact of the firm’s processes or services, and any social impacts, for 
example on the conditions of workers in the firm. 

UASB: Upflow anaerobic sludge blanket. A bioreactor design used for anaerobic 
digestion of high-strength, low-suspended-solids liquid wastes. In this design, a liquid 
biowaste enters the bioreactor at the bottom through a distributed influent system and 
then flows upwards through an anaerobic granular bacterial sludge, which has a settling 
speed of about 10 m.h-1 (Wheatley, 1990). Organic matter is converted to biogas in the 
sludge bed, which is usually 3.5–4.0 m high (Wheatley, 1990). Biogas bubbles form 
attached to bacterial granules, causing them to rise and providing mixing within the 
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system. A three-phase separator located at the top of the bioreactor separates the biogas 
from the liquid and bacterial granule. The biogas leaves through one exit port, the treated 
liquid through another port and the bacterial granule without its attached biogas bubble 
resettles. Liquid flow velocities of 1–1.5 m.h-1 and residence times of about 8.5 h are 
typical in UASB systems (Wheatley, 1990). See also EGSB. 
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1. Executive Summary 

There is increasing pressure worldwide for firms to become more efficient in their use of 
resources and to reduce waste emissions to landfill, air and water. Consequently, 
individual firms and groups of firms are seeking to develop innovative and commercially 
attractive alternatives to waste disposal. Wastes are increasingly being regarded as ‘by-
products’ rather than wastes and one firm’s waste is increasingly being regarded as 
another’s input. There is potential now to develop ‘industrial ecosystems’ where waste is 
re-used and the waste loop is closed.  

Closing the loop does, however, require a significant amount of multidisciplinary 
research in order to understand the nature of the waste streams available and the various 
options for transforming these, economically, into re-usable inputs. This report 
summarises the results of one such study. Because many rural towns tend to have similar 
waste streams, this study lays the groundwork for the development of industrial 
ecosystems in regional Australia.  

Regional centres such as Tamworth (NSW), where this study was undertaken, have agro-
industrial estates that produce significant levels of organic by-product. The Glen Artney 
Industrial Estate (GAIE) in Tamworth is home to two abattoirs, a meat products 
manufacturer, livestock saleyard, hydroponic vegetable producer, industrial laundry and a 
range of other smaller service industries. There is also potential to double the number of 
firms operating within its boundary. A survey and analysis of the GAIE reveals that the 
major wastes presently produced include heat, carbon dioxide, various wastewaters, plant 
and animal waste products (including paunch).  

As part of the endeavor to understand how loops might be closed, this report provides a 
technical discussion of the major processes for transforming organic waste to energy. 
Included in this discussion are: direct combustion, gasification; pyrolysis; anaerobic 
digestion and alcoholic fermentation. The advantages and disadvantages of each process 
for the disposal of organic waste are also discussed. The nature, amount and type of 
waste produced suggest that the process of anaerobic digestion might have the most 
potential. This conclusion is supported by the imminent development of a commercial 
anaerobic digester at a similar agro-industrial estate in Wagga Wagga (NSW). There are, 
however, other issues that need to be addressed before general recommendations and 
development of this process can be recommended. These include OH&S issues, 
institutional (including legal and bureaucratic) constraints, possible problems in obtaining 
a constant, reliable quality and quantity of required organic inputs on which new systems 
will depend, and the development of efficient transport systems. More research is 
required in these areas. 

As well as developing the broad framework for designing agro-industrial ecosystems in 
regional Australian communities, the study undertook preliminary research into three 
significant by-product re-use alternatives. The by-products concerned were: 

• Paunch. Paunch is produced by the two regional abattoirs and at present disposed 
of in different ways. Various re-use options are discussed in the report and a trial 
undertaken to evaluate the usefulness of sheep paunch as a soil conditioner for 
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tree and crop production. The conclusion is that sheep paunch on its own does not 
provide significant improvement in soil quality, while it may be useful as a 
component of compost. Further analysis of its role in compost is required, as is an 
analysis of the differences between sheep and cattle paunch. 

• Carbon Dioxide. There is significant interest in the possible re-use of CO2 
between two firms within the estate. A preliminary analysis of the science and 
economics of re-use indicates that the while the process is feasible there are 
technical and institutional risks that will need to be addressed. There were 
economic and environmental benefits to be gained by both firms but these were 
minor and insufficient to warrant significant investment in further research at this 
stage. Shift in policy regarding CO2 waste disposal and/or significant increases in 
the price of CO2 may lead to renewed interest in this area. 

• Wastewater. An abattoir in the estate was keen to consider alternative uses for 
run-off water that may enhance the aesthetic quality of the firm’s grounds and 
minimise the quantity of nutrients leaving the site. An initial study undertook 
detailed testing of the water quality on the site and discussed the potential to use 
constructed wetlands to improve the quality of the water sufficiently to use for on-
site irrigation. The study concluded that storm water run-off from the site could be 
treated by a constructed wetland that is suitable for irrigating agro-forestry and 
horticulture, but the availability of treated water is temporally limited to the June-
January period. For the remaining four months, there was insufficient rainfall run-
off from the site to provide adequate irrigation water. Further work is required to 
produce a sustainable water recycling system. 

There are examples of groups of diverse industries evolving into self-reliant and 
cooperating industrial ecosystems. These are predominantly in Europe where institutional 
pressure and scale of production have encouraged these commercially and 
environmentally sustainable systems to develop. In reporting on issues in the 
development of similar systems for the waste streams typical of regional Australia, 
concluding observations raise the important question as to why Australian systems have 
not evolved apace with those overseas. Follow up research into the social, political and 
institutional factors that will lead to a greater incentive for firms and industries to move 
towards closing the loop and ensuring that waste products become by-products useful to 
their partners, is vital. 
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2. Introduction to the Final Report 

2.1. Background 

There is increasing demand for industry to reduce the disposal of waste products to 
landfill and other destinations. One method that particular firms can use to do this is to 
explore the opportunities for synergies with complementary industries such that the waste 
of production processes in one industry might be used as an input into another. The Glen 
Artney Industrial Estate (GAIE) at Tamworth NSW has been identified as an appropriate 
location to describe and evaluate the potential for waste (by-product) re-use between 
complementary industries. The firms currently located there (lamb and beef abattoirs, 
food processing, energy, transport, feedstock processing, horticulture and agriculture) 
have a diverse range of inputs and outputs that may be used to ‘close the loop’ and make 
the GAIE a sustainable integrated biosystem.  

2.2. Project aims 

The overall aim of the project was to provide practical research that will enhance the 
ability of co-located industries to make more efficient and environmentally sustainable 
decisions with regard to the disposal and re-use of waste products. More specifically the 
project has: 

1. Defined the agro-industrial by-products available to be used as inputs in 
complementary industries, 

2. Outlined the present state of knowledge of processes for recycling agro-industrial 
by-products and, 

3. Evaluated selected by-product re-use alternatives. 

2.3. Report objectives 

This is the final report and as such summarises all the activities undertaken during the 
project. Additional information is provided in the previous two project reports 
(November 2003 and April 2004). This report focuses on providing a foundation on 
which to continue practical research and possible commercial development of 
opportunities to close material loops. Specifically, this report presents:  

1. An overview of the firms and their inter-relationships in the GAIE, 

2. A description of some examples of closed loops—or partially closed loop systems 
overseas and in Australia, 

3. A literature review of the processes for energy recovery from bio-organic wastes 
with particular emphasis on anaerobic digestion processes, 

4. A detailed discussion of one of the key issues at GAIE, the nature of paunch and 
the potential for its re-use, 
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5. A summary of the results of specific research by Honours students into paunch, 
wastewater, and CO2 re-use respectively, and  

6. Project conclusions and areas of future work.  
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3. The Project Area 

3.1. Overview 

The GAIE is situated approximately 10 km west of Tamworth (see Figure 1). It 
comprises 325 ha of land opposite the Tamworth Airport bordered by Gunnedah Road 
and a railway line. There are 16 individual firms operating in the GAIE (see Appendix 1 
for a list of firms and photographs) with 10 lots still owned by the Tamworth Regional 
Council. In terms of area utilised, around half of the estate  (approximately 170 ha) is still 
available for development.  

  

Figure 1: The Glen Artney Industrial Estate. 
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Of the 16 firms, approximately 60% have been in the estate with the present owners for 
less than 5 years and, only 2 have been operating with the present owners for more than 
10 years. Of the 16 firms, 5 perceived that they had no potential for working with other 
firms in the estate. These were using the estate as an office/base/depot, producing 
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services not goods. Of the remaining firms most were already interacting, or saw 
potential to interact, with others in the estate. The following section provides a discussion 
of the key characteristics of the firms with the GAIE and the potential for interaction.  

3.2. Analysis of the firms within the GAIE 

In terms of size and potential interaction between firms within the GAIE the major 
players at present are Cargill and Peel Valley Exporters (PVE). Between them they 
employ 85% of the workforce and use 90% of the water in the estate. The other 
significant employers are Blue Stripe Meats (BSM), which has been operating for less 
than a year, a paving firm—Australian Pavement Maintenance Service (APMS) and 
Australian Fueling Systems and Equipment (AFSE).  

Most of the firms within the estate are private, Australian-owned firms (Figure 2). Only 
Cargill (US-owned private company), Tamworth Saleyards (local council owned) and 
Pioneer Road Services (public company) are not. 

 

Figure 2: Firm ownership structures. 

 

3.3. Decision-making responsibilities 

A firm’s ability to participate in local waste re-use schemes will be influenced by its 
ability to make decisions. This will be influenced not only by ownership structure but 
also by the importance of this particular facility in the company portfolio. The more 
important the facility (in regards to revenue earning potential): the more likely that the 
individual facility will be empowered to make its own decisions. Of the firms in the 
estate, 61% obtain more than half their total company revenue from the Tamworth 
facilities (Figure 3). In 30% of the cases this facility is the company location and revenue 
source. Almost a quarter of the companies regard this location as minor in their overall 
structure.  

76%

8% 

8% 
8% 

Private Australian 
Company 
Private Multinational 
Company 
Government

Public Company 



Designing a ‘Best Practice’ Model of Integrated Biosystems of Waste Re-Use in a Typical Rural Town 
Final Report - July 2004  

(7) 

Figure 3: The importance of the Tamworth facility to total company revenue. 
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Respondents were asked to confirm who made decisions regarding input purchases, staff 
recruitment, plant expansion, marketing and meeting regulations. In terms of the more 
‘every-day’ decisions such as purchasing, staff management and meeting regulations, the 
on-site manager was generally responsible (Figure 4). The more long-term decisions such 
as purchasing new equipment and plant expansion tended to be the responsibility of the 
company board. Marketing/sales decisions were also generally made by the company 
board or by the individual owner. Therefore, it is expected that decisions regarding 
investments into alternative waste disposal processes are more likely to be made at the 
board/owner level than by the local facility managers. 

 

Figure 4: Decision-making responsibilities within the firms. 
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3.4. The major inputs 

In terms of sources of energy the most important at present are electricity and LPG. 
While some firms do see piped natural gas as a future option only one firm mentioned the 
possibility of co-generation. 

Apart from labour and energy the other major inputs used in the GAIE are livestock and 
transport. While there is potential for co-operation between the saleyard, abattoirs and the 
meat processor this is minimal at present. Abattoirs tend to source stock from contracted 
suppliers while BSM requires different cuts for their developing markets. Other inputs 
such as scrap metal and road materials cannot be sourced from within the GAIE. 

3.5. Waste products 

It is a different story with regard to by-product disposal and re-use, at the moment 33% of 
firms interact with other firms within the GAIE. There may be potential for this to 
increase both in the extent of present relationships and the development of new 
relationships. The most potential exists for working together to reduce the wastewater, 
paunch, heat and CO2 losses. While some firms treat wastewater before it leaves the 
property, all water still returns to the Tamworth Regional Council (TRC) treatment 
works. No firms use the wastewater to any significant degree. Apart from the saleyard 
sending the water via Cargill there is no interaction or re-use with regard to water. As the 
TRC is in the process or assessing long-term options for wastewater management, it is an 
appropriate time to evaluate options that may maximise the re-use of this resource within 
the GAIE. There are 5 firms that produce significant amounts of wastewater (Figure 5). 

 

Figure 5: Number of firms producing waste products at GAIE. 
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From PVE there are four types of wastewater and three types of paunch produced. 
Wastewater can be separated into tradewaste, wash-down, run-off and storm water. 
Tradewaste is the water that goes to TRC for treatment. The water from the abattoirs 
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contains significant organic and some inorganic waste. The two abattoirs treat this waste 
differently.  

At Cargill, all the water is pumped into a holding pond. It goes through three ponds 
before it is connected to the TRC sewer as tradewaste. There is currently a build up of 
organic matter in the first pond, as the paunch is not removed from the wastewater 
stream. The organic material currently in Cargill’s holding pond will need to be disposed 
of to landfill as DPNR will not allow it to be applied to land as it also contains the blood 
stream. Cargill is in the process of installing a ‘paunch-press’ that will de-water the 
paunch product and allow it to be transported more efficiently to a compost manufacturer. 

At PVE the (viscera) paunch does not enter the wastewater stream, it is separated during 
sheep processing. At PVE the tradewaste water includes wash-down water used in the 
cleaning the floors during and after production. At present, the waste and wash-down 
water enters a contrashear where further paunch and other organic and non-organic waste 
are separated. The water then enters the dissolved air flotation (DAF) unit which further 
separates organic solids from the water. The organic solids are removed to landfill 
(4t/day) and the wastewater enters the TRC sewerage system. 

Paunch is removed during three stages of the production process. The purest form of 
paunch (from the viscera) is removed and sent direct to farms (PVE to Wallangara, Qld, 
Cargill to local farmers). The second type of paunch is removed by the contrashear, but 
as this water has been removed from the floor it may include other organic and inorganic 
waste. This is also removed direct to farms. The last form of paunch is the organic solid 
waste resulting from the DAF belt-press drying system. As this waste may have polymer 
additives (used to help the separation process) it is at present sent to landfill. The use of 
paunch is described in detail in Section 7 of this report. 

Water going into the stormwater system includes rainwater from abattoir buildings, 
holding pens, paved carparks and surrounding areas. The run-off from the sheep holding 
pens is stored in settling ponds and made available for irrigation (PVE has a small 
irrigation licence). Excess run-off flows from the sediment ponds into the storm water 
system. The water from the buildings is piped straight to storm water and run-off from 
the surrounding areas goes through a sediment pond before going into the storm water. 

Another significant waste product is heat. In the abattoirs, BSM and the Great Northern 
Laundry there is significant heat loss. While the paving businesses also generate heat this 
is maintained within the system and is not a by-product released into the atmosphere. The 
Laundry is already considering the feasibility of recycling heat from its production 
process into water heating. It would also be interested in using heat generated from other 
companies if this was feasible. QFP has also shown interest in the re-use of heat in its 
hydroponic tomato production. 

CO2 is also released into the atmosphere by 2 firms. There will not only be opportunity 
for these firms to evaluate options to convert this to energy but also, once again, the 
opportunity to shift this gas to QFP. A pre-feasibility study into this has been undertaken 
(van der Meulen, 2003) which shows that it may be a future possibility although more 
work needs to be done in this area (see Section 10). 
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There is also potential to re-use both animal and plant wastes. Tamworth Saleyard has 
manure available, which at the moment is being used intermittently by a landscaping 
business in Tamworth. Manure from the abattoirs is being disposed of through the 
wastewater system.  

Significant green waste is produced by QFP, which, at present, is disposed of on-site. 
There may be potential to use this as an input into compost and perhaps stock feed.  

The present ad hoc individual disposal of organic wastes does imply that there may be an 
opportunity for a more co-operative and cost-effective approach to organic waste 
disposal. Increased contact with companies producing compost, and the evaluation of 
vermiculture and anaerobic digester processes is required.  
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4. Closing the Loop 

There are many terms being used to describe the various methods that firms, industries 
and communities are using to minimise both input and waste disposal economic and 
environmental costs. A glossary is provided that includes definitions for some of these 
terms. All terms and processes are basically designed to reduce by-products leaving the 
production system, whether that means within existing firms or sharing and co-operating 
between firms and industries. The most sustainable and economic methods of ‘closing the 
loop’ with regard to organic by-products being employed around the world are: the 
development of industry ecosystems where firms interact and, internal firm waste to 
energy generation or the development of external commercial waste users. Examples of 
these interrelated processes are described in the following sections. 

4.1. Industry ecosystems 

There are not many examples of large-scale diverse industrial ecosystems in Australia 
that rely on each other for energy production and by-product processing. While there are 
examples of firms working together this is not a symbiotic relationship that has 
developed over time. There are, however, examples of these integrated industrial 
ecosystems in North America and Europe that are proving effective in improving 
profitability and ensuring sustainable environmentally-acceptable waste re-use outcomes. 
A range of these are discussed below, they provide examples of different evolutions and 
types of integrations.  

One important principle to come from these examples is the development of 
commercially orientated research and management structures within some of the larger 
eco-industrial estates.  

4.1.1. Kalundborg, Denmark 

Probably the earliest and most well known example of an industry ecosystem developed 
in the 1980s when the Asnæs power station in Denmark started supplying steam to a local 
refinery (see Figure 6). Steam used in the production of electricity at the power station is 
now re-used by other companies, instead of being cooled and discharged into Kalundborg 
Fiord. At about this time, too, the power station started supplying surplus heat to the 
Municipality of Kalundborg`s district heating network. This had the immediate impact of 
providing heating to 3,500 private homes and reducing the need for oil heating. The 
Asnæs power station re-uses cooling water and purified waste water from Statoil, saving 
on water costs. Average annual savings in water and energy are:  

• Potable water 1,700,000 m3/year,  

• Wastewater 875,000 m3/year,  
• Sludge 690,000 m3/year,  
• Electricity 160,000,000 kWh/year,  
• Steam 700,000 GJ/year and  

• District heating 100,000 GJ/year. 
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Figure 6: The Kalundborg industrial ecosystem. 

 
Source: Peck, S.W. (2002), Industrial Ecology: From Theory to Practice. 
http://newcity.ca/Pages/industrial_ecology.html 

 

Statoil has supplied fuel gas to Gyproc since the early 1970s and the power station was 
linked up to this supply from 1991. This saves the purchase of 30,000 tonnes of coal per 
year. Surplus heat from the power station has been used in the power station’s fish farm, 
producing trout and turbot for European markets. 

Since 1993, the power station has cleaned up its smoke stack emissions even further with 
the sulphur compounds generated being used by Gyproc in the manufacture of 
plasterboard. Novo Nordisk treats the nutrient-rich sludges from its fermentation tanks 
and spreads them on farmland. This brings two benefits; pollution in the Fiord is reduced 
and valuable nutrients are recycled. Originally the sludge was transported to the farms by 
truck, but a pipeline has now been built to do the job in a more energy-efficient and 
environmentally acceptable way. The sludge is provided free to farmers and the demand 
has been so great that they are now waiting in line for a share of the annual production of 
350,000 tonnes. Kalundborg continues to be the standard on which other examples of 
industrial ecosystems are compared. 

4.1.2. The Bruce Energy Centre, Tiverton, Ontario, Canada 

The Bruce Energy Centre in Canada provides an illustration of how an eco-industrial 
network in a rural area can be developed to help diversify the economy. The Bruce 
Energy Centre is developing a network premised primarily on the cascading of energy 
and by-products associated with processing industries and space heating for controlled 
environment agriculture. 
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Extraction steam from a natural gas-fuelled co-generation plant proposed for the site is 
intended to replace the current steam supply. This will ensure long-term low-cost energy, 
including heat energy, electricity and natural gas available to all industries at the Centre. 
The 6 privately owned industries currently operating have been selected because of the 
synergies inherent in their applications, they are:  

• Commercial Alcohols Inc. uses steam from Bruce Nuclear in the fermentation 
and distillation of agricultural products into ethanol. A major by-product of 
ethanol production is CO2, which is being evaluated to assist with the production 
of tomatoes at Bruce Tropical Produce Inc.  

• Snobelen Dehy Inc. dehydrates and cubes locally grown crops, primarily lucerne, 
to produce nutrient rich feeds for livestock and horses. The facility uses steam to 
run its dehydrators. By-product mash from both Commercial Alcohols and 
QualiTech are integrated into some of the products produced at Snobelen Dehy. 

• QualiTech Foods Inc. uses steam to concentrate a variety of raw products 
including apple and fruit juices, maple syrup and tomato juice. 

• BI-AX International Inc. heats their polypropylene in steam-driven ovens for 
the production of plastic film. 

• Bruce Tropical Produce Inc. uses low-grade steam for the space heating 
requirements in its 7.75-acre greenhouse. Once the steam is condensed, it is 
returned to the steam generator for recycling.  

The interesting feature of this network is the presence of St Lawrence Technologies Inc., 
which is a research and development facility, which specialises in developing methods to 
convert renewable resources into a wide range of products. It plays a central role in 
providing technical support and advice to other companies within the BEC. It also 
undertakes contract research for external organisations. 

4.1.3. Burnside Industrial Park, Halifax, Nova Scotia, Canada 

The Burnside Industrial Park is one of Canada’s largest and most successful industrial 
parks. It encompasses 1,200 hectares, more than 1,300 small and medium sized 
businesses employing approximately 17,000 people. The Park is the focus of a multi-
disciplinary research and development program based at the School for Resource and 
Environmental Studies, Dalhousie University. The goals of the program are to develop 
strategies and tools that promote material and energy exchanges along with waste 
reduction and improved environmental and economic performance among firms and, to 
reduce the environmental impact of the Park as a whole. Some of the eco-industrial 
network projects and activities that exist, or are proposed include:  

• The creation of a catalyst, namely the Eco-Efficiency Centre, a joint venture 
involving Dalhousie University, School for Resource and Environmental Studies, 
Nova Scotia Power, Inc., Nova Scotia Department of the Environment and the 
Halifax Regional Municipality. The Eco-Efficiency Centre promotes networking, 
serves as an information resource, undertakes environmental reviews and supports 
educational and training programs among firms in the Park.  
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• An eco-business program, which includes adopting a code of environmental 
excellence, targets for solid waste diversion, water conservation, energy 
efficiency, liquid waste reduction and a competition for awards.  

• By-product exchanges, especially in the area of packaging materials, have been 
established for the benefit of two or more parties. Examples involve cardboard, 
plastic and metal containers, fillers and pallets.  

• The promotion of the need for and benefit of re-use, remanufacturing and 
recycling functions in the Park has resulted in several new businesses being 
established. Approximately 15% of the businesses in the Park provide rental, 
repair, recovery, remanufacture or recycling services.  

Other networking mechanisms have been proposed including a communal silver recovery 
network, environmental awareness training for employees and a creative re-use centre to 
make small quantities of various materials available to arts and educational communities. 

4.1.4. Jyväskylä Regional Industrial Ecosystem, Finland 

This ecosystem includes the co-production and use of heat and electricity between six 
major players. The Rauhalati Power Plant uses waste wood products from a local 
plywood mill that in return receives electricity. Other power uses include local 
households and services that also receive excess heat generated in the electricity 
production process. Heat is also supplied to consumers by a boiler plant, which also uses 
waste wood from the mill. The Power Plant also supplies heat to the Kangas Paper Mill, 
which has a relationship with the Greenlandia Horticultural Centre, which utilises its 
heated wastewater. 

4.1.5. Herning-Ikast, Denmark 

Two Danish municipalities have joined to form a business area based on ecologically and 
industrially viable principles. New approaches to planning were adopted based on 
principles of integration and industrial symbiosis. 

4.1.6. Klagenfurt, Austria 

At the beginning of the 1990s the City of Klagenfurt started its systematic commitment to 
sustainability. A communal plan for the environment was produced that described a wide 
range of measures in the fields of city planning, energy, traffic, waste management, 
administration etc. This plan was based on the idea that the city itself is an ecosystem 
with the same ecological laws as in other ecosystems. As town-dwellers constantly 
influence this system by their economic and social activities, the city has to ensure an 
ecological balance. The approach of the City of Klagenfurt includes: 

• Setting-up an ecologically-oriented management system in local administration 
(Eco-Magistrat project),  

• The introduction of a consultant project for small and medium-sized enterprises 
aiming especially at reduction and prevention of waste and emissions (Ecoprofit 
Klagenfurt project),  

• Drawing-up a health action plan,  
• Carrying-out environmental monitoring and,  
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• The forthcoming implementation of a communal energy plan focusing an increase 
in energy efficiency.  

4.1.7. Oree, France 

Oree is a French partnership organisation that brings together small and medium-sized 
industry with the local and regional authorities responsible for environmental 
management in France. It is developing a system of technical assistance and eco-labeling 
for industrial zones (the PALME project). It recognises that many businesses while 
interested in improved waste management often do not have the human or financial 
resources necessary to research or invest in better management practices. 

The PALME project encourages firms and municipalities to combine their resources in 
managing waste and environmental sustainability issues. The bottom-line being an 
accompanying economic benefit to all stakeholders.  

There are three pilot zones developing criteria and procedures for establishing the 
PALME label. The idea is to attract companies, which attract companies, which operate 
in the environmental sector. 

4.2. Waste to energy 

There is clear evidence that energy recovery from agro-industrial waste can be 
economically sustainable with the correct scale of operations, continuity and consistency 
of by-product supply. There is considerable research and commercial evidence in 
Australia and more particularly in Europe and North America relating to the potential to 
‘close the loop’ through the conversion of organic wastes to biogas. This can take two 
forms; an individual firm recycling its own waste or an external commercial partner 
taking waste from a series of firms/industries and either converting to energy or using in 
other commercially and environmentally sustainable production processes. 

Research funded by SEDA and undertaken by the University of Queensland (Lake et al., 
1999) examined the economic and greenhouse benefits of wet waste re-use in six 
agriculture and food processing industries. Although a piggery presently uses 
vermiculture to treat their waste, the high water content of all waste streams suggested 
that anaerobic digestion producing biogas had the best potential to satisfy the objectives. 
The research concluded that there were potential economic benefits if firms could, with 
minimal capital cost, substitute biogas for existing energy sources. In terms of 
greenhouse emissions, a reduction in the amount of methane (produced by existing waste 
management processes) being released into the atmosphere would be of benefit.  

This is not new information, but continuing desire for sustainable waste disposal options 
and regulatory pressure on firms to reduce emissions and waste to landfill will continue 
to encourage the evaluation of these alternatives. It is necessary that this be encouraged 
on environmental and commercial grounds.  

4.2.1. Herten, Germany  

Herten was a mining town that was due to lose half its jobs with the closure of the 
European mining sector. Private enterprise and local authorities got together and created 
the Herten Development Company (HEG), which was designed to identify and develop 
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alternative entrepreneurial initiatives for existing businesses and skills. Two mining 
companies shifted into biogas production, maintaining production and employment in the 
region. The experience has shown that employment can shift to economically and 
environmentally sustainable production systems with assistance from the appropriate 
institutions. 

4.2.2. Bomen Development Park, Wagga Wagga, Australia 

Bomen Development Park is in many ways a similar industrial area to the GAIE. It also 
has a Cargill abattoir, as well as a meat product processor (Heinz Cannery). It is a similar 
size and faces similar institutional and regulatory pressures. One potential innovation at 
Bomen is the construction (by Effluence P/L) of a commercial anaerobic digester. It is 
expected that this plant will be functional by December 2004 and utilise waste from the 
estate and other organic waste producers in the area. Another innovation is the presence 
of a service firm operating within the estate, which provides technical support (e.g. trade 
labour) on a casual basis for industrial firms based in the Park. 

4.3. Potential synergies between QFP and PVE 

As by-product re-use is developing in Wagga Wagga so it can at GAIE. While at present 
there is minimal partnership, there are firms who wish to consider the alternatives that 
may be open to them both as individual firms and as part of the Estate. After discussions 
with two of these firms (QFP and PVE) the following potential synergies were 
highlighted. In consultation with these firms three areas were considered to be of 
particular interest the options. It was in these three areas that introductory research was 
undertaken and described in sections 8-10 of this report. They were: 

• Reclamation via environmental treatment of agricultural water from wastewater. 
• Use of waste CO2 by a hydroponic vegetable grower.  
• Utilisation of cattle and sheep paunch in crop and tree systems. 

Other areas highlighted through discussions with the major firms in the GAIE were: 

• Utilisation of industrial wastewater for value-enhanced crops such as agro-
forestry, viticulture etc. 

• Use of alternative power sources for GAIE, these may include geo-thermal, solar 
or the use of organic material. 

• Increased use of value adding/rendering of blood and bone on-site. 
• Composting paunch, green waste from hydroponics. 
• Use of heat produced by hot water and steam production at abattoir transferred to 

hydroponics. 

The potential synergies are encapsulated through Figures 7 and 8, which describe the 
present relationship (Figure 7) between the sheep abattoir (PVE) and the hydroponic 
vegetable producer (QFP). Figure 8 describes the potential interactions that could be used 
to reduce waste streams and costs, hence, improving environmental outcomes and firm 
profitability. 
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Figure 7: Inputs and outputs of PVE abattoir and QFP hydroponic farm, GAIE, NSW. 
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These ideas are based on the present structure and availability of industry at GAIE, the 
further development of existing, and the introduction of new facilities, will further 
enhance the potential synergies between diverse industries. For example, PVE is 
considering the development of a sheep feedlot on adjacent land. This would increase the 
demand for feed (QFP may be able to supply hydroponic forage) and increase the supply 
of organic waste (alternative fuel source). When outlining the potential research areas it 
must be realised that the area is still developing and is not a static established system. 

 



Designing a ‘Best Practice’ Model of Integrated Biosystems of Waste Re-Use in a Typical Rural Town 
Final Report - July 2004  

(18) 

Figure 8: Potential synergies between PVE and QFP, GAIE, NSW. 

 

other inputs private

salt private

electricity private

stock farmers

labour

gas private

waste oil

hot water

CO2

water council

power

ABATTOIR

council water

CO2 atmosphere

nutrient hot water

run-off pond river

other inputs

stormwater

labour

wash-down sewer

HYDROPONICS

tradewaste c'shear DAF landfill

market fruit

paunch compost farm

landfill green waste

meat market

blood render market

salt landfill

heat atmosphere

hides,skin market

GAIE border

existing flow of inputs or outputs

potential linkages between PVE and QFP

potential activity

solar, 
geothermal 

etc

 



Designing a ‘Best Practice’ Model of Integrated Biosystems of Waste Re-Use in a Typical Rural Town 
Final Report - July 2004  

(19) 

5. Summary of Waste to Energy Options 

Biowaste materials are typically solids, liquids or slurries. Municipal biowastes tend to be 
very heterogenous in terms of organic matter type and particle size, and may be mixed 
with other non-biodegradable materials such as metals, plastics and glass. Industrial 
biowastes have the potential to be more homogenous and more predictable although 
possibly more intermittent in production.  

The focus of this review is the potential for recovery of energy from fresh or living 
organic wastes generated in a rural or agro-industrial context—these are the 
biodegradable fraction of the total range of organic wastes type. The fossil fuel-derived 
organic waste materials such as plastics are not included in this review. 

5.1. Introduction to energy recovery technologies   

Agriculture, forestry and related industrial activities in rural Australia, may generate 
significant quantities of wastes of plant, animal or other biological origin. This section 
reviews technologies available for energy recovery from such ‘biowastes’. An overview 
of energy recovery processes from biowaste materials is provided in Figure 9. Biowaste 
materials contain chemical energy, originally derived from solar energy by 
photosynthesis (in which carbon dioxide and water react to produce organic matter and 
oxygen). All recovery of the chemical energy contained in organic wastes involves a 
combustion process which is essentially a reversal of this photosynthesis process: organic 
matter reacts with oxygen to produce carbon dioxide and water, releasing stored energy 
as heat in the process. This heat released during combustion can be used for heating 
purposes and/or for generating electricity. 

 

Figure 9: Processes for recovering energy from organic waste materials (biowastes). 
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(Adapted from Figure 11-2, Twiddell and Weir, 1986).  
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Some biowastes are suitable as fuels for combustion and so can be combusted directly. 
However many organic wastes are not suitable fuels for combustion. Instead, it may be 
possible to process these wastes to derive a more versatile biofuel suitable for 
combustion. Various technologies have been developed and used for this purpose 
including pyrolysis, gasification, anaerobic digestion, alcoholic fermentation and fuel 
extraction. Thermo-chemical processes (which include combustion itself as well as 
pyrolysis and gasification) involve high temperatures, are fast and give non-specific 
products. On the other hand, the biological processes (anaerobic digestion and ethanol 
fermentation) are slow and rely on micro-organisms cultivated under mild conditions to 
transform the organic wastes giving specific products. Biological treatments tend to be 
viewed more favourably than thermo-chemical treatments (Rhyner et al., 1995). These 
thermo-chemical and biological processes are described in this report. 

Figure 9 shows fuel extraction as an agro-chemical process, which may also be used for 
energy recovery from biological matter. Fuel extraction usually involves obtaining oil or 
solvent fuels, from trunk or stem taps of living plants or from crushed freshly harvested 
material (Twidell and Weir, 1986). These plants may be cultivated as a dedicated energy 
crop with examples including sunflower, olive, coconut, eucalyptus and pine. However, 
the viability of such agrochemical fuel farms is questionable and the oils and solvents 
which might find use as fuels are often more valuable as chemicals or food ingredients. 
Given this, few biowastes are likely to contain concentrations of oil, which are high 
enough to make fuel extraction suitable—therefore fuel extraction is not discussed further 
here. 

Direct combustion (also called incineration), pyrolysis, gasification, anaerobic digestion 
and ethanol fermentation are described here. Important characteristics of these 
technologies are summarised in tables for ease of reference and comparison. Process 
material and energy flow requirements are given in Table 1. Table 2 provides operational 
characteristics and an indication of the level of development of each technology in 
general. Table 3 summarises information that would be required for estimating the 
overall energy available as power and or heat if recovered from a biowaste. Wherever 
possible, the information that is provided in these tables relates to the technology as 
applied to energy recovery from biowastes in large-scale systems. 

5.2. Thermochemical energy recovery 

5.2.1. Direct combustion (incineration with energy recovery) 

Combustion is the chemical reaction of oxygen (O2) with organic materials to produce 
oxidised compounds. Combustion reactions are exothermic which means that they release 
heat. In this report, direct combustion refers to the controlled combustion of a (bio-) 
waste after no or minimal processing, for the purpose of energy recovery. Combustion 
underpins all incineration technology. Thus information about direct combustion 
provided here has been mainly sourced from literature about incineration. For further 
information, consult texts specifically regarding incineration (e.g. Niessen, 1995) or 
regarding solid waste management (e.g. Robinson, 1986; Tchobanoglous et al., 1993; 
Cheremisinoff, 2003). 



 

 

Table 1: Biowaste energy conversion technology material and energy streams. 

MATERIAL INPUTS MATERIAL OUTPUTS ENERGY 
CONVERSION 
TECHNOLOGY Feedstock requirements and 

example suitable biowastes 
Other material 
steams 

Biofuel product 
stream 

By-product streams 

ENERGY 
INPUT  / 
OUTPUT 

Direct 
combustion  

Biowaste: heat value >5 MJ.kg-1, 
water content <50%, and ash 
content <60% (Rhyner et al., 
1995). Solid, dry lignocellulosic 
biomatter or thick slurries 
suitable: bagasse, wood waste, 
straw, and sewage sludge. 

Air (~79% N2 and 21% 
O2) or oxygen, usually 
50–300% excess on 
stoichio-metric 
requirement for 
complete combustion. 
(Tchobanoglous et al., 
1993; Niessen, 1995). 

None. 

Solid: fly ash, bottom ash, scrubber 
product.  

Liquid: washwaters and boiler and 
tower cooling waters.  

Flue gas: O2, N2, H2O, CO2, SO2, 
NOX, pollutants including CO, 
organics, acid gases, heavy metals 
and particulates (Tchobanoglous et 
al., 1993). 

Heat output 
converted to 
steam. 

Pyrolysis 

Biowaste: water content <10–
15%; particle size ~2 mm. (drying 
and grinding may be required)  
(PyNe, 2004). Straw, olive pits, 
nutshells, forestry wastes, bark, 
sewage sludges, leather wastes. 

No other material 
process inputs, 
although char and gas 
may be recycled for 
process heating  
(WBDI, 2004). 

Bio-oil: complex mix 
of oxygenated 
hydrocarbons, C and 
15–50% H2O; ~75% 
dry feed mass (PyNe, 
2004). 

Solid: char 12% dry feed mass 
(mainly C, inerts).  

Gas: 13% dry feed mass (mainly 
CO, CO2, H2, CH4). 

(PyNe, 2004). 

Fuel 
required for 
heating. 

Gasification  

 

Biowaste: 5–30% water (best 
<15%), heating value 10-16 
MJ.kg-1, regular particle size (=8–
10 cm long), ash <5%. 
Preprocessing may be required. 
Crop residues, animal waste, food 
processing waste, cotton stalks, 
sawdust, nutshells, coconut husks. 
(Turare, 1997).  

Substoichiometric air 
or oxygen: 20–40% of 
stoichiometric 
requirement for 
complete combustion 
(Sørensen, 2000). 

Producer gas: 15–30% 
CO, 5–15% CO2, 10–
20% H2, 2–4% CH4, 6–
8% H2O, 45–60% N2 
and char particles, ash 
and tar contaminants 
(Turare, 1997; BTG, 
2003). 85% dry feed 
mass (PyNe, 2004). 

Solid: 10% dry feed mass; char 
(mainly C, inerts). 

Liquid: 5% dry feed mass; tar/oil 
(mainly organics). 

(Tchobanoglous et al., 1993; PyNe, 
2004). 

Some 
biowaste 
combusted 
to generate 
required 
heat; 
autogenous. 
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Other material 
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ENERGY 
INPUT  / 
OUTPUT 

L
IQ

U
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Biowastes: carbohydrates, fats, 
proteins all suitable in low-/high-
strength wastewaters/slurries or 
solids. Particles ~1 mm (Lissens 
et al., 2001). =85% water (Hislop, 
1992).  

Digestate slurry, which may be 
recycled in process or separated 
into solid and liquid streams.  

Anaerobic 
digestion 
(AD) 

S
O

LI
D

 

Solid or thick slurry biowastes: 
carbohydrates, fats, proteins all 
suitable. Particles <40 mm and 
60–80% water (Lissens et al., 
2001). 

Water, nutrients and/or 
micro-organisms may 
be added. 

Biogas: 55–65% CH4, 
35–45% CO2, 0–3% 
N2, 0–1% H2, 0–1% 
H2S (Polprasert, 1996). 

Moist digestate solids. 

Process heat 
required for 
digestion.  

Ethanol 
fermentation 

Solid or liquid biowastes 
containing carbohydrates: 
celluloses, starch or sugars 
suitable. Particle comminution 
and polymer hydrolysis to form 
sugar solution, with subsequent 
water removal may be required. 
Whey, beverage, bagasse, and 
potato, beet, soybean, straw, paper 
wastes.  

Microbial inoculum of 
the yeast 
Saccharomyces 
cerevisiae or bacterium 
Zymomonas mobilis. 
Water and nutrients 
may also be added.  

Ethanol (C2H5OH): 
requires separation 
from fermentation 
broth, which contains 
10–16% ethanol. 
Distillation gives 95% 
solution in water.  

Slurry: Residual fermentation 
broth—may be separated into 
liquids and solids. 

Gas: CO2. 

Process heat 
required for 
hydrolysis, 
sugar 
solution 
evaporation, 
fermentation 
and 
distillation. 



 

 

Table 2: Design and operation of biowaste energy conversion technologies. 

TYPICAL OPERATING CONDITIONS Energy 
Conversion 
Technology 

Scales for 
biowaste 
processing 

Bio/reactor types Operational 
modes 

Temperature Pressure Time Other 

Direct 
combustion 

Commercial scales. 
Small to large. 
0.5 up to 
>700 ton.day-1. 

Single/multiple chambers 
with fixed/moving 
grate/hearths, rotary kiln, 
fluidised bed. Waterwall/ 
refractory-lined furnaces. 

Batch / 
continuous; 
usually 
continuous. 

=850oC. Ambient or 
pressurised. =2 seconds Excess oxygen and 

turbulence required. 

Pyrolysis 

 

Mainly pilot and 
demonstration; 
commercial scale 
starting: =50–60 ton 
feedstock day-1  
(BTG, 2003). 

Bubbling/circulating 
fluidised beds, transported 
bed, rotating cones, and 
ablative reactors (PyNe, 
2004). 

Continuous. 
400–600 oC 
typical (BTG, 
2003). 

Pressurised. =2 seconds 
Rapid heat transfer, 
then rapid cooling 
required. 

Gasification 

Mainly pilot and 
demonstration. Not 
yet commercial 
(Turare, 1997; 
BTG, 2003). 

Co-/counter- current 
moving beds, dense / 
circulating fluidised beds 
and entrained beds (BTG, 
2003). 

Continuous. 
800–2000 oC 
(Tchobanoglous 
et al., 1993). 

Slight 
vacuum, 
ambient or 
pressurised. 

Longer 
residence 
time than 
pyrolysis 
(Turare, 
1997). 

Four zones within 
reactor required: 
fuel drying, 
pyrolysis, oxidation 
and reduction 
(Turare, 1997).  

Anaerobic 
digestion 

Commercial scale 
for both liquid and 
solid systems. 
Suitable technology 
for all operational 
scales. 

Liquid AD: covered 
lagoons, mixed tanks, 
contact system, anaerobic 
filter, upflow anaerobic 
sludge blanket, fluidised 
beds, expanded granular 
sludge beds. Solid AD: 
mixed or plug-flow 
systems, packed beds with 
leachate circulation (IEA 
Bioenergy, 2001) 

Batch / 
continuous; 
usually 
continuous. 

Either 30–
38oC 
(mesophilic) 
or 50–60oC 
(thermophilic). 

Vacuum or 
ambient. 

O.5 h–5 days 
(liquids) and 
months 
(bacterial 
solids). 

Anaerobic process. 
Complex mixed 
bacterial culture. 
Mixing aids contact 
between bacteria 
and substrate.  
pH: 6.8–7.2 
(Rhyner et al., 
1995) 

Ethanol 
fermentation 

Commercial scales: 
producing 2—=380 
ML ethanol year-1 
(RFA, 2000). 

Stirred tank bioreactors; 
cell recycle, tower 
bioreactors, gel immobil-
isation bioreactors.  

Batch, fed-
batch or 
continuous; 
usually batch. 

20–30 oC  
(Bailey and 
Ollis, 1986). 

Vacuum or 
ambient. 

40–72 hours. 
(Bailey and 
Ollis, 1986; 
RFA, 2000). 

Anaerobic process.  
Pure microbial 
culture. start 
pH: 4.5. (Bailey and 
Ollis, 1986). 



Designing a ‘Best Practice’ Model of Integrated Biosystems of Waste Re-Use in a Typical Rural Town 
Final Report - July 2004 

(24) 

Table 3: Efficiencies of biowaste energy conversion technologies. 

 

Energy 
Conversion 
Technology 

Derived 
biofuel 

Energy density Conversion efficiency 

Direct 
combustion 
(solid 
biowastes) 

Steam  

Energy efficiency in boilers: 60–70%  
(Tchobanoglous et al., 1993), 50–60% 
(Sørensen, 2000). 
Overall energy efficiency for electricity 
generation only: 11–22% (Tchobanoglous 
et al., 1993). 

Pyrolysis Bio-oil 16-19 MJ.kg-1 without 
refining  (PyNe, 2004). 

Energy efficiency in reactor: 65–80% 
(Tchobanoglous et al., 1993). 

Gasification Producer gas 

4-6 MJ.m-3 if air is the 
oxidising agent; 10–
15 MJ.m-3  if oxygen is 
the oxidising agent 
(Knoef, 2003). 

Energy efficiency in gasifiers: 
Hot crude gas: 70–80% 
Cold crude gas: 60–70% 
(Tchobanoglous et al., 1993). 
High electricity generation efficiency in 
combined cycle systems (Knoef, 2003). 

Anaerobic 
digestion Biogas 20 MJ.m-3 

Biowaste to biogas: ~90% energy efficient 
for converted organics (IEA Bioenergy, 
2001).  
The using biogas:  
Energy efficiency electricity only: 30%;  
Energy efficiency heat only: 45%; but 
Combined heat and power efficiency: 65% 
(Warburton, 2001). 

Ethanol 
fermentation 

Ethanol 
(~100%) 
anhydrous 

30 MJ.kg-1 

Hydrolysis: Starch to sugars: 80–90% 
efficient (Walter et al., 1986); and Cellulose 
to sugar: 80% (Sørensen, 2000). 
Fermentation: Sugar to ethanol: 85–95% 
efficient. 
Estimation for cellulosic substrates: overall 
energy efficiency (as ethanol): 40–55%; and 
if fibre residues used as fuel then overall 
energy efficiency in total: 56–68% (Reith et 
al., 2002). 

 

 

Biowaste requirements for direct combustion 

Biowastes, which suit direct combustion, may contain both combustible matter and non-
combustible matter. Combustible matter includes volatile organic matter, which vaporises 
and burns, and residual carbon, which remains as char (Rhyner et al., 1995). The 
principal elements of bio-organic matter are mainly carbon, hydrogen and oxygen, with 



Designing a ‘Best Practice’ Model of Integrated Biosystems of Waste Re-Use in a Typical Rural Town 
Final Report - July 2004 

(25) 

nitrogen, sulphur and phosphorous in lesser concentrations. The basic oxidation reactions 
for carbon and hydrogen are, respectively: 

  C  +  O2   à    CO2 
  2 H2  +  O2   à    2 H2O 

showing that carbon dioxide and water vapour are the main products of combustion. The 
amount of chemical energy which is able to be released as heat during combustion is 
called the fuel’s heating value. Heating values can be determined experimentally (using a 
bomb calorimeter) or estimated using various empirical equations (Rhyner et al., 1995). 
The heating value (or energy density) of fresh biomatter or living biomass is typically 
10–30 MJ.kg-1 dry matter (Sørensen, 2000).  

Non-combustible matter may include inorganic materials such as metals, glass, and 
water. The presence of water significantly lowers the value of a fuel since as the water 
content increases there is less combustible material per unit mass. Also, water in a fuel 
reduces the useful thermal output of the fuel since the evaporation of water requires 
around 2.26 MJ.kg-1 water.  

The ability of a waste to burn without additional fuel depends on its relative proportions 
of combustible and non-combustible components. A material with high heat value 
(greater than 5 MJ.kg-1), low moisture content (less than 50%), and low ash content (less 
than 60%) can be burned without additional fuel (Rhyner et al., 1995). According to these 
criteria, many food wastes, despite their potentially high heating values, are not suitable 
for direct combustion due to their high water content (which may be as much as 70%: 
Rhyner et al., 1995). On the other hand, wood (11–16 MJ.kg-1 and 20% water: Rhyner et 
al., 1995) and non-biodegradable organics such as plastics (22–42 MJ.kg-1 and 0.2% 
water: Rhyner et al., 1995) are suitable fuels for direct combustion. Agro-industrial 
biowastes suitable for direct combustion are therefore likely to be bone-dry solids or 
thick slurries (with sufficiently low water content). As an example, consider cattle 
manure, which produces about 15 MJ.kg-1 dry matter. Fresh manure is about 90% water: 
the vaporisation of 9 kg water requires 20 MJ which is more than the 15 MJ of heat 
released if 10 kg of it is burned. Therefore cattle manure is only a net energy producer if 
substantial sun drying is possible (Sørensen, 2000). This is the case in India where cow 
dung is sometimes used as a household fuel. 

Pre-treatment of wastes prior to combustion can improve handling processes and 
combustion efficiency (Robinson and Rohr, 1986; Sørensen, 2000). In particular 
recyclable materials (such as glass and metals) may be removed. Drying and shredding 
may also be required. The removal of non-combustibles can result in higher combustion 
temperatures and less noxious gas emissions. 

Direct combustion of biowastes contributes significantly to energy supply around the 
world. Biomatter is a large component of total national fuel use in developing countries 
(Twidell and Weir, 1986). Wastes like straw and dung are used at small scales for 
cooking and space heating; and wood wastes and bagasse (sugar cane residue) are used 
for raising steam for electricity production and process heat at industrial scales. On the 
other hand, fossil fuels dominate in developed countries. Municipal solid waste is or has 
been incinerated in many developed countries for many years, however not necessarily 
with energy recovery, although energy recovery is now employed in most recent 
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installations. In Western Europe, urban refuse has become an important source of energy 
for district heating (Sørensen, 2000). In Australia, however, incineration of municipal 
solid waste ceased in 1996, and Australian communities resist attempts to reintroduce 
municipal waste incineration (GAP, n.d.). Many industries in developed countries also 
recover energy from their biowastes (Robinson and Rohr, 1986) such as cut-off waste and 
sawdust (in the timber industry); bagasse (in the sugar industry) and various food wastes 
(in food processing industries). Bagasse and wood waste are used in industry in Australia: 
in 1996 they contributed 2% (90.3 PJ) and 0.6% (27.6 PJ) of Australia’s primary energy 
demand (DPIE, 1997).  

Incineration air requirements 

Gaseous oxygen (O2) is a primary reactant and therefore needs to be provided in all 
combustion processes. The amount of oxygen required for complete combustion (i.e. the 
stoichiometric amount) can be determined from the elemental composition of the organic 
material to be burned using the following reaction equation (Rhyner et al., 1995):   

CaHbOcCldFeNfSg + [a + b/4 – (c + d + e – f)/2 + g] O2  à   

a CO2 + [(b – d – e)/2] H2O + d HCl + e HF + f NO + g SO2 

where the generalised formula CaHbOcCldFeNfSg represents the fuel. Frequently, fluorine, 
chlorine, nitrogen and sulphur are present in only small quantities and so are omitted in 
oxygen requirement calculations. In reality, complete combustion of a waste is 
impossible in the presence of only the stoichiometric amount of oxygen. Therefore 
combustion is usually carried out using excess oxygen (more than the stoichiometric 
requirement) supplied in air (approximately 21% O2 and 79% N2). The amount of excess 
required depends on the feedstock characteristics, and process design and operation. 
Generally 50–100% excess air is required during combustion processes where heat is 
recovered (Tchobanoglous et al., 1993). However, as much as 300% excess air may be 
used in some industrial systems (Niessen, 1995).  

Incineration process 

Combustion occurs in a number of steps (Rhyner et al., 1995). The fuel heats as it enters 
the combustion chamber by contact with hot combustion gases, preheated air or radiation 
from the chamber’s walls. This drives off any moisture present in the fuel. The heat 
decomposes organic compounds producing volatile compounds, which then ignite and 
combust in the presence of oxygen, releasing heat rapidly. Factors requiring control for 
successful and complete combustion (Cullen, n.d.; Cheremisinoff, 2003) are: 

1. Temperature. In general the higher the temperature the more complete 
combustion will be, leading to reduced formation of hazardous by-products.  

2. Sufficient residence time at the required temperature. The residence time 
should be a minimum of 2 seconds for complete combustion of any organic 
material.  

3. Turbulence. This ensures contact between the reactants—the oxygen and the 
biowaste fuel. High turbulence helps avoid dead spots or short-circuiting in the 
furnace.  



Designing a ‘Best Practice’ Model of Integrated Biosystems of Waste Re-Use in a Typical Rural Town 
Final Report - July 2004 

(27) 

4. Excess air. Excess air promotes mixing and turbulence; however as more air is 
used, the flue gases leaving the furnace contain more oxygen and nitrogen, and 
the temperature inside the furnace decreases (Tchobanoglous et al., 1993).  

Combustion is a well-developed technology; its commercial availability is high and a 
multitude of options exist for its integration with existing infrastructure on both small and 
large scales (van Loo, 2004). There are three main incinerator designs commonly used at 
large scale which may suit agro-industrial biowastes: a conventional chamber system, a 
rotary kiln or a fluidised bed. For more information regarding these systems, consult the 
text by Niessen (1995).  

Incineration products, by-products and environmental control 

Direct combustion of biowastes for energy recovery produces hot flue gases and solid ash 
residues. The flue gases contain the products of combustion (carbon dioxide, water 
vapour, sulphur dioxide and nitrogen oxides), unreacted oxygen, and nitrogen from the 
air that was supplied. Of these, sulphur dioxide and nitrogen oxides are serious air 
pollutants and unavoidable if burning biowastes containing both sulphur and nitrogen 
(Table 4). However, flue gases may also contain other even more serious pollutants 
which arise through incomplete combustion or other reactions: these include carbon 
monoxide, corrosive gases (such as hydrogen chloride and hydrogen fluoride), various 
hydrocarbon pollutants such as dioxins, furans and polychlorinated biphenols (PCBs), 
volatilised heavy metals, and small particles (Table 4).  

 

Table 4: Gas phase pollutants potentially produced during combustion processes. 

 

Pollutant  Source Health and environmental effects 

Carbon monoxide 
(CO) 

Incomplete combustion of C in 
organics in fuel. 

Outcompetes O2 for complexation with 
haemoglobin in blood leading to a lack of O2 in 
the body. Lethal to humans within minutes at 
concentrations >5000 ppm.  

Organics  

Dioxins  
(polychlorinated 
dibenzodioxins: 
PCDD) and 
Furans 
(polychlorinated 
dibenzofurans: 
PCDF) 

Uncertain mechanisms of creation. 
May be from the fuel itself; or 
formed during combustion from 
precursors or from simpler 
hydrocarbon and Cl compounds, 
particularly chlorophenols (present in 
pesticides, insecticides and 
preservatives). Associated with low 
operating temperatures. May be 
absorbed to particulates. 

A common dioxin is probably the most 
poisonous of all synthetic chemicals. Dioxins 
are ubiquitous in the environment. Both dioxins 
and furans biomagnify up the food chain. 
Dioxins: cause severe skin disorders in humans. 
In animals, dioxin is a carcinogen, teratogen, 
mutagen and embryo-toxin. 
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Pollutant  Source Health and environmental effects 

PCBs  
(polychlorinated 
biphenols) 

Formed through reactions involving 
Cl present in the fuel.  

Persistent in the environment and 
bioaccumulates through food chains. Cause 
cancers in animals. Chronic exposure effects: 
reproductive toxicity in animals; implicated in 
poorer health and reduced mental capacity of 
children exposed in utero and infancy. 

Acidic gases  

Sulphur oxides 
(SOx) 

Oxidation of S in fuel. Mainly 
sulphur dioxide (SO2) and smaller 
amounts of sulphur trioxide (SO3). 

An eye, nose and throat irritant. Illness or death 
in sufferers of bronchitis or asthma. Linked to 
production of acid rain. 

Nitrogen oxides 
(NOx) 

Oxidation of N in fuel and/or of N2 in 
air. 

Irritations and illnesses in the respiratory tract. 
Precursors to ozone (O3) and peroxyacetal 
nitrate (PAN), the photochemical oxidants 
known as ‘smog’. Contributes to acid rain.  

Hydrogen flouride 
(HF) and 
Hydrogen chloride 
(HCl) 

F and Cl from fuel: F as trace 
amounts in many materials; Cl 
mainly from plastics (e.g. polyvinyl 
chloride, polystyrene and 
polyethylene), bleached paper and 
solvents. 

Contribute to acid rain. 

Heavy metals  

Lead (Pb) Entrained particulate 0.16–0.43 ìm. 
From the waste (in tin cans, 
electronic components, plumbing 
scrap).  

A cumulative poison. Mild poisoning causes 
anaemia, but severe poisoning is fatal. Causes 
nervous system disorders, lung and kidney 
problems; decreased mental abilities in children 
exposed in utero and infancy. 

Mercury (Hg) Volatilised from waste (particularly 
from batteries). Inorganic and 
methylated forms. Inorganic form is 
readily transformed into methyl 
form. 

Inorganic Hg: a powerful neurotoxin attacking 
the central nervous system, impairing motor, 
sensory and cognitive functions; causes 
degenerative kidney problems; linked to birth 
defects.  
Methyl Hg: reproductive toxin and endocrine 
disruptor; bioaccumulates in the food chain. 

Cadmium (Cd) From the waste. Probable human carcinogen (USEPA). Causes 
kidney disease, lung disorders. High exposures 
can severely damage the lungs causing death. 

Chromium (Cr) From the waste. May cause liver and kidney damage, and 
respiratory disorders. 

Arsenic (As) From the waste. Probable human carcinogen (USEPA). Damages 
nerves, stomach, intestines and skin; reduces 
production of red and white blood cells. 

 



Designing a ‘Best Practice’ Model of Integrated Biosystems of Waste Re-Use in a Typical Rural Town 
Final Report - July 2004 

(29) 

Pollutant  Source Health and environmental effects 

Particulates Formed by several processes, 
including incomplete combustion, 
physical entrainment of non-
combustibles, volatilisation of 
metals. 

Reduction in visibility. Particles <10 ìm can 
lodge deep in the lungs. Implicated in: asthma 
and other respiratory illnesses; disruption of 
heart function; increased mortality rates. 
Particulates may absorb and carry other 
pollutants into the body or environmental 
systems.  

Adapted from: (Davis and Cornwell, 1991; Tchobanoglous et al., 1993; Baird, 1995; Rhyner et al., 1995). 

The creation of these pollutants is a profound problem for incineration processes with gas 
emission levels becoming ever more tightly regulated. Incinerator operators minimise 
pollutant formation by removal of problematic materials from the feedstock (for example, 
heavy metals) and by optimising combustion efficiency (targeting carbon monoxide and 
various hydrocarbon pollutants). However, mechanical separation and combustion 
control processes are very inexact and some pollutants are always created. Consequently, 
flue gases require extensive cleaning prior to release into the environment. The cleaning 
processes include: removal of particulates (using electrostatic precipitators, fabric filters 
or electrostatic gravel bed filters); selective non-/catalytic reduction of nitrogen oxides 
(by ammonia which is injected into the flue gas) and; wet or dry scrubbing (for 
neutralisation and removal) of acid gases (Tchobanoglous et al., 1993). The removal of 
fine particles from the flue gas stream is very important, not only because fine particles 
are human and environmental health hazards in themselves, but also because very toxic 
organic and metal pollutants may be absorbed on to them.  

Solids produced during combustion are called ash. Ash contains mostly inert non-
combustible materials such as glass and metals, residual carbon, and residual combustible 
or partially combusted matter. Two types of ash occur: bottom ash and fly ash. Bottom 
ash from the furnace makes up 80–90% of the total solid residue. Bottom ash from 
municipal solid waste incineration is usually land filled in a non-hazardous facility 
without further processing. Alternatively it is used as fill in road construction. Bottom ash 
from bagasse may be returned to the sugar cane farmland. If present in sufficient 
concentrations, metals may be recovered from bottom ash by magnetic separation and 
screening. Fly ash is the particulate matter collected from the stack and usually contains 
more hazardous components than bottom ash. It must be handled carefully to prevent 
fugitive dust emissions. Fly ash from municipal solid waste incineration is usually 
disposed of in a landfill for hazardous wastes. Flue gas cleaning processes give rise to 
another solid residue: the scrubber product containing calcium and sodium sulphate salts, 
and traces of metals and organics. Its management involves dewatering with disposal of 
the thickened solid sludge and treatment of the wastewater supernatant. The disposal of 
these solid residues in landfills is another problem for incineration systems with 
increasing awareness by governments and communities of the pollution of groundwater 
and soils arising from such landfills which all leak eventually (ZWNZT, n.d.).  

Combustion does not create liquid products, however, associated cleaning and heat 
recovery operations generate small quantities of wastewater, which may require some 
pre-treatment before sewer discharge. Ash removal wastewater (used to quench and cool 
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ash prior to disposal and to control dust suspension) may be disposed with the ash off-
site. Wet scrubber effluent from acid gas cleanup, is usually neutralised followed by salt 
precipitation and separation. Solids from housekeeping wastewaters are also usually 
settled and separated prior to disposal of the wastewater. Wastewaters from boiler 
feedwater production and cooling tower blowdown are produced during electricity 
generation and are common to any power plant using steam turbines. They may require 
treatment for various dissolved solids and salts (especially chromium salts used to retard 
algal growth inside the cooling tower), prior to sewer discharge. 

Thus, the environmental controls required for gas, liquid and solid emissions are quite 
complex and their correct design is a critical part of the overall design of a waste-to-
energy processing system. Failure to incorporate appropriate environmental controls 
could mean that regulatory authorities do not approve a combustion process. The cost and 
complexity of the environmental control systems may equal or be even greater than the 
cost of the combustion facility itself. Consult Tchobanoglous et al., (1993) for further 
information regarding environmental emissions controls during incineration processes. 

Energy recovery during incineration 

Energy recovery from biowastes through direct combustion involves several steps and 
process components (Tchobanoglous et al., 1993):  

1. Combustion of the biowaste releasing heat energy and generating hot combustion 
gases in a furnace;  

2. Transfer of heat from the hot gases to water to create steam, using either a water-
walled furnace or a boiler system;  

3. Conversion of steam heat into mechanical energy in a steam turbine; and 
4. Conversion of mechanical energy into electrical energy in an electric generator 

driven by the turbine.  

Usually co-generation of power and heat gives much greater overall efficiency than 
electricity generation alone. Therefore cooled steam leaving the turbine (step 3, above) 
may supply further heat in other parts of the plant before being returned as a condensate 
to the boiler or water-wall (step 2, above). Energy recoveries of 50–70% can be expected 
during the combustion of solid wastes and subsequent conversion to steam 
(Tchobanoglous et al., 1993; Sørensen, 2000). The overall efficiency of electricity 
generation alone, from solid wastes is about 11 to 22% (Tchobanoglous et al., 1993). 

5.2.2. Pyrolysis and gasification 

Pyrolysis and gasification are thermo-chemical processes, which are very similar to 
combustion processes. Like combustion, pyrolysis and gasification involve the 
decomposition of organic materials at high temperatures. However, unlike combustion, 
no or little oxygen is supplied during the process, so combustion (oxidation) reactions 
either do not occur, or occur only to a very limited extent. Pyrolysis and gasification 
processes resemble each other and are therefore sometimes confused in technical 
literature or used interchangeably. Literature regarding combustion and solid waste 
management (Robinson, 1986; Tchobanoglous et al., 1993; Niessen, 1995; and 
Cheremisinoff, 2003) provided background for this section. However the most generally 
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useful and up-to-date information came from Internet sites (PyNe, n.d.; Turare, 1997; 
BTG, 2003; Knoef, 2003; WBDI, 2004).  

Pyrolysis and gasification overview 

Pyrolysis and gasification are very similar (Tables 1, 2 and 3), both processes convert 
organic wastes into three streams:  

1. A gas stream (usually a low to medium energy-content gas), consisting of mainly  
hydrogen (H2), methane (CH4), carbon monoxide (CO), carbon dioxide (CO2), 
water vapour (H2O), nitrogen (N2) from air, if supplied, and other volatile 
compounds; 

2. A viscous carbon-rich liquid ‘oil’, containing a complex mixture of oxygenated 
hydrocarbons, carbon and water; and  

3. A solid ‘char’, containing mostly carbon (C) contaminated by inerts (ash). 

The principal difference between pyrolysis and gasification is that the heat required for 
pyrolysis is provided by the combustion of another fuel, whereas some of the biowaste 
itself is combusted to provide the required energy during gasification (Table 1). Sørensen 
(2000) distinguishes the two processes, according to the ratio of oxygen supplied to the 
stoichiometric amount required for complete combustion (that is, the equivalence ratio). 
No oxygen is supplied during pyrolysis (although small amounts are always present in 
the system) therefore the equivalence ratio during pyrolysis is less than 0.1. However, the 
equivalence ratio for gasification processes is between 0.2 and 0.4 as some air or oxygen 
is provided for partial combustion. 

The reactions which occur during both pyrolysis and gasification (and therefore the 
amounts and proportions of products formed) depend greatly on: feedstock 
characteristics; furnace design and operating conditions such as pressure, temperature, 
residence time; and the use and amounts of additives such as oxygen or air, catalysts and 
auxiliary fuels  (Rhyner et al., 1995). Feedstock composition significantly affects char 
quality. Lower temperatures and shorter residence times are used in pyrolysis to favour 
‘bio-oil’ production whereas higher temperatures and longer residence times are used in 
gasification to favour ‘producer gas’ formation (Tables 1, 2 and 3). 

Pyrolysis and bio-oil 

Traditionally, pyrolysis was a slow cooking process used industrially as a source of char 
and extractives from the liquid tar. However, ‘fast’ or ‘flash’ pyrolysis technology has 
developed over the past 25 years for biorefining to produce a liquid ‘bio-oil’ fuel (WBDI, 
2004). Fast pyrolysis involves the rapid heating of the bio-waste to 450 to 600oC (BTG, 
2003) in the absence of oxygen. At these temperatures, organic matter in the bio-waste 
decomposes and flashes into a vapour, which is then quenched, condensed and recovered 
as bio-oil. Yields as high as 75% of the dry biowaste mass are possible (WBDI, 2004). 
The non-condensable, combustible by-product gases are usually recycled as fuel for co-
firing to supply heat to the pyrolysis reactor and may supply 75% of the heating 
requirement (WBDI, 2004). The solid char by-product may be extracted for fuel or sold 
(WBDI, 2004). The time from entry into the reactor to quenching should be less than 
2 seconds to maximise the oil yield (PyNe, n.d.).  
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Many thermal cracking and condensation reactions occur during pyrolysis—these are 
highly endothermic and degrade the labile organic substrates. For cellulose (C6H10O5)n, 
the following overall pyrolysis reaction has been suggested (Tchobanoglous et al., 1993): 

3 (C6H10O5)  à  8 H2O + C6H8O (oil compounds) + 2 CO + CH4 + H2 + 7 C (solid char) 

Virtually any type of biowaste is suitable for fast pyrolysis provided that it is very finely 
ground (to about 1–2 mm to facilitate rapid heat transfer: WBDI, 2004), and dry enough 
(up to 15% water is acceptable, however moisture contents below 10% are preferable: 
PyNe, n.d.). Water present in the feedstock at the start, along with about 12–15% water 
produced during pyrolysis, ends up in the bio-oil product (PyNe, n.d.) thereby reducing 
its value as a fuel. (Most biowastes would not meet such feedstock requirements without 
costly drying and particle comminution pre-treatment. Sawdust seems a likely potential 
waste). 

Pyrolytic bio-oil products are generally free flowing, dark brown liquids containing a 
complex, combustible mixture of oxygenated hydrocarbons  (WBDI, 2004). For example, 
fast pyrolysis of wood may give a bio-oil containing phenols, water, lavoglucosan, 
hydroxyacetaldehyde; (and gases containing methane, carbon dioxide, carbon monoxide 
and hydrogen; and a char containing aromatic ring compounds (BTG, 2004)). Typically 
bio-oils contain 20–30% water and 0.1–0.5% solid char. They have pHs near 2.5 and 
specific gravity of about 1.2. On an elemental basis bio-oils contain 55–58% C; 5.5–7.0% 
H; 35–40% O; 0–0.2% N; 0–0.2% ash (PyNe, n.d.). As produced, a bio-oil would usually 
have a higher heating value of 16–19 MJ.kg-1 (about 40–45% of that of fuel oil or diesel). 
Bio-oils do not mix with hydrocarbon fuels and require definition for specific 
applications. They are also not so stable over time (PyNe, n.d.). A bio-oil necessarily has 
less energy than its precursor biowaste, however high fuel conversion efficiencies (65–
80%) may be achieved in pyrolytic systems (Tchobanoglous et al., 1993).  

Fast pyrolysis offers potential for energy recovery from various biowastes in the form of 
a liquid oil fuel. However, the cost of pyrolysis technology makes it prohibitive for 
municipal and most industrial applications (Cheremisinoff, 2003). Large-scale, 
commercial operations using biomatter have only recently begun. Ensyn Company had 
six plants producing more than 18 ML of bio-oil per year by 2003, and it is currently 
constructing a biorefinery costing CN$9 million in Canada to process 60 tons of dry 
feedstock per day (WBDI, 2004). Other companies are beginning commercialisation of 
their pyrolysis processes (WBDI, 2004). Further research and development are ongoing 
worldwide.  

Gasification and producer gas 

Gasification can convert a solid biowaste into a combustible ‘producer’ gas. A limited 
supply of oxygen, air, steam or a combination serves as the oxidising agent (BTG, 2003) 
and heat energy is supplied by partial combustion of the biowaste itself. Gasification is a 
complex process involving at least four different stages (Turare, 1997):  

1. Drying of the fuel at it heats up to 150oC as it moves through the reactor;  
2. Pyrolytic degradation of organics at temperatures between 150 and 700oC;  
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3. Oxidation near the point of air entry into the reactor, releasing heat and causing 
the temperature to increase up to about 2000oC:  

C  +  O2  à  CO2  (+406 MJ.kmol-1) 
H2 +  0.5 O2 à  H2O    (+242 MJ.kmol-1);  and   

4. Reduction: 

CO2  +  C  à  2 CO    (-172.6 MJ.kmol-1) 
C  +  H2O  à  CO  +  H2    (-131.4 MJ.kmol-1)  
CO2   +  H2  à  CO  +  H2O  (+41.2 MJ.kmol-1) 
C  + 2 H2  à  CH4    (+75 MJ.kmol-1).  

The exothermic reactions (with positive energy yields, above) provide heat, which 
sustains the process, whereas the endothermic reactions (with negative energy yields, 
above) contribute mainly to the generation of the combustible components found in the 
gas (Tchobanoglous et al., 1993).  

Theoretically, all kinds of biomatter with moisture contents of 5–30% can be gasified. 
However, in reality, only those with lower ash content, regular small particle size and 
higher energy contents will likely avoid significant technical problems (Turare, 1997). 

Producer gas generated during gasification is a mixture of combustible and non-
combustible gases (Table 1), which also contains small quantitie s of char, ash and tar 
contaminants. If air is used as the oxidising agent then the resulting producer gas contains 
nitrogen (N2) and has a relatively low energy density, usually about 4–6 MJ.m-3 (a low-
Btu gas). However if pure oxygen (O2) is supplied instead of air, then the resulting 
producer gas is a medium-Btu gas with energy densities typically around 10–15 MJ.m-3 
(Knoef, 2003). The biomatter energy recovered in the producer gas in gasifiers is 
reported to be 70–80% for hot gas (including the sensible heat of the gas when used in a 
boiler) or 60–70% for cold gas (not including the sensible heat of the gas when used in 
engine or turbine) (Tchobanoglous et al., 1993; Turare, 1997).  

Producer gas requires cleaning for the removal of contaminants including hydrocarbons 
(tar), particulates, ammonia, hydrogen cyanide, hydrogen sulphide, chlorides and others 
(Turare, 1997; BTG, 2003) prior to its use in boilers, engines or turbines. Processes 
similar to those used for cleaning combustion flue gases are used (such as filtration, 
scrubbing and neutralisation). Diesel or gasoline engines can be modified for use with 
producer gas, otherwise output power losses of 25–60% should be expected (Turare, 
1997). Producer gas can be used to heat boilers generating steam, which is then used for 
electricity and/or heat production (via a similar process as outlined for directly combusted 
biowastes). Boiler efficiency on a low-Btu gas such as some producer gases is about 60–
80% (Tchobanoglous et al., 1993). Alternatively producer gas can be combusted in an 
engine to drive a turbine generating electricity. Low-Btu gas engine power plants have 
overall efficiencies of 19% (Tchobanoglous et al., 1993). However, energy from the hot 
combustion gases leaving the engine can be recovered in a boiler to make steam for 
process heating. This gives a higher overall energy efficiency. 

Stationary and portable gasifiers were developed in the early 1900s and used extensively 
at small scales during World War II gasoline shortages. Then use of and interest in 
gasification dropped due to the ready availability of gasoline. Over the past few decades, 
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however, there has been renewed interest in gasification of biomaterials with significant 
research and development efforts. Despite this, commercial status is still not achieved for 
various reasons including (Knoef, 2003): a lack of confidence in the technology; poor 
performance of technical prototypes; and a lack of attention to non-technical issues.  

5.3. Biological energy recovery 

5.3.1. Anaerobic digestion 

Anaerobic digestion is a biological process involving the breakdown of naturally 
occurring organic compounds by micro-organisms under anaerobic (oxygen-free) 
conditions, producing a mixture of mainly gaseous methane and carbon dioxide called 
‘biogas’. It occurs spontaneously in many environments such as the stomachs of 
ruminants and peat bogs. Anaerobic digestion is also a technology utilised for a long time 
at small scales, for example, in farms and villages in India and China, for treating 
kitchen, human and animal wastes, and generating a gaseous fuel. Anaerobic digestion is 
the process responsible for breakdown of organic contaminants in septic systems used in 
many countries for treating domestic wastewaters on-site. Anaerobic digestion 
technology for large-scale application has developed significantly over the past 50 years. 
It is now a standard technology used in industrial liquid and solid waste treatment for 
degradation of pollutants, energy recovery, and nutrient recycling.  

In order to get a true sense of the potential of anaerobic digestion for converting 
biowastes, it is important to consult recent literature, which reflects the true state of 
development of this technology. The journal Water Science and Technology is a good 
source of information regarding anaerobic digestion and its industrial application. The 
on-line review of anaerobic digestion by IEA Bioenergy (2001) is also very useful and 
provides a list of established vendors of anaerobic digestion systems. 

Anaerobic digestion process  

Anaerobic digestion converts organic matter in biowastes into biogas. An overall reaction 
for anaerobic digestion can be written as (Tchobanoglous et al., 1993): 

organic matter  +  H2O  +  nutrients  à   
new cells + resistant and residual organic matter + CO2 + CH4 + NH3 + H2S + heat 

Anaerobic digestion reactions are only slightly exothermic, yielding typically only about 
1.5 MJ.kg-1 dry digestible material converted. Thus metabolic heat does not usually 
significantly affect the temperature of the bulk material (Twidell and Weir, 1986). As 
well, the micro-organisms responsible for anaerobic digestion generally are slow and 
inefficient growers: cell yields are low and only little of the energy in the organic 
substrate matter is consumed in cell production. Therefore most, about 90% (IEA 
Bioenergy, 2001), of the organic matter energy is retained in methane produced.  

If all of the organic matter (represented here as CaHbOcNd) is completely converted to 
simple end products then the reaction above becomes  (Rhyner et al., 1995): 

CaHbOcNd  +  0.25(4a – b – 2c +3d) H2O  à   
0.125 (4a + b – 2c – 3d) CH4  +  0.125 (4a – b + 2c + 3d) CO2  +  d NH3 
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This can be used to work out the theoretical yield of methane and the biogas composition 
if the elemental composition of the biowaste is known. Due to the water requirement in 
anaerobic digestion, the mass of gas formed is greater than the mass of substrate 
converted. Therefore, theoretical biogas yields may be greater than unity if expressed in 
mass terms.  

Anaerobic digestion processes are quite complex: involving a consortium of bacteria 
(four recognisable groups and many different species) and usually occurring in three 
main phases (Figure 10).  

 

Figure 10: Simplified description of biochemical pathways in anaerobic digestion of 
biomatter.  

 
From Figure 4.100, page 482, from Sørensen, 2000. 
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In the first phase, hydrolysing microbes produce powerful extracellular enzymes, which 
break complex biopolymers into their simpler subunit molecules. This phase is 
sometimes called hydrolysis or liquefaction since insoluble biomatter is solubilised in the 
process and made available for microbial consumption. In the second phase fermentative 
bacteria convert many of the organic compounds from the first phase into mainly 
hydrogen, carbon dioxide, acetic acid (acetate) and other fatty acids, and alcohols. 
Ammonia and hydrogen sulphide from nitrogen and sulphur present in the biowaste may 
be produced as well. The bacteria involved in these first two phases of anaerobic 
digestion are non-methanogens (that is, they do not produce methane). They are 
facultative anaerobes (meaning that they are able to grow in the presence or absence of 
molecular oxygen, O2) and they grow relatively quickly, for example, with doubling 
times of 2–3 h at 35oC (Polprasert, 1996). Methane (CH4) is created in the third phase of 
anaerobic digestion by methanogenic bacteria, using the products of acidification from 
the second phase. There are two types of methanogens. Aceticlastic methanogens 
metabolise acetate to methane, whereas hydrogen-utilising methanogens convert 
hydrogen and dissolved carbon dioxide into methane. The methanogenic bacteria are 
obligate anaerobes (meaning that they are inhibited or killed by the presence of molecular 
oxygen). They are slower growing than the hydrolysing and fermentative bacteria in the 
earlier phases and have doubling times in the order of 2–5 days at 35oC (Rhyner et al., 
1995).  

Process requirements for anaerobic digestion include the following (Table 2): 

• Micro-organisms. As mentioned earlier, anaerobic digestion is a biological 
process mediated by bacteria in anaerobic environments. Appropriate micro-
organisms may already be present in feedstocks, however, they will most likely be 
in low concentrations and therefore digestion may initially be very slow. 
Therefore it is common for an anaerobic inoculum to be obtained from another 
digestion system, which ideally is operating well on a similar waste.  

• Sufficient water. Water is required for microbial growth and metabolism 
generally, and specifically for the conversion of the biopolymers in the waste to 
methane. Both solid and liquid wastes can be anaerobically digested. Liquid (or 
‘low solids’ or ‘wet’) AD systems process liquid or slurry wastes usually 
containing more than 85% water by weight, that is, up to 15% total dissolved and 
suspended solids (Hislop, 1992). Solid (or ‘high solids’ or ‘dry’) systems digest 
wastes containing 20–40% total solids by weight (Lissens et al., 2001). Water 
does not usually need to be added to solids for dry anaerobic digestion unless they 
are very dry with a total solids content greater than 60% by weight (Lissens et al., 
2001). The water content of the feedstock is very important from an operational 
perspective: higher water contents facilitate waste handling and mixing operations 
but necessitate larger (and more expensive) bioreactors.  

• Appropriate temperature. Large-scale anaerobic digestion processes are usually 
conducted at mesophilic (30–38oC) or thermophilic (50–60oC) temperatures. 
Heating and temperature control are usually required and constitute a significant 
operating cost. Mesophilic operation is chosen for many processes to minimise 
heating costs and for its greater process stability (Gallert and Winter, 1997). 
However thermophilic processes offer different benefits including higher 
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digestion rates; reduced bioreactor volumes and associated capital costs (Walter et 
al., 1986); and greater thermal destruction of pathogens (Gallert and Winter, 
1997). Thermophilic operation is favoured for solid-state anaerobic digestion 
processes where the minimal addition of water reduces the energy-heating 
requirement (IEA Bioenergy, 2001).  

• Neutral pH. Methanogens are very sensitive to non-neutral pHs. pHs of 6.8–7.2 
(Rhyner et al., 1995) are optimal. pH is usually monitored as an indicator of 
process stress and adjusted through the addition of sodium hydroxide (NaOH) and 
lime (CaCO2) (Wheatley, 1990).  

• Adequate provision of nutrients. Major nutrient elements for micro-organisms 
in biological processes are carbon (C), nitrogen (N) and phosphorous (P). In 
anaerobic digestion, these must be supplied by the biowaste or added as a nutrient 
to the waste to make up a suitable feedstock. Generally carbon should be supplied 
at about 20–30 parts carbon per part nitrogen (C:N) (Hislop, 1992). For some 
biowastes, biological oxygen demand (BOD) may provide a better indicator of 
available digestible carbon, in which case a BOD:N:P ratio of 700:5:1 is optimal 
(Wheatley, 1990). Nitrogen may be limiting in some wastes, for example in green 
wastes, but in excess in others such as urine or animal droppings. Therefore 
sometimes wastes are mixed to achieve the correct balance of carbon and nitrogen 
(thereby avoiding nutrient addition) and co-digested. Phosphorous is usually 
present in excess (Wheatley, 1990). For information regarding requirements of 
minor and trace nutrients, consult Wheatley (1990).  

• Absence of metabolic toxins and inhibitors. Anaerobic digestion at large scales 
is susceptible to toxicity and inhibition problems caused by metals (Wheatley, 
1990; Polprasert, 1996), disinfectants and detergents, chlorinated solvents, 
biocides and pesticides, ammonia, sulphur compounds and ligninic by-products 
(Converti et al., 1999). For more general information about these, consult 
Wheatley (1990). In general, inhibitory or toxic substances should be avoided or 
minimised in the industrial process whenever practicable. However where this is 
not possible, such as in the case of ammonia where it arises through the 
degradation of proteins in the biowaste itself, anaerobic digestion may still be 
feasible. This is because of the great potential for the mixed microbial populations 
involved in anaerobic digestion to adapt to compounds at toxic or inhibitory levels 
over time. It may also be possible to digest after dilution of the waste to reduce 
toxin concentrations to acceptable levels. This may be achieved without large 
additions of extra process water; rather treated water with low toxin concentration 
may be recycled to dilute fresh feed. This technique has been used for treating 
toxic but degradable chemical compounds such as methanol and formaldehyde 
(Zoutberg and de Been, 1997). 

Biowastes suitable for anaerobic digestion 

Anaerobic digestion is a very flexible technology, useful for treating liquid, slurry and 
solid biowastes (Table 1). It suits concentrated and dilute (Rhyner et al., 1995), hot and 
cold, and complex and simple wastes (Lema and Omil, 2001). Solid biowastes may be 
digested in either solid-state ‘dry’ AD or suspended in a liquid and then digested in ‘wet’ 
AD. Most components of animal and plant tissues are readily digested anaerobically 
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(Sørensen, 2000). These include lipids (fats), proteins, carbohydrates (such as celluloses, 
starches and sugars) and nucleic acids. An exception is lignin, which resists biological 
degradation. Lignin is found in woody or highly fibrous biowastes and may shield 
cellulose from bacterial attack. Biowastes may require pre-treatment prior to digestion: 

• Addition of Water. Water may be added to either liquid or solid biowastes.  
• Mixing of waste streams together. 
• Sorting (through sieving, screening, settlement or flotation operations: Del 

Borghi et al., 1999), for removal of oversize particles and of non-biodegradable or 
problematic contaminants such as plastics, metals and grit.  

• Particle Size Reduction (through pulping, screw-cutting, milling, drumming or 
shredding operations: IEA Bioenergy, 2001). Particle size reduction of solids 
down to about 1 mm is required for liquid AD systems (Lissens et al., 2001) to 
facilitate degradation and to prevent pumping, feeding, mixing and discharging 
problems (Tchobanoglous et al., 1993). However, only removal of coarse 
impurities larger than 40 mm (Lissens et al., 2001) or 76 mm (Walter et al., 1986) 
is required for solid feedstocks undergoing dry digestion.  

• Pasteurisation. Biowastes may be heated to 70oC for one hour to reduce 
pathogen levels (IEA Bioenergy, 2001).  

• Solubilisation of Lignin. This may be required (Walter et al., 1986) if lignin is 
present in significant concentrations, however lignin degradation by-products may 
inhibit methanogenesis (Converti et al., 1999). 

Design of anaerobic digestion systems 

Many bioreactor designs are used for anaerobic digestion at large scales (Table 2). Fifty 
years ago, only liquid anaerobic digestion systems were used in industry and most were 
lagoons. These tended to be very slow requiring waste residence times in the order of 
months, due to the long generation times of methanogens. This meant that lagoons had to 
be very large. Various other higher-rate, lower-volume bioreactors were developed for 
liquid anaerobic digestion over the next thirty years. These included the complete mix 
stirred tank, contact, anaerobic filter, upflow anaerobic sludge blanket (UASB) and 
fluidised bed (FB) bioreactor designs. These bioreactor designs increased the rate of 
digestion relative to the lagoon system by providing mixing to improve contact between 
the bacteria and the substrate matter, and/or by increasing the concentration of the slow-
growing methanogens inside the system.  

The most successful of these were the UASB and the FB designs: both designs retain 
bacterial biomass through uncoupling of solid and liquid retention times. UASB systems 
depend on the development of a suspended granular bacterial sludge, which remains in 
the bioreactor. Liquid waste is fed in the base of the bioreactor and biogas is formed 
which provides mixing as it rises upwards. A special gas-liquid-solid baffle at the top of 
bioreactor separates the three phases: biogas is collected in one outlet; treated liquid 
leaves through another and the microbial solids, once separated from the gas bubbles, are 
no longer buoyant and resettle. Liquid retention times are typically less than a day in 
UASBs. FBs operate on a similar principle, only in these systems the active bacterial 
biomass is cultivated on dense carrier particles such as sand which give them higher 
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(downward) settling speeds and means that higher upward fluid velocities are possible. 
Therefore FBs can further reduce liquid retention times to a matter of hours. However 
FBs experience various operational difficulties. Over the past decade a new range of 
bioreactors (the expanded granular sludge bed and internal circulation systems: EGSB) 
have combined the benefits of both designs: the ultra-high loading rates of FBs with a 
denser but nonetheless granular biomass similar to that in UASBs. Design loading rates 
for these EGSB systems may be as high as 20–40 kg COD.m-3.day-1 (van Lier et al., 
2001). 

Industrial-scale solid anaerobic digestion systems are a recent phenomenon. Digester 
designs for solid systems include various mixed and plug-flow continuous systems as 
well as packed bed batch systems, which circulate leachate (IEA Bioenergy 2001; 
Lissens et al., 2001).  

Another development over the past fifty years has been interest in and the use of multiple, 
staged bioreactors for both liquid and solid anaerobic digestion. The rationale behind this 
approach is that different phases of the digestion process can be optimised in different 
bioreactors: liquefaction-acidification in the first bioreactor and acetic acid and methane 
formation in the second bioreactor. Two-stage systems ideally increase the overall rate of 
digestion, however their main benefit is greater biological stability for rapidly degraded 
wastes, which can impede performance in single bioreactor set-ups (Lissens et al., 2001).  

For further information regarding bioreactor design and operation for anaerobic 
digestion, consult Frankin (2001), IEA Bioenergy (2001), Lissens et al., (2001) and van 
Lier et al., (2001). 

Biogas 

Biogas is created continuously during anaerobic digestion. Typically 60–90% of volatile 
organic matter in liquid wastes is converted into biogas (Wheatley, 1990; Tchobanoglous 
et al., 1993) with reported yields usually within the range of 0.2–1.1 m3 biogas 
(STP).kg 1 dry solids consumed (Walter et al., 1986; Tchobanoglous et al., 1993; 
Polprasert, 1996). The composition of biogas generated during digestion depends on the 
types of organic matter converted. Methane and carbon dioxide are produced in roughly 
equal molar proportions from the digestion of carbohydrates and proteins (Rhyner et al., 
1995). The composition of biogas on a dry basis is typically about: 55–65% methane 
(CH4), 35–45% carbon dioxide (CO2), 0–3% nitrogen (N2), 0–1% hydrogen (H2) and 0–
1% hydrogen sulphide (H2S) (Polprasert, 1996), however higher methane contents up to 
about 85% are possible with some feedstocks and operating regimes. The energy value 
(the higher heat of combustion) of biogas, usually about 34 MJ.kg-1 (or 22 MJ.m-3 (STP)), 
reflects the concentration of methane, which has an energy value of about 56 MJ.kg-1 (or 
36 MJ.m-3 (STP)) in its pure form.  

Biogas is usually cleaned prior to its use as a fuel. It comes off the bioreactor saturated 
with water vapour, which is removed. Carbon dioxide is non-combustible and therefore 
may also be removed (by water or polyethylene glycol scrubbing, molecular sieving or 
using a membrane) to improve the energy value of the remaining gas, which is then 
called synthetic natural gas (IEA Bioenergy, 2001). Hydrogen sulphide, which can be 
corrosive in combustion systems, is also usually removed. Biological desulphurisation, 
iron oxide reaction, activated carbon and scrubbing with water or polyethylene glycol can 
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all be used for this purpose (IEA Bioenergy, 2001), however, scrubbing processes are 
often favoured because the hydrogen sulphide removal can then be coupled with carbon 
dioxide removal. 

Cleaned biogas or synthetic natural gas may be combusted in internal combustion engines 
or gas turbines or used to fuel boiler systems (IEA Bioenergy, 2001) to generate 
electricity and process heat. One cubic metre of biogas (with an assumed energy density 
of 20 MJ.m-3) would typically give the following: 1.7 kWh (30% conversion efficiency) 
for electricity only; 2.5 kWh (45% conversion efficiency) for heat only; and about 
1.7 kWh electricity and 2 kWh heat (65% conversion efficiency) if co-generated 
(Warburton, 2001). Process energy efficiencies depend on the energy value of the biogas 
and on the size and type of equipment used, however overall conversion efficiencies of 
65 to 85% are possible with combined heat and power generation (IEA Bioenergy, 2001).  

Digestate products 

The slurry or wet solids remaining after digestion is complete is called the digestate. How 
the digestate is used depends on its composition, which depends, in turn, on the original 
feedstock type and its quality. Digestates may contain significant amounts of 
phosphorous (IEA Bioenergy, 2001), ammonia nitrogen and fibre. They may also contain 
pathogens although anaerobic digestion, especially under thermophilic conditions, 
provides some sanitation.  

If the original biowaste was clean (free of plastics, metals, persistent synthetic organics 
and other contaminants) then the digestate is often used as a fertiliser. This may be 
appropriate for digestates from farm, food processing, sewage and source-sorted 
municipal solid biowastes. Digestate slurries may be aerated and then spread directly on 
land—this is ideal because it avoids added costs from further processing such as 
dewatering. Alternatively the solids and liquids in digestate slurry may be separated. 
Solid digestate product from liquid or solid anaerobic digestion may be aerated and left to 
mature and dry prior to application as a soil conditioner. Liquid digestate product may be 
used on its own as a fertiliser or recycled for dilution of fresh biowastes. If the original 
biowaste was not clean enough—as might be the case for mechanically separated bio-
organics from municipal solid waste—then the digestate may be cleaned (for example 
with metal precipitation) prior to use as fertiliser. More likely however, solids will be sent 
to landfill and liquids to further wastewater treatment if not re-used within the digestion 
system.  

Industries have control over their processes and so can ensure that different waste types 
are kept separate and that non-biodegradable matter is kept out of biowaste streams. If 
this is achieved then anaerobic digestion provides a means of not only recovering energy 
from biowastes but also of recycling organic matter and nutrients. 

Industrial use of anaerobic digestion 

Anaerobic digestion technology is now widely used throughout the world as a standard 
method of treatment for a diverse range of liquid biowastes: sewage sludge at municipal 
waste water treatment plants; farm animal wastes; fruit, vegetable, milk, cheese, abattoir 
and other food processing wastes; beverage industry wastes; and paper, chemical and 
pharmaceutical industry wastes (IEA Bioenergy, 2001). Food and beverage industries 
account for the majority of liquid anaerobic digestion applications (IEA Bioenergy, 2001; 
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Hulshoff Pol et al., 1998). In 2001, liquid anaerobic digestion technology was used in 
over 65 countries, with the total number of industrial-scale systems estimated to be 2,000 
worldwide (Frankin, 2001). UASBs are the most popular bioreactor design for liquid 
anaerobic digestion, however EGSB systems are gaining in popularity (Frankin, 2001; 
IEA Bioenergy, 2001).  

Application of anaerobic digestion for energy and nutrient recovery from solid biowastes 
is increasing. De Baere (2000) surveyed digestion of solid biowastes in European plants 
treating at least 10% organic wastes from markets or municipal solid waste in plants 
processing at least 3,000 ton.year-1, and reported an increase in total treatment capacity of 
750% during the 1990s. Mesophilic and thermophilic, and wet (liquid) and dry (solid) 
digestion processes were employed in roughly equal proportions and performed reliably. 
A trend towards larger installations was also observed. Western European countries are 
leading in the implementation of solid anaerobic digestion (Hulshoff Pol et al., 1998). In 
the past, solid anaerobic digestion was more expensive and more risky than (aerobic) 
composting, however, now it is considered both cost effective and reliable (De Baere, 
2000; Lissens et al., 2001). Consequently, solid anaerobic digestion is starting to take 
over from composting in some European countries (De Baere, 2000).  

A survey by IEA Bioenergy (2001) counted 130 anaerobic digestion installations (both 
liquid and solid systems) processing over 2,500 ton.year-1 in 16 different countries 
(mainly European countries and Indonesia, Japan, Canada and the USA). These were all 
constructed since 1980 (20 during the 1980s, 99 during the 1990s and 11 during 
2000/2001). The largest facilities, which were in Italy, processed agricultural and 
industrial organic wastes at a rate of 300,000 ton.year-1. Several western European 
countries have more than one anaerobic digestion plant per million inhabitants (Hulshoff 
Pol et al., 1998).  

In some European countries, co-operative anaerobic digestion facilities (called centralised 
anaerobic digestion (CAD) systems) have been set up. There are more than twenty such 
systems in Denmark alone. CAD systems typically digest biowaste from farms (mainly 
manure) that is mixed with either industry or municipal biowastes or both. They may 
thereby achieve better feedstock nutrient balance; greater biogas yields and improved 
economics. The biogas that is generated is used for heat and power production, and 
digestate is returned to farmers as a fertiliser. CAD plants are usually owned by farmers, 
or by farmers and heat consumers. Farmers generally neither pay nor derive profit from 
the plants but benefit through cost savings from manure handling and fertiliser purchase 
(Nielsen and Hjort-Gregersen, 2002).  

Anaerobic digestion is used in Australia in many wastewater treatment plants for sewage  
sludge digestion. In 1996, biogas from anaerobic digestion of sewage sludge produced 
7.45 MW of electricity in total, which was 0.3 PJ or 0.01% of the Australian primary 
energy demand for that year. This is expected to increase to 100 GWh by 2010 (DPIE, 
1997).  
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Anaerobic digestion is also used for energy recovery from other liquid biowastes in 
various industries in Australia, with examples including (Lake et al., 1999): 

• Berribank Farm piggery at Windemere in Victoria: Biogas produced from pig 
effluent in primary and secondary digesters is used to generate electricity some of 
which is used on-site and the rest is sold to the grid. 

• McCains’ potato processing plant at Ballarat in Victoria: Potato wastewater is 
digested in a covered anaerobic lagoon. The biogas fuels a boiler for steam 
production. 

• Tarac Distillery at Nurioopta in South Australia: Wastewater is treated in 
covered anaerobic lagoons, which are heated with the biogas, which is produced. 

• Golden Circle Cannery at Brisbane in Queensland: A UASB bioreactor treats 
fruit and vegetable processing wastewater. The biogas generated is used in their 
boiler for steam production. 

Some industrial plants employ anaerobic digestion for wastewater treatment and simply 
collect biogas as a by-product and flare it. Examples of these include: Australian Meat 
Holdings abattoir at Aberdeen in New South Wales; Visy paper recyclers at Brisbane in 
Queensland; Warrnambool Milk Products at Allansford in Victoria; and Leiner Davis 
Gelatin at Beaudesert in Queensland (Lake et al., 1999). However, some of these may 
generate energy from the biogas in the future.  

5.3.2. Ethanol fermentation 

Humans have used alcoholic fermentation for thousands of years to brew beer, wine and 
spirits. Ethanol created by fermentation may be used in the food, cosmetic and 
pharmaceutical industries. The production of ethanol for fuel from biomatter, such as 
dedicated ‘energy’ crops and biowastes, also involves alcoholic fermentation. The 
resulting ethanol is sometimes called ‘bio-ethanol’ to indicate its production by a 
biological rather than chemical process. Manufacture of bioethanol from wastes may 
require four steps (Walter et al., 1986): 

1. Hydrolysis of carbohydrates in the feedstock to sugars (if needed); 
2. Fermentation of sugars to ethanol and carbon dioxide; 
3. Distillation of ethanol from the fermentation broth; and finally 
4. Removal of residual water from the distilled ethanol (if desired). 

This four-step process and the industrial application of ethanol fermentation for energy 
recovery from biowastes are discussed further below. Biochemical engineering or 
fermentation technology texts (for example, Bailey and Ollis, 1986) provide general 
information regarding industrial fermentation processes. For more specific information 
regarding industrial bioethanol production consult Reith et al., (2002) and Blackburn et 
al., (1999). 

Hydrolysis processing of biowaste feedstocks 

The biochemistry underlying ethanol fermentation is well understood: put simply, sugar 
is converted to ethanol and carbon dioxide, by the action of micro-organisms under 
anaerobic conditions. Production of ethanol by fermentation therefore requires a 
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feedstock containing sugar or containing more complex carbohydrates such as starch or 
cellulose, which can be hydrolysed to sugar. 

Conventional feedstocks (from energy crops) are either sugar-based (such as syrups from 
sugar cane or sugar beet) or starch-based (from grains such as wheat and corn, or from 
root vegetables such as potato and cassava). Biowaste feedstocks might also be sugary 
(such as sugar cane molasses or cheese whey) or starchy (such as wastewaters from 
industrial starch production). However many more biowastes are likely to contain 
cellulose as the main form of carbohydrate. Such wastes include various plant-based 
agricultural residues (straws, corn stover etc), fruit and vegetable processing wastes, tree 
wastes, and paper waste. Cellulose in itself resists hydrolysis more than starches. 
Furthermore, cellulose and hemicellulose are often intimately bound to lignin, which is 
even more resistant and protects the cellulose from attack. Therefore extensive processing 
is required for cellulosic materials making it more costly than processing starches and 
sugars. For example, the pre-treatment and hydrolysis of corn stover might account for 
more than 50% of the installation cost (Bailey and Ollis, 1986). However, the important 
advantages of cellulosic residues are their relative abundance and potentially low, or even 
negative cost (Blackburn et al., 1999). 

Biowastes comprised of mainly sugars may be fermented directly, however, starchy and 
cellulosic biowastes require hydrolysis prior to fermentation. Biowastes are usually pre-
treated to disrupt the biomatter structure and expose more surfaces to hydrolysis. Pre-
treatment may involve particle size reduction by cutting or milling followed by further 
processing (such as exposure to dilute acid or base under pressurised conditions) to make 
the biomatter more digestible (Blackburn et al., 1999).  

Biowaste starches and celluloses are usually broken down to sugars by dilute acid 
hydrolysis, concentrated acid hydrolysis or by enzymatic (amylase or cellulase) 
hydrolysis (Blackburn et al., 1999; ESRU, 2003). Higher temperatures and/or longer 
treatment times are required for cellulosic than for starchy matter. Enzymatic hydrolysis 
is now usually preferred for both starches and celluloses since it is specific, gives higher 
sugar yields, may be more economical, and permits the use of the fermentation residue as 
a feed or soil conditioner (Walter et al., 1986). Starch and cellulose hydrolyse to glucose 
as follows: 

 (C6H10O5)n  (starch or cellulose)  +  n H2O    à    n C6H12O6  (glucose) 
    162 g      18 g     180 g                        

Theoretically 180 g glucose is produced from the hydrolysis of 162 g of starch or 
cellulose—that is, 1 kg of starch or cellulose can produce 1.1 kg of glucose. Yields of 
80–90% of this theoretical can be achieved with enzymatic hydrolysis of starches (Walter 
et al., 1986). Yields of about 80% are achieved for celluloses with the rest as 
cellodextrins (Sørensen, 2000). However, cellulases are very expensive and may 
constitute 35–45% of the total bioethanol production cost (Reith et al., 2002). The current 
high cost of cellulases limits application of ethanol fermentation to lignocellulosic 
biowastes. In the USA, a government-based bioethanol program has contracted two large 
industrial enzyme producers to manufacture low-cost cellulases (NREL, 2001) in an 
effort to overcome this problem. 
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Note that cellulosic materials typically contain 35–50% cellulose, 15–30% hemicellulose 
and 20–30% lignin (Blackburn et al., 1999). Hydrolysis of cellulose (like hydrolysis of 
starch) yields hexoses (6-C sugars) since these are the monomer building blocks of these 
carbohydrate polymers. Hydrolysis of hemicellulose on the other hand, generates mainly 
pentoses (5-C sugars). Hexoses and disaccharides of hexoses—both called sugars—are 
able to be fermented to ethanol. Despite substantial research efforts, including the 
development of recombinant micro-organisms which can ferment pentoses to ethanol 
(NREL, 2001), there is currently no suitable system available for industrial fermentation 
of pentoses from the hemicellulose fraction of wastes (Reith et al., 2002). The lignin in 
cellulosic wastes remains intact as fibrous material in the hydrolysed slurry. This solid 
fibre is separated (usually by filtration) from the sugary solution which then may be 
concentrated (through evaporation of excess water) prior to fermentation. 

Ethanol fermentation 

Nutrients and pH agents may be added to the feedstock after hydrolysis (if required), and 
then the whole mixture is heated to reduce bacterial levels prior to fermentation. When 
the mixture is cool enough, it is inoculated with a pure culture of either a yeast, usually 
Saccharomyces cerevisiae  or the bacteria Zymomonas mobilis. Proprietary organisms are 
often developed and used.  

During fermentation, disaccharide sugars, such as sucrose and lactose are broken down 
by microbial enzymes to their constituent monosaccharides, for example:  

C12H22O11 (sucrose)  +  H2O   à    C6H12O6 (fructose)  +  C6H12O6  (glucose) 

and monosaccharide sugars are converted, under anaerobic conditions, to ethanol and 
carbon dioxide:  

C6H12O6    à    2  C2H5OH  (ethanol)  +  2 CO2 
     180 g  92 g                         88 g 

Industrial operations are usually conducted at 20–30 oC and begin with an acidic pH 
(about 4.5) (Bailey and Ollis, 1986). Batch operations in stirred tank bioreactors taking 
40 to 50 hours (RFA, 2000) are favoured. However other process types might also be 
used, including: 

• Operation under vacuum drawing off ethanol as it is produced to minimise 
ethanol metabolic inhibition thereby extending the duration of fermentation and 
increasing sugar utilisation; 

• Continuous operation involving cell recycle and vacuum removal of ethanol; and 
• Use of immobilised cells  (Bailey and Ollis, 1986).  

According to the reaction equation for the conversion of sugar to ethanol, above, 180 g of 
sugar converts to 92 g of ethanol. Thus the theoretical maximum possible yield (100% 
conversion efficiency) is 0.467 kg ethanol from 1kg sugar. Actual conversion efficiencies 
are typically 85–95% (Walter et al., 1986). Fermentation slows down as the ethanol 
concentration in the broth exceeds about 10% (on a volumetric basis). Therefore initial 
feedstock sugar concentrations are usually near 20 g.L-1 (Rhyner et al., 1995) although 
higher concentrations may be used if ethanol is continually removed or under continuous 
operating conditions. Ethanol concentrations in the broth are typically 10–16% (on a 
volumetric basis) at the end of batch fermentations (Bailey and Ollis, 1986).  
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Distillation and purification of ethanol 

Ethanol is usually separated from water and other compounds in the fermentation broth 
by fractional distillation. This process works by boiling the water-ethanol mixture. Since 
ethanol has a lower boiling point (78.3oC) than water (100oC), ethanol vaporises before 
the water and can be condensed and separated. However, distillation of ethanol-water 
mixtures is limited to production of ethanol that is only 95.6% pure. This hydrous ethanol 
may be used directly in modified engines (Twidell and Weir, 1986). However, the 
residual water is often removed from the distilled ethanol by molecular sieves (RFA, 
2000) to produce anhydrous 100% ethanol. Anhydrous ethanol may be blended with 
gasoline or diesel (usually about 10–22% ethanol blends, but also 85% ethanol) or may 
be used neat in engines designed for its use.  

Bioethanol product 

Ethanol (C2H5OH) possesses many properties, which make it a desirable fuel (or fuel 
additive) (CRFA, n.d.). Ethanol is liquid at ambient temperatures (enabling easy storage 
and transport); is biodegradable; has low toxicity; causes little environmental pollution if 
spilt; has a higher octane rating than petrol; and burns more cleanly than petrol. 
Bioethanol is also a renewable fuel. The energy content (higher heating value) of ethanol 
is 30 MJ.kg-1, which is 65% of that of petrol (Walter et al., 1986). Most application of 
bioethanol is as a vehicle fuel, for example in Brazil where passenger cars and light 
vehicles run on anhydrous ethanol or on 22%-ethanol-gasoline blends. However, 
bioethanol may also be used in industry for power and heat generation. 

Ethanol fermentation process by-products 

Three main by-products may be created during bioethanol production from biowastes:  

1. Fibre. The fibrous lignin-rich residue from hydrolysis of lignocellulosic wastes is 
normally dried and then directly combusted in boilers to provide power and heat 
used during ethanol manufacture (Blackburn et al., 1999). Alternatively, dried 
fibre may be applied to land as a soil conditioner. 

2. Carbon dioxide. Carbon dioxide gas coming off the bioreactor is captured and 
converted to dry ice or sold for use in beverage or chemical industries (Walter et 
al., 1986). 

3. Fermentation broth residue. This contains yeast or bacterial cells, small 
entrained solid biowaste matter and dissolved solids such as unused sugars and 
nutrients. This is usually dried to produce a protein-rich nutritious meal, which is 
fed to livestock (RFA, 2000). 

Industrial ethanol production from biowastes 

Total worldwide bioethanol production, in 2002, was about 17 million tons per year 
(Grassi, n.d.) manufactured mainly in Brazil, the USA and some EU countries (Reith et 
al., 2002). More than 10 million ton.y-1 of this was produced in Brazil, mainly from sugar 
cane crops.  

Current bioethanol production in the USA is 9.9 million ton.y-1 produced in a total of 
76 facilities and mainly from corn. This is a remarkable increase since 1980 when the 
total USA bioethanol production was only 0.5 million ton.y-1, and the industry is still 
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growing. A further 12 plants producing an extra 1.2 million ton.y-1 (that is, a 12% 
increase on existing capacity) are under construction or expanding existing operations. 
Some plants produce as much as 300 million kg.y-1. Only 1% of the total bioethanol 
production in the USA is from waste streams and none of the plants under construction 
intend using wastes for ethanol production. The types of biowastes, which are currently 
used include: corn, brewery, beverage, cheese whey, and potato wastes. Bioethanol 
production scales from biowastes span 45 million kg.y-1 using corn and beverage wastes 
down to 2 million kg.y-1 from brewery waste. (Information presented here regarding USA 
bioethanol production was from RFA (2000) which was updated during May 2004).  

Bioethanol production in Australia is very small with only two producers. Manildra, a 
company whose main business is grains, produces ethanol from starch wastes at their 
Shoalhaven Starches facility at Bomaderry in New South Wales. This facility has been 
producing bioethanol since 1992 (Carey and Gliddon, 2002). Current bioethanol 
production by Manildra is 60 ML.y-1 (47 million kg.y-1), about two-thirds of which is 
blended with petrol (Carey and Gliddon, 2002). CSR is the other producer of bioethanol 
in Australia, also producing about 60 ML.y-1 (47 million kg.y-1) (McGregor, 2001), but 
from sugar cane molasses. Most of this ethanol is used in the beverages industry and only 
2–3 ML is sold to the Australian market for fuel (McGregor, 2001). The use of ethanol as 
a vehicle fuel additive has attracted adverse publicity over the past few years in Australia. 
Bioethanol also now attracts the same tax as other fuels. Consequently, planned further 
development of bioethanol production in Australia appears to have stalled.   

Bioethanol production costs depend on feedstock types, production scales and process 
efficiencies. Ethanol yields of 3,500–5,000 m3 per hectare, and an average energy output 
to energy input ratio of 9.2 are achieved during production from dedicated sugar cane 
crops in Brazil (Grassi, n.d.). In Brazil anhydrous ethanol produced in large industrial 
plants is cheaper than gasoline (USD $160.m-3 for bioethanol pre-tax compared to 
USD$220.m-3 for refinery gate gasoline as at December, 2002: Grassi, n.d.). However 
this is not generally the case. In other countries, bioethanol is often expensive to produce 
relative to its market fuel value. Ethanol production costs from dedicated energy crops 
(starch- or sugar-based) vary greatly: from as low as $160.m-3 for sugar cane under 
optimal conditions to as much as $900.m-3 for potato (Grassi, n.d.). Ethanol production 
from some crops is far more energy intensive than from sugar cane under Brazilian 
conditions, with energy output to energy inputs as low as 1.3 for corn (Grassi, n.d.). In 
fact, whether there is an overall net energy gain or loss may depend on the level of 
integration of ethanol production with other processes (Sørensen, 2000). A recent 
evaluation of the potential for bioethanol production from cellulosic wastes (Reith et al., 
2002) estimated production costs from cellulosic wastes to be 34–35 €.GJ-1 compared to 
the actual costs from corn starch of only 16.2 €.GJ-1 (and compared to the gasoline cost of 
7.2 €.GJ-1). In many countries, government intervention in terms of financial subsidy or 
excise relief, or mandatory minimum ethanol blending of vehicle fuels is required to 
sustain industrial-scale bioethanol production. As well, markets for process by-products 
are required for production viability.  
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5.4. Comparison of organic waste to energy alternatives 

This section has provided detail that will enable firms to begin to understand important 
technical issues that need to be considered when evaluating applicability of available 
waste-to-energy processes. Table 5 summarises the advantages and disadvantages of each 
energy recovery process in the context of alternative waste management options (such as 
landfill, composting, or other energy recovery processes). These advantages and 
disadvantages concentrate on the ability of the processes to reduce emissions of 
pollutants to landfills, waterways and the atmosphere. For example incineration may 
destroy bacterial toxic waste but may also produce toxic substances such as carbon 
monoxide.  

Anaerobic digestion appears to have most general potential applicability to agro-
industrial organic wastes. Furthermore, anaerobic digestion offers great potential for 
recycling organic matter and nutrients. However, other energy recovery processes, 
especially direct combustion and ethanol fermentation might also be appropriate in some 
circumstances. In particular a question remains as to the toxicity of emissions from direct 
combustion of clean biowaste matter. While it is clear that incineration of unclean 
organic wastes, such as municipal solid wastes and medical wastes, leads to significant 
environmental pollution, the environmental pollution from burning clean dry cellulose- or 
lignin-based wastes is unclear. The possible pollution from incineration of such wastes 
must be considered against likely pollution resulting from their transport if they are 
returned to farms for soil conditioning.  On the other hand, agro-industrial enterprises, 
which rely on soil systems for the production of their process inputs should ensure that 
sufficient organic matter is returned to soils to maintain their condition. 

The decision to recover energy from organic wastes and the selection of the most 
appropriate energy recovery process or processes for doing so is not straightforward. 
Local factors specific to each industrial estate will need to be considered. These factors 
include: the industry types present in the estate; Regional and State Government policies; 
existing infrastructure; the required scale of operations; consistency and continuity of 
organic waste supply; capital costs; and investment security. The most appropriate 
method of waste to energy conversion must be evaluated individually for each case. 
While there may be similarities between industrial estates (e.g. Bomen and GAIE), there 
may be a significant range of institutional, physical and infrastructural differences that 
lead to different outcomes.  
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Table 5: Advantages and disadvantages of biowaste energy conversion technologies. 

Energy 
Conversion 
Technology 

ADVANTAGES DISADVANTAGES 

Direct 
combustion 

• Combustion is a proven technology at 
commercial scales. 

• Reduction in the volume  and weight of the 
waste, especially if it is a bulky solid with 
high combustible content. Using MSW as an 
indication, the reduction might be as much 
as 90% of the volume and 75% of the 
weight of material that might otherwise go 
to landfill. 

• Less methane (a potent greenhouse gas) 
production than in landfilling. 

• Destruction or detoxification of waste that 
contains infectious, flammable, toxic or 
biologically-active materials that make the 
waste unsuitable for biological treatment or 
conversion through other means. 

• Potential to use energy in lignin. 
• Potential material recovery from the solid 

wastes produced during combustion. 
• Much greater useful energy recovered per 

tonne of waste than if landfilled.  
• Energy recovery from a renewable resource, 

thereby replacing fossil fuel for energy 
generation with beneficial consequences in 
the greenhouse effect. 

• Incineration systems may be very 
expensive—discouraging waste reduction, 
material recycling and re-use.  

• Incinerator design based on waste 
characteristics, which may change during 
life of incinerator and thereby affect 
incinerator performance. 

• Energy losses, if recyclable materials 
(metals, glass, plastic and paper) are burned 
alongside the biodegradable components in 
the biowaste. 

• Potential for creation of several types of 
known toxic substances in the flue gases 
including carbon monoxide, various 
hydrocarbon compounds (including dioxins, 
furans and PCBs), acidic gases, heavy 
metals and fine particulates, particularly if 
biowaste stream contains other waste types. 
These pollutants have serious human health 
and environmental effects (Table 5). 
Significant contribution to the total 
worldwide air emissions of some of the most 
serious of these pollutants: dioxins and 
mercury. Creation of other unknown 
potentially toxic substances in the flue gases.  

• Difficult and very expensive emissions 
controls (Robinson and Rohr, 1986).  

• Production of waste residues, which require 
management and final disposal.  

• Poor public perception of incineration, 
which is the result of concern about 
environmental pollution, human health 
impacts and inefficient use of materials.  

Pyrolysis 
and 
Gasification 

• Creation of derived biofuels, which are more 
versatile than original biowaste—gases, 
liquids and chars can be used as fuel or 
purified and used as feedstock for chemical 
manufacture (FoE, 2002). 

• Energy conversion efficiencies from 
biowaste into secondary fuels are high. 
Potential high-energy efficiencies for 
combined heat and power generation. 

• Biofuels can be used in existing engines, 
turbines or boilers with modifications. 

• Greater flexibility than mass-burn 
incineration due to modular designs of 
pyrolysis and gasification systems.  

 

• Unproven technologies for biowaste 
conversions at large commercial scales: 
systems tend to be complex and expensive, 
suffering technological and other problems. 

• Similar disadvantages as those of 
incineration (see above): loss of recyclables 
if included in biowaste stream (and 
consequential energy losses), pollution 
issues with similar pollutants (Sørensen, 
2000; BREDL, 2002).  

• Pyrolysis problems: Bio-oil is not stable and 
its properties change over time and also 
depend on feedstock properties, which are 
variable (PyNe, 2004). 
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Energy 
Conversion 
Technology 

ADVANTAGES DISADVANTAGES 

• Gasification generates fewer gas emissions 
and consequently has simpler air pollution 
controls (Tchobanoglous et al., 1993) 
thereby reducing overall process costs 
compared to combustion (Knoef, 2003). 

• Potential for economical decentralised 
energy conversion at small scales (Turare, 
1997). Energy recovery from a renewable 
resource, thereby replacing fossil fuel for 
energy generation with beneficial 
consequences in the greenhouse effect. 

• Gasification problems: Producer gas is toxic, 
explosive, combustible (fire hazard) and 
bulky; and of variable composition. Gas 
cleaning processes are expensive and 
generate residues, which require disposal  
(Turare, 1997). 

Anaerobic 
digestion 

• Natural process. 
• Potential for treating and recovering energy 

from a wide variety of waste types: 
solid/liquid; concentrated/dilute, complex 
mixture/simple; all major organic substrates 
except lignin. 

• Proven technology across the full range of 
scales. 

• Uses mixed microbial anaerobic cultures, 
which tend to be highly adaptable. 

• High conversions of biodegradable organic 
matter in biowastes to biogas. 

• High recovery of energy from converted 
biodegradable organic matter in biogas 
itself. 

• Low solids (microbial biomass) production 
compared to composting, therefore low 
solids by-product requiring management. 

• Requires less land than composting or 
landfilling. 

• Anaerobic digestion is a net energy 
producing process. 

• Anaerobic digestion is more cost-effective 
than other treatment options from a life-
cycle perspective (IEA Bioenergy, 2001). 

• Scrubbed biogas is a high quality fuel, 
which burns very cleanly with considerably 
lower exhaust fuel emissions from diesel 
engines and with very low NOx emissions 
(IEA Bioenergy, 2001). Clean burning 
reduces engine maintenance costs as well. 

• Energy recovery from a renewable resource, 
thereby replacing fossil fuel for energy 
generation with beneficial consequences in 
the greenhouse effect. 

• Facilitates recycling of organic matter and 
nutrients from clean biowastes. Provides 
some sanitation effect.  

• Biochemical processes involved in 
anaerobic digestion are complex. 

• Methanogenic bacteria responsible for 
methane production are very slow growing 
therefore they need to be retained within the 
bioreactor in high numbers for high-rate 
processing. If washout occurs, then 
restarting may take a long time.  

• Anaerobic digestion cannot process lignin. 
• Variability of biowaste quality (pH, 

nutrients, toxins) and quantity can interfere 
with operations. 

• Significant upstream and downstream 
equipment are required. Waste storage 
facilities and balancing tanks are required.  

• Long acclimatisation periods may be 
required for difficult wastes. 

• Process heat requirement for mesophilic or 
thermophilic operations.  

• Less complete digestion of organic matter 
than is usually attained with aerobic 
digestion processes. 

• Biogas (methane) as a compressed gas 
vehicle fuel is a bulky fuel reducing driving 
range and cargo space in vehicles (IEA 
Bioenergy, 2001). 
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Energy 
Conversion 
Technology 

ADVANTAGES DISADVANTAGES 

Ethanol 
fermentation 

• Bioethanol is a useful fuel: it is liquid 
(therefore it has a relatively high volumetric 
energy density), has a high octane rating, 
has low toxicity, and is biodegradable and 
renewable.  

• Ethanol can be used neat or blended with 
petrol for use in suitably adapted vehicles.  

• Bioethanol can feasibly be sold as a fuel for 
use elsewhere rather than having to be 
consumed on-site generating power and heat 
with excess power sold to a grid.  

• Combustion of ethanol produces fewer 
products of incomplete combustion and no 
heavy metal emissions compared to 
combustion of petrol (Sørensen, 2000) and 
likely compared to direct combustion of 
biowastes. 

• Energy recovery from a renewable resource, 
thereby replacing fossil fuel for energy 
generation with beneficial consequences in 
the greenhouse effect. 

• Process by-products (fibre, carbon dioxide 
and residual fermentation solids) are both 
relatively inoffensive and potentially 
valuable. Bioethanol production inactives 
pathogens (Sørensen, 2000) rendering the 
residues less hazardous than the original 
biowastes. 

• Bioethanol production processes are well 
understood, relatively uncomplicated and 
reliable. High yields of sugars from 
carbohydrates during hydrolysis and of 
ethanol from sugar substrate during 
fermentation are possible. Distillation is 
reliable for ethanol separation.  

• Bioethanol’s energy density is only 66% of 
that of petrol (on a volumetric basis).  

• Modified ignition engines combusting 
ethanol can emit increased NOx, aromatic 
and aldehyde levels, compared to petrol 
(Sørensen, 2000). 

• Bioethanol production is energy intensive.  
• The overall biowaste energy recovered as 

bioethanol may not be high if the biowaste 
contains high concentrations of lignin and/or 
hemicellulose.  

• Pentoses from hemicellulose hydrolysis are 
not converted to ethanol.  

• Large amounts of process water are required 
for hydrolysis of cellulosic wastes (Reith et 
al., 2002).  

• Solid-state ethanol fermentation of solid 
biowastes is not established at large scales, 
necessitating addition of water (for 
hydrolysis and subsequent liquid 
fermentation) followed by water removal 
operations after fermentation. Ethanol 
recovery by distillation is energy intensive.  

• Direct combustion of fibre residue may 
generate gas-phase and particulate 
pollutants.  

• Bioethanol production costs are generally 
high. Process viability generally depends on 
national fuel policies and government 
supports. Markets for process by-products 
are also required for production viability. 
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6. Paunch: Usefulness and Disposal 

6.1. Source of paunch 

In the meat processing industry, production of many inedible by-products has become an 
essential component of the modern operation: 

If animal by-products are not used effectively a valuable source of revenue is lost and the 
added and increasing cost of disposal of these products is incurred by the company. Also, 
from an environmental perspective, utilisation of by-products reduces the overall 
environmental load of the process. The modern livestock industry is an effective user of 
by-products. However, more than 2% of the carcass weight is often unaccounted for and 
is usually lost to effluent. Therefore, there is potentially more that can be done. 

(COWI, 2000).  

Paunch material has remained as one of the few solid waste streams of meat processing. 
Paunch can be readily separated in the slaughter process as a single solid waste stream, 
however, some meat processing operations either retain paunch in the wastewater stream 
or mix paunch with animal manure waste to form a single solid waste stream.  

During the slaughter process blood, inedible by-products (bone, heads, fat, hair, and 
condemned offal) and edible offal components and casings are separated and sent on for 
further processing. Historically stomachs and the removal of paunch material have been 
processed using one of three techniques: 

• No-dump System. The stomach and its contents are sent directly with the 
inedible by-products for rendering (production of dry meal and tallow or lard). 
This system results in the reduction of quality of the rendered by-products and 
reduces the production of edible products (tripe). However, use of the no-dump 
system results in a reduction of processing wastewater as the stomachs are not 
washed. Generally no-dump systems are limited to condemned stomachs only. 

• Wet-dump System. The stomach is opened and the paunch is washed directly to 
the wastewater stream. The wastewater is either sent direct to the effluent 
treatment system or is pre-treated via a liquid separation system with the 
separated paunch forming a solid waste stream. 

• Dry Dump System. The stomach is opened and the paunch material is separated 
prior to the washing process. Wash water is sent direct to the effluent treatment 
system. The paunch material is usually directed through a liquid separation 
system prior to becoming a solid waste stream. The dry dump system reduces 
organic loads entering the effluent treatment system (Randolph Packing, 1986). 

Animal manure is primarily generated in animal holding areas. Manure is generally 
collected either mechanically through the use of mobile plant such as front-end loader, 
vacuum-type cleaning systems and/or from setting basins that collect holding area wash 
out-flows. The manure is generally retained as a separate solid waste stream though is 
sometimes combined with paunch prior to disposal. Paunch and manure material is 
collected from cattle, sheep and pig processing operations. Typical paunch and manure 
by-product volumes collected from various animals are provided in Table 6. 
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Table 6: Paunch and manure by-products from various animal species. 

Waste Cattle Sheep Pigs  

Paunch and Manure1 8% - -  

Unaccounted items 
(paunch, shrink, etc) 1,2 

64 kg/head 5 kg/head 12 kg/head  

Miscellaneous (paunch, 
shrink, etc) 3 

6% - 3%  

Paunch3 40 kg/head - -  
1. Ockerman and Hansen (1998). 
2. Animal live weights 455 kg/45 kg/100kg respectively. 
3. COWI (2000). 

6.2. Characteristics of paunch 

Beef cattle paunch characteristics are provided in Table 7, typically paunch can be 
described as: 

• Yellowish-brown in colour with a vegetative texture containing recognisable fibre 
and grain; 

• By definition high in organic matter; 
• Having a high moisture content at approximately 85% (Randolph Packing, 1986);  
• Exhibiting an undesirable odour due to the active stomach acids; 
• Having an extended oxygen demand with biological oxygen demand (BOD5) 

levels of approximately 50,000 mg/L (COWI, 2000); and 
• In its raw state provides favourable growth conditions for the proliferation of 

harmful pathogens, insects and rodents (Wilson, 1992). 
 

Table 7: Typical paunch characteristics for paunch for beef cattle. 

Parameter Fresh Paunch Dehydrated Paunch 

Waste quantity (ppt body weight) 45 9.7 
Moisture Content% 80 6 
Total Solids (ppt body weight) 9 6 
Volatile Solids (ppt body weight) 8.4 8.4 
Biochemical Oxygen Demand (BOD5) (mg/L) 50,000 - 
Chemical Oxygen Demand (COD) (mg/L) 180,000 - 
pH 6.5 - 
Protein (%) 2.5 12.6 
Nitrogen (%) 0.4 2.0 
Phosphorus (P2O5) (%) 0.3 1.46 
Potassium (K2O) (%) - - 
Sodium (%) - - 
Calcium (%) 0.13 0.59 
Iron (%) - - 
Magnesium (%) - - 
Source: Ockerman and Hansen (1998). 
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6.3. Downstream use of paunch 

Paunch is an inedible by-product of meat processing not subject to value-added 
reprocessing, and with the relatively high volumes produced is considered complicated 
and costly to dispose off. Constraints in processing paunch are the water pollution 
potential due to the high BOD, the problem of odours and flies, the high moisture 
content, and the low protein content.  

Randolph Packing (1986) noted that paunch is not considered to be treatable in a 
conventional sewage treatment plant as: 

• The manure solids settle out and tend to harden to the consistency of low-density 
rock; 

• The solids clog hopper bottoms, pits and pump suctions; 

• Augering may be required to remove the solids from pipelines; 
• The cellulose material does not decompose in digesters and forms straw blankets, 

which clog and eventually fill digesters; and 
• The entrapped moisture in the cellulose material cannot be de-watered by vacuum 

filters. 

NSW EPA (1995) suggests the following as appropriate techniques for the disposal of 
solid wastes generated by abattoirs: 

• Manure can be spread directly on land for assimilation of wastes into soil. There 
is a balance between effective waste disposal and creation of pollution problems 
using this disposal technique. Manure needs to be mixed with surface soil to 
prevent fly breeding, reduce odour and avoid water pollution from surface run-
off. 

• Manure can also be stockpiled and dried before being spreading on land. This 
technique needs to be managed to prevent fly strike and odours developing and to 
prevent seepage of the liquid phase into soil and groundwater. 

• Sludge removed from treatment ponds should be allowed to dry and spread as for 
manure. It is best to dry out sludge in summer to quickly develop a sealing crust 
and prevent odour emissions. 

• Paunch contents can be efficiently and economically disposed of by composting 
as long as offensive odours are not generated. 

Further, COWI (2000) states that paunch from cattle is an ideal medium for composting 
or vermiculture (worm composting) along with other waste materials. After composting it 
can be used or marketed as a fertiliser and soil conditioner. Under some circumstances, 
paunch may be spread directly on to agricultural land; however, prior composting is 
preferable. Wilson (1992) discusses various approaches to the disposal or treatment of 
paunch including:  

• Disposal to Landfill. Although landfills are readily available for the disposal of 
paunch it is an undesirable and uneconomic approach. Transportation costs can be 
significant and the high moisture content increases the chargeable disposal weight 
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and leachate production. The disposal of paunch to landfill utilises valuable 
capacity of landfill cells.  

• Lagoons and Wastewater Treatment Facilities. Where paunch is retained in the 
effluent stream it increases the cost of treatment facilities and once removed from 
the effluent stream accumulates in storage facilities including lagoons. The 
accumulated paunch must still be disposed of, which means additional costs. 

• Land Application. Subject to availability of suitable land, land application is a 
low cost and common disposal technique that does not require pre-treatment. 
However, there are a number of potential long-term disadvantages including its 
unstable nutrients altering soil nutrient balance and soil structure, run-off and 
leachate becoming a potential pollution source, odour impacts and proliferation of 
harmful pathogens, insects and rodents. 

• Re-feeding to Livestock. Paunch waste does have some feed value and though 
relatively low can be used as a source of roughage or for mixing with other feed 
sources to improve availability of energy or increase protein content.  

• Burning. Is an expensive option with an initial drying processes required and 
compliance with clean-air standards adding further to costs. Paunch could be a 
raw material for methane production, though other more readily available raw 
organic materials would be more efficient and less expensive to use. 

• Composting. Due to the high organic content paunch is a readily available raw 
material for composting (aerobic thermophilic treatment). Micro-organisms feed 
on the paunch breaking it down to a useable organic fertiliser. As efficient 
composting also requires a suitable carbon to nitrogen ratio the paunch material 
may need to mixed with other raw materials to ensure suitable compost quality. 
The heat produced during composting kills the harmful pathogens in paunch, 
though due to its high moisture content compost areas must include appropriate 
leachate and run-off management. 
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7. Review of Paunch Re-use Options 

A review of current re-use practices has identified a number of potential environmentally 
sustainable and cost effective options that could be implemented for the paunch waste 
streams identified at the GAIE. Provided below is a description of the options and 
potential outcomes and details of relevant statutory approval requirements. 

7.1. Land application 

Land application is the surface spreading of solid waste material on to soil. Land 
application employs mechanical, biological and chemical processes that occur naturally 
in the soil. Organic matter in paunch waste that represents high BOD is degraded by soil 
bacteria and becomes part of the soil matrix. Nutrients in the paunch are taken up by 
crops and recycled in the soil (Ockerman and Hansen, 1998). As well as providing plant 
nutrients land application of paunch has the capacity to improve the tilth, aeration and 
water holding capacity of soils. 

Land application of organic matter can be considered a beneficial re-use when the 
application rate is such that: 

• The utilisation of nutrients in the organic matter is at a rate which does not exceed 
the nutrient requirements of the vegetation, crops or pasture growing on the land; 
and 

• The beneficial characteristics of the organic matter are used for soil conditioning 
purposes. (NSW EPA, 2000). 

Applying organic matter in excess of plant needs, or at the wrong time, or through 
improper handling may release nutrients into air and water, where they can become 
pollutants. In order to optimise crop yields and protect the environment, nutrient needs 
throughout the crop rotation, realistic expected crop yields, liming requirements, existing 
soil nutrient levels, and timing, placement, amounts of additional nutrients applied to the 
soil and site limitations based on potential environmental impact, need to be taken into 
consideration (Pennsylvania DEP, 2001). 

7.1.1. Application methods 

Surface applied/unincorporated 

The paunch material is spread directly on to the agricultural field. The benefits of no-till 
farming needs to be considered against the loss of available nitrogen through the 
volatilisation of ammonia gas and run-off loss that may occur through the application of 
paunch without incorporation.  

Incorporated manure 

The paunch material is incorporated into the soil using typical agricultural methods such 
as a disc plough as soon as possible following spreading. Incorporating paunch into the 
soil increases the amount of nutrient available for use by the crop and reduces the 
potential loss of nutrients through erosion and run-off from fields. 
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7.1.2. Site suitability 

Although paunch does not come under the definition of a biosolid (that is ‘an organic 
product produced by the municipal sewage treatment process’), guidance on agricultural 
land suitable for the application of paunch can be interpreted as for an ‘Unrestricted Use’ 
biosolid from NSW EPA (2000). Land application of paunch should not occur on 
sensitive lands (including specified buffer zones) such as drinking water supply, 
restricted catchment or aquifer recharge areas and reserved land including National Parks, 
Wilderness Areas, wetlands etc.  

7.2. Agricultural outcomes 

The primary advantage of direct application of paunch on to land is the ability to provide 
additional nutrient and organic content to soil at a relatively low cost.  

Hatfield and Stewart (1998) identified that land application of manure over a period of 
years, even at low application rates, improved the soil physical properties such as 
improved water infiltration rate, greater nutrient holding capacity, greater nutrient 
holding capacity and greater soil aggregate stability. 

However, Wilson (1992) identified the following disadvantages in the land application of 
paunch: 

• Raw paunch is an unstable source of nutrients, which begin the stabilisation 
process in the soil, reacting to and bonding with, and ultimately altering that soil’s 
nutrient balance and soil structure resulting in damaged less productive soil.  

• Due to high moisture content, run-off and leaching may become a potential source 
of pollution to surface and groundwaters. 

• Odour from the paunch may become obnoxious to neighbours and nearby public, 
particularly if it is stockpiled or spread on to soils without incorporation. 

• Spreading of the wet and odourous material on to open fields creates a condition 
favourable for the proliferation of harmful pathogens, insects and rodents. 

7.3. Planning approvals 

The relevant State planning legislation for NSW is the Environmental Planning and 
Assessment Act 1979 (EPandA Act). The EPandA Act instituted a system of 
environmental planning and assessment in NSW and is administered by the Department 
of Infrastructure, Planning and Natural Resources. 

The EPandA Act is supplemented by a suite of Environmental Planning Instruments 
(EPIs), namely State Environmental Planning Policies (SEPPs), Regional Environmental 
Plans (REPs) and Local Environmental Plans (LEPs).  

7.3.1. Local Government approval 

The GAIE is located in the Tamworth Local Government Area (LGA) administered by 
the Tamworth Regional Council. Development in the Tamworth LGA is subject to the 
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Tamworth Local Environmental Plan 1996 (TLEP), which identifies land at the Glen 
Artney Industrial Estate as Zone No 4 Industrial. 

Land application of paunch is an ancillary agricultural activity. Agriculture is defined in 
the TLEP as:  

1. The cultivation of crops, including cereals, fruit, vegetable or flower crops, or 

2. The keeping or breeding of livestock, bees or poultry or other birds, 

for commercial purposes, but does not include a feedlot, any cultivation or husbandry 
carried out on any land mainly for the personal enjoyment of or consumption by the 
owner or occupier of the land or any other activity elsewhere specifically defined in this 
plan. 

Agriculture is permitted in Zone No 4 Industrial with development consent. It is noted 
that agriculture is permitted in Zone No 1 (a) Rural without consent. 

7.3.2. State Government approval 

As noted above, paunch is not defined as a biosolid by the NSW DEC (NSW EPA, 2000) 
and therefore its land application is not subject to specific DEC licensing. Further, DEC 
has permitted the land application of paunch as a waste management practice for licensed 
abattoirs without the need for specific licence conditions (for example at Wingham Beef 
Exports’ Wingham Abattoir located on the Mid North Coast of NSW). 

7.4. Composting 

Composting is a viable alternative to the direct land application of paunch or the disposal 
of paunch to landfill. Composted material is valued as a soil fertiliser, however, its use 
and marketability are constrained by transportation costs and hence production relies on 
localised demand. 

Composting is the gradual aerobic microbial decomposition of organic material. The 
finished product, compost (also known as humus) is a dark, friable, odourless product, 
very similar to the organic matter found in the soil. The quickly available nutrient value 
in compost is generally very low, but its major influence is on the improvement of 
physical conditions in the soil structure and slow release of nutrients (especially nitrogen) 
(Smith, 1992). Adding properly aged compost to the soil will improve its water holding 
capacity and enrich the soil bacterial activity, which, in turn, has a direct affect on the 
availability of some mineral salts to plants (Smith, 1992)  

Commercial production of compost generally consists of large quantities of organic 
matter laid in windrows (though bin, static pile and aerated static pile systems are also 
utilised) within a containment area to control leachate and surface water run-off. The 
windrows are turned regularly to add oxygen required to maintain high temperatures that 
are required to kill weed seeds and harmful pathogens. In order to produce quality 
compost, commercial operations require material that is high in organic content with 
specific carbon-to-nitrogen ratio (typically between 15:1 and 30:1). As composting is 
primarily an oxidative process it removes many odourous compounds and some organic 
solids are converted to carbon dioxide thus reducing volume, and easily volatised 
nitrogen is also lost (Van Horn et al., 1998). 
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Given its high organic content, paunch is a suitable raw material for a high quality 
composting operation. In addition, the composting process is a natural heat purification 
process that successfully and thoroughly eliminates the negative aspects of paunch. 
Hence, composting of paunch is a recycling process taking a former waste product and 
converting it to a commercially valuable product (Wilson, 1992). 

The advantage of composting over land application of raw organic matter such as paunch 
and manure is that the compost is produced under optimum conditions to maximise 
quality over a greatly reduced process time. In the land application process conditions for 
the breakdown of paunch and manure are unknown and uncontrolled and can take a 
significant period of time, even years. Under some conditions the soil may not provide 
suitable conditions for the composting process such that the organic matter has no 
fertiliser value (Wilson, 1992).  

Donna Chaw (undated) undertook a pilot project using open windrow composting of 
paunch from the XL Foods Ltd slaughterhouse in Calgary Canada. The paunch included 
the following characteristics: 

?  75% moisture content; 
?  88% organic matter; and 
?  Carbon-to-nitrogen ratio 35:1. 

The compost windrows were constructed from: 

• Paunch   - 3 parts. 
• Pen cleaning manure  - 1 part. 
• Wood shavings - 2 parts. 
• Switches  - 1 part. 

The compost was used in greenhouse barley growth trials at various mixture ratios with 
commercial potting soil.  

The results of the project suggested that the compost is a valuable soil conditioner when 
used in the 15–25% mixture ratios. The paunch compost greatly improved growth rate 
and biomass of the barley. 

7.4.1. Composting pulp and paper sludge (including paunch) 

Campbell et al., undertook a composting trial using pulp and paper sludge, tailings, wood 
ash and paunch using turned windrows. Compost carbon to nitrogen ratio reduced from 
270:1 to 14–67:1 after composting and curing. Shoot biomass of tomato plants grown in a 
compost amended medium (50% compost, 25% sand, 25% perlite by volume) improved 
with composting time but was still only 35–65% that of plants grown in peat moss-
amended medium (control). Shoot and height of poplar plants grown in soil amended 
with aged compost were unaffected by compost application rate. It was shown the 
compost produced could be used as a low quality mulch or soil amendment for poplar. 

7.4.2. TRC composting trial 

TRC has recently undertaken two composting trials of green waste at its landfill facility 
(Jason Stradford, pers. comm. 16 August 2004). The first trial conducted in 2003 
involved 500 m3 of material composted using anaerobic techniques and 500 m3 using 
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aerobic techniques (frequent turning of open windrows). In this trial, urea and paunch 
material from the Cargill beef abattoir were included as an additive. A 16-week 
composting period resulted in good quality compost, with the anaerobic technique 
providing 7–8% greater volume but lesser quality compared to the aerobic technique. The 
compost product sold well indicating strong demand from the local community.  

The second trial recently completed in 2004 involved 2,500 m3 of green waste material 
(with no additives) composted over a 19-week period using the aerobic technique. Again 
the compost product sold well with no significant change in quality. As a result TRC are 
currently considering the introduction of a permanent composting facility for green waste 
material at the landfill. As the use of paunch material was not considered an essential 
additive, TRC would treat any paunch material received at the landfill as general green 
waste and it would attract the standard green waste disposal charge. 

State Government approval 

The Protection of the Environment Operations Act 1997 (PoEO) repealed the Clean Air 
Act 1961, the Clean Waters Act 1970 , the Pollution Control Act 1970, the Noise Control 
Act 1975, the Environmental Offences and Penalties Act 1989 and the major regulatory 
and enforcement conditions of the Waste Minimisation and Management Act 1995. It 
provides for an integrated system of licensing whereby a single schedule of activities 
requiring an environmental protection licence regulates all forms of pollution. 

The PoEO Act contains a core list of activities requiring Environmental Protection 
Licences (EPL) from the Environment Protection Authority (EPA). These activities are 
called ‘scheduled activities’ and are listed in Schedule 1 of the Act. 

Composting and related reprocessing or treatment facilities that: 

The former NSW EPA (now DEC) produced the Draft Environmental Guidelines 
Composting and Related Organics Processing Facilities (2002) that were developed to 
provide: 

• A clear outline of environmental issues that need to be managed for composting 
facilities; 

• A clear system for regulating composting facilities and activities; and 

• Information on some of the techniques available to manage environmental issues.  

The guidelines confirm that paunch or manure are a Class 2 Organic Waste, and that a 
composting facility receiving greater than 200 tonnes per year of paunch or manure 
material would require an Environment Protection Licence issued by DEC under the 
provisions of the PoEO Act. 

Local Government approval 

Within the Tamworth LEP composting would come under the definition: 
Re-use of effluent and biosolids means the utilisation of the nutrient, trace elements, 
organic matter and water values of solid and liquid effluents, where it is safe and 
practicable to do so having regard to the mode of utilisation, the quality and quantity of 
the solid and liquid effluent and characteristics of the utilisation site. 
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Re-use of effluent and biosolids is permitted in Zone No 4 Industrial with development 
consent. It is noted that re-use of effluent and biosolids is also permitted in Zone No 1 (a) 
Rural with consent. 

Designated development 

Pursuant to the provisions of Schedule 3 of the Environmental Planning and Assessment 
Regulations 2000, Composting is Designated Development if it comes under the 
following definition: 

A proposed development of a composing facility that meets the definition above would 
be a Designated Development and would require the preparation of an Environmental 
Impact Assessment (EIS) to accompany the Development Application. The EIS would be 
required to address those matters as required by the Director General of the Department 
of Infrastructure, Planning and Natural Resources and also demonstrate that the 
development can meet the relevant environmental outcomes specified in the Draft 
Environmental Guidelines Composting and Related Organics Processing Facilities. 

(NSW EPA, 2002). 

Integrated development  

Section 91 of the EPandA Act identifies development requiring particular approvals as 
integrated development. The proposed development of a composting facility that would 
require the issue of an Environment Protection Licence under the provision of the PoEO 
Act would be integrated development and DEC would be involved in the approval 
process. DEC provides general terms of approval (GTAs) to the consent authority and 
must issue its licence to be consistent with the development consent. 

7.5. Other Options 

7.5.1. Vermiculture 

Vermiculture or worm farming uses worms and micro-organisms to convert organic 
waste into nutrient-rich humas. The organic matter passes through the worm’s digestive 
tract and is excreted as castings, which form the compost. Unlike conventional 
composting, vermicomposting does not reach raised temperatures and therefore does not 
kill pathogens and weed speeds. By vermicomposting organic waste, more of the 
nutrients are converted to forms that are more readily available to plants. The nutrients 
are also released slowly, reducing the risk of nutrient loss by run-off, volatilisation and 
leaching (DPI, 2003).  

Manure and paunch have been successfully treated by vermiculture to make quality 
fertiliser and soil conditioners, however, it is necessary to plan application of the 
fertilisers to limit environmental effects (Pittaway et al., 2001).  

Pittaway and Glasser (2001) undertook a pilot project using gravel filtration 
incorporating compost worms to screen out the solids in the wastewater stream from an 
abattoir. The system separated out the paunch and manure for dry composting with the 
wastewater pulse-dosed into the gravel filter coated in microbial slime that absorbs the 
nutrients in the wastewater. The compost worms also improve the action of the gravel 
filter by enhancing the turnover of the microbial slime on the surface of the gravel. 
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7.5.2. Mushroom growing 

Mushrooms are decomposers, releasing stored nutrients for use by host systems (Hardy et 
al. 2000). Commercial mushroom growing starts with the provision of a substrate of 
composted organic and mineral ingredients e.g. 50 parts straw-bedded horse manure, 
1 part dried poultry manure, 1 part dried brewer’s grain and 1 part gypsum. The set of 
potential compost ingredients is extremely broad, with the list of common ingredients 
provided by Hardy et al. (2000) including paunch. 

Modern mushroom operations recycle and re-use a large volume of nutrients that are by-
products of other products including intensive livestock industries. However, mushroom 
growers have to dispose of significant volumes of spent mushroom substrate, that itself 
creates odour and nutrient leaching problems. Typical disposal methods include passive 
and active composting. 

7.6. Recommendations 

The by-products identified that could be utilised by land application were paunch and 
sheep manure. An initial trial has been conducted on the raw products (see Section 8). 
Results from this trial have lead to the assumption that if the by-products were composted 
or vermicomposted then the end products would be have increased nutrient availability 
leading to improved plant growth. 
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8. Paunch Research Project 

Feasibility of using abattoir by-products as a fertiliser for forage sorghum, Acacias and 
Eucalypts 

8.1. Introduction 

The disposal of paunch is a continuing issue for the abattoirs within the GAIE. The firms 
are at present incurring significant costs in disposing of the waste product. PVE is 
presently transporting both paunch manure and processed paunch (and other floor waste) 
off-site. Cargill has now purchased a paunch-press and will provide dried product to a 
Council composting operation. The following study was undertaken in response to the 
desire of PVE to develop more efficient and environmentally sustainable uses for their 
sheep paunch. PVE want to investigate the feasibility of using the by-products from the 
abattoir in the tree planting and also if forage sorghum could be profitably grown in the 
other land surrounding the abattoir. 

8.2. Methodology 

Vertisol soil (0–20cm) was collected from the sheep abattoir at GAIE from an 
undisturbed site under natural grassland that had not recently received fertiliser. The 
sheep were held in pens above the ground before slaughter, every month the manure from 
under the pens is scraped using a bobcat and stockpiled. The by-products tested were 
paunch manure (direct from the sheep stomach) and a dried ‘off the floor’ product 
(processed through a contrashear) referred to in this study as ‘contrashear paunch’. There 
is a further waste product, which is mainly fats that is treated with polymers and pressed 
this is referred to as ‘DAF paunch’. These by-products were air-dried, ground (<2mm) 
and analysed. 

For the glasshouse experiment, pots were planted with eight forage sorghum seeds 
(Sorghum bicolour) and later thinned to four per pot. Eucalyptus camaldulensis (River 
Red Gum) and Acacia pendula (Weeping Myall) seedlings were planted singularly in 
pots. The by-products were surface applied and incorporated into the soil. Application 
rates were based on the TKN and TP of the by-products, equivalent to 50, 250 and 500 kg 
N/ha and 12, 60 and 121 kg P/ha. Inorganic fertilisers of urea and triple phosphate were 
applied to the inorganic treatment and gypsum was applied to all pots to prevent the soil 
hard setting. Pots were maintained at 70% water holding capacity and were arranged in a 
randomised block design in a glasshouse with air temperature help between 20 and 25ºC. 
Plants were grown for 55 days after which herbage was harvested, dried at 70ºC for 
48 hours, weighed and ground (<2mm).  

The by-products and plant material were analysed for total N by Kjeldahl digestion with 
colorimetric determination of liberated NH4

+ (Lindner and Harley, 1942) and organic C 
by the Walkley and Black dichromate oxidation procedure (Rayment and Higginson, 
1992). For multi-element analysis the samples of plant and by-products were digested 
using perchloric acid and analysed through an Inductively Coupled Plasma (ICP) 
(Anderson and Henderson, 1986). Soil was air-dried, ground (<2mm) and analysed. 
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Electrical conductivity (EC), pH, TKN, TP, Bray phosphorus, Ca, Mg, K and Na; 
(Rayment and Higginson, 1992). 

8.3. Results and discussion 

Results of the by-products show that the DAF paunch and sheep manure contain the most 
nitrogen. This is due to the blood contained in the DAF paunch, which is high in 
nitrogen. PVE sheep manure includes a substantial amount of urine as the sheep are 
housed above the manure.  

Table 8: Composition of three streams of paunch, sheep manure and soil at PVE. 

 

Composition Paunch Contrashear 
Paunch DAF paunch Sheep 

manure Soil 

TKN (%) 0.91 0.86 1.68 1.67 0.12 

TP (%) 0.20 0.11 1.19 0.87 0.03 

Bray P (mg/kg)     1.3 

pH 5.9 5.5 6.1 7.7 7.1 

EC (mS/?) 1.77 1.29 0.84 6.49 0.14 

 

With regard to the River Red Gum and Weeping Myall all plants survived the transplant 
and were healthy (Figure 11). Compared to the control (no paunch or fertiliser added) the 
River Red Gum was found to decrease in growth rate with the addition of inorganic 
fertiliser and paunch (Figure 12). There was no significant difference between the dry 
matter yield for the control, paunch or inorganic fertilised River Red Gum seedlings.  

 

Figure 11: Plants at the end of the experimental period (a) Eucalyptus camaldulensis and 
(b) Acacia pendula. 
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Figure 12: Mean daily growth rate of Eucalyptus camaldulensis over the experimental 
period. 
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The Weeping Myall showed slower growth rate than the River Red Gum and no 
significant increase in growth rate due to the addition of paunch or inorganic fertilisers 
(Figure 13). 

Figure 13: Mean daily growth rate of Acacia pendula over the experimental period. 
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The preliminary results showed sheep manure led to the greatest yield increase of forage 
sorghum (oven dried), followed by inorganic fertiliser, paunch+sheep manure and paunch 
(Figure 14). It is assumed that the poor growth from the treatments with paunch was 
caused by too much carbon in comparison to nitrogen.  
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Figure 14: Dry weight of forage sorghum versus application rate of nitrogen. 
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The C to N ratio has not yet been defined, however, the nitrogen in the plant tissue has 
shown trends (Figure 15). 

Figure 15: Concentration of nitrogen (N) in the plant tissue versus application rate of 
nitrogen including published nutrient status (Reuter and Robinson, 1986). 
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Nitrogen deficiency can be seen as yellowing leaves, see photos of plants (Figure 16 and 
Figure 17). This visual response has also been supported by the nitrogen concentration in 
the leaves, being not adequate where it is less than 2% (Reuter and Robinson, 1986) 
which lead to poor growth. A reason for the poor response of forage sorghum to paunch 
application is illustrated by the C to N ratio. The microbes that are breaking down the 
organic matter are binding up the nitrogen contained in the paunch. Therefore in the long-
term the nitrogen will be released, however, in the short-term the plants are being robbed 
of nitrogen. The yellowing of the leaves and the deficient concentrations of nitrogen in 
the plants was indicative of this. By composting the paunch the end product would be 
more stable product where nutrients would be more available to the plants. 

Figure 16: Forage sorghum at the end of the experimental period (a) paunch (b) 
paunch+manure and (c) manure, from control to highest application rate (left to 
right). 
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Figure 17: Forage sorghum at the end of the experimental period for inorganic fertiliser, 
control to highest application rate (left to right). 

 
 

8.4. Conclusion 

Addition of paunch to the soil at GAIE was shown to decrease plant yield of forage 
sorghum. The River Red Gum decreased in growth rate with the addition of paunch and 
inorganic fertiliser, whereas the Weeping Myall showed no significant change. Further 
investigation is needed into the applicability of composting the paunch with sheep 
manure to create a more stable product that will be beneficial to forage sorghum growth 
and thereby increase economic returns. 

The glasshouse experiment has been completed however the laboratory analysis is still 
being conducted. Therefore these are only the preliminary results from this project, 
however, the full methodology has been included. NSW DEC (Resource NSW) will be 
sent a summary of this experiment upon completion of the experiment in December 
2004; a copy of Benjamin’s thesis will be available to Resource NSW upon request. 
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9. Wastewater Research 

Investigation and Design of a Biological Effluent Treatment System for Abattoir 
Stormwater Run-off in Tamworth. 

Thaisa Erwin undertook joint Bachelor of Natural Resources and Bachelor of 
Environmental Engineering degrees with UNE and University of Newcastle respectively. 
The project undertaken and report submitted is a joint requirement for final year students 
at both universities. Thaisa undertook the project in 2004. 

The manager of PVE lamb abattoir in Tamworth wanted to capture as much process 
wash-down water and stormwater run-off as possible to be re-used on the site for the 
irrigation of trees and other crops. The manager was aiming to enhance the aesthetic 
amenity of the site and possible commercial crop production (e.g. hydroponic tomatoes, 
fodder, etc.). An investigation was needed as to the level of biological treatment required 
for the water to be re-used on-site, whilst complying with regulatory requirements for 
sanitation, health, etc. At the same time, the chemistry of the treated water would need to 
be considered because of the potential to restrict or enhance plant growth (dependent on 
particular elements present). 

Before any significant analysis could be undertaken, essential data and information had to 
the collected by the student. This initial work involved the collection of: 

• Process effluent water quantity and quality 
• Stormwater quantity and quality, and soil properties of the local catchment area 
• Land survey details (catchment area, slope, topography, etc), and  
• Meteorological data (annual rainfall),  

Water quality parameters that had to be considered included: conductivity, salinity, 
solids, dissolved oxygen (DO) and turbidity (level of sediment in water).  

The catchment characteristics, land and meteorological data were used to determine 
hydrological behaviour and hence determine temporal run-off from the local catchment. 
This analysis also incorporated peak events into the design process, so that provision 
could be made for overflow. 

From the comprehensive material collected and analyses undertaken, various options 
were examined for minimally treating the wastewater for re-distribution around the 
property to irrigate aesthetic and commercial plantings of trees, shrubs, horticultural and 
fodder crops, etc. 

Early in the study it was determined that, due to high concentrations of suspended solids 
(SS) and high biological oxygen demand (BOD) in the process water, the preliminary 
treatment offered by a simple constructed wetland would not produce sufficient quality 
water for irrigation. The study then focused on the treatment of stormwater run-off from 
the surrounding catchment, including potentially contaminated water from the holding 
pens and car park. The basic wetland design and sizing were determined using DLWC 
guidelines (Constructed Wetland Manual, 1988). 
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Specifically, the student determined that the constructed wetland designed for the site 
should contain five zones: 

• An inlet zone, for control of influent flowrates and avoid ‘shock’ loading on the 
wetland processes, 

• A deepwater zone, for sedimentation and UV disinfection, 
• A macrophyte zone, for nutrient and pollutant removal, 
• A littoral zone, for bank stabilisation, nutrient and pollutant removal, and 
• An outlet zone, for the control of the water level in the wetland to maintain 

viability. 

From the study it was concluded that: 

1. A biologically treated wetland would not be capable of treating the abattoir’s 
waste process water to a level suitable for use in irrigation, 

2. Stormwater run-off from the site could be treated by a constructed wetland that is 
suitable for agro-forestry and horticulture, and 

3. The availability of treated water is temporally limited to June–January period. For 
the remaining four months, there was insufficient rainfall run-off from the site to 
provide adequate irrigation water, based on average climatic conditions. 

However, there is now sufficient evidence to further hone the study to determine in more 
detail the exact nature of plantings (area, species, water demand, etc) and to also design a 
suitable irrigation system. Obviously the efficiency of the irrigation system will 
determine the number and area of species that can be planted. 
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10. CO2 Research 

An Investigation into Utilising Boiler Emissions to Enhance Yield in Tomato 
Greenhouses: A ‘Case Study’ in Industrial Ecology in Tamworth 

This study is a collaborative effort of UNE researchers, including students, and a group of 
co-located firms and farm businesses situated in the Glen Artney Industrial Estate on the 
southern perimeter of Tamworth, NSW.  

PVE and QFP are companies that present an excellent opportunity to integrate the 
production and waste treatment processes in a pair of co-located firms. PVE is a 
relatively new sheep abattoir, and is located approximately 400 m from QFP, a 
hydroponic tomato enterprise.  

The tomatoes produced by QFP are grown in greenhouses where the climate is carefully 
controlled by a centralised computer system. By controlling factors such as heat and 
humidity, QFP are able to maintain growing conditions that suit the tomato plants, and so 
they are able to achieve higher yields than is typical in more conventional soil-based 
systems. However, inside greenhouses the air can become depleted of carbon dioxide 
(CO2), a gas that normally comprises 0.034% of fresh air. The problem with this is that 
plants require CO2 for a process known as photosynthesis, which is the basis for plant 
growth. A technique called ‘CO2 enrichment’ has been developed to overcome this 
problem, and is routinely practiced in Europe and Canada. This technique involves 
supplying plants with a regular and reliable source of CO2 so that photosynthesis can be 
maintained and plants can keep on growing. The two major strategies used to provide this 
CO2 are to: 

1. Release pure CO2 from pressurised tanks; and 
2. Capture and use the exhaust gases created by hot water boilers burning natural 

gas, or some other fuel. 

Both strategies are expensive in terms of money spent on fuel, and also as regards the 
environmental costs (i.e. global warming) associated with releasing CO2, either directly or 
indirectly, into the atmosphere. Some greenhouse cropping companies have reduced these 
costs by locating and utilising CO2 that is released as a ‘waste’ product from other 
processes, such as fermentation processes in breweries. Another option, previously 
unexplored, involves using the second CO2 strategy, however, with one important 
difference. That difference is: to use the CO2 produced by someone else’s hot water 
boilers, so reducing fuel costs. Furthermore, by using someone else’s waste, the 
greenhouse owner will not be adding to the amount of CO2 being released into 
atmosphere. 

It is this option that is being explored in this study. The proposal was to investigate if it 
was feasible for QFP to use the CO2 being released by their next-door neighbour PVE, 
who use natural gas-fired boilers to create steam for sterilisation processes in their 
abattoir.  
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Specific aims of the study were to: 

• Determine if the boiler emissions from the abattoir were a safe and adequate 
source of CO2; 

• Evaluate the costs of using boiler emissions as an alternative source of CO2; 
• Identify and cost other alternatives available to QFP, including non-enrichment 
• Determine the most profitable alternative; 
• Discuss the future costs of CO2 emissions associated with each option, and 
• Suggest management options and identify areas for future research, based on the 

outcomes of this project. 

It was determined that there was sufficient CO2 to maintain reasonable tomato yields, but 
that, pursuing this strategy would require suitable precautionary measures to be 
investigated more closely. Likewise, the study demonstrated, through the use of ‘partial 
budget’ benefit cost techniques, and sensitivity tests that using the ‘waste’ from PVE 
would (slightly) increase QFP’s current profitability. Further, in the future, companies 
that have developed ways to minimise greenhouse gas emissions through such co-
operation are less likely to incur high abatement costs, such as fines for release of 
excessive CO2.  

The complex and multi-disciplinary nature of this project made it very difficult to explore 
all issues thoroughly, especially in an honours-level study that had time, length, and other 
significant constraints. However, the results of this study serve to illuminate an exciting 
possibility for co-located industries to cooperate in a way that would increase resource 
efficiency and product competitiveness, both in an economic and environmental sense.  
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12. Areas of Future Work 

This project has begun to identify potential economic and environmentally sustainable 
organic waste management options that will reduce the quantity of waste leaving an agro-
industrial estate and provide commercial benefits to the stakeholders. While providing 
initial technical background and research that will allow more informed decision-making, 
the project has also identified, through consultation with firms within the GAIE, a 
number of areas that require further work. These ideas are summarised below. 

12.1. Feasibility study of PVE/QFP relationship 

The thesis prepared by van der Meulan showed that there was potential for the two 
companies PVE and QFP to work together. Under present conditions there was a small 
profit to be made by transferring carbon dioxide waste from PVE to the hydroponic 
tomato producer; QFP. This is however, a pre-feasibility study and there is now a 
requirement for a more in-depth study to be undertaken to ensure that it is not only 
technically and economically feasible, but also the necessary institutional (e.g. OH&S, 
contractual and insurance) issues can be resolved.  

A similar firm structure exists in Tiverton, Canada, where a firm producing alcohol 
produces CO2 as a by-product. There has been preliminary work done there to consider if 
this by-product can be used by a neighbouring hydroponic tomato producer. This is also a 
work in progress. 

12.2. Pre-feasibility study of waste-to-energy systems 

The literature review provided in this report outlines the technology and chemical 
reactions involved in currently available waste-to-energy processes. It also summarises 
the advantages and disadvantages of the various energy recovery processes, within the 
particular context of recycling organic waste matter and cascading energy use.  That is, 
the focus was on the potential for roundput in agro-industries.  

However more research is required in this area. Roundput is an important starting 
principle for the development of industrial ecosystems, however, other fundamental 
principles also require consideration. These include (Korhonen, 2001): 

• Diversity. To maximise the potential opportunities to ‘roundput’, there needs to 
be a diverse range of independent yet cooperating firms producing diverse outputs 
and requiring diverse inputs. 

• Locality. To ensure long-term sustainability and minimise transaction costs firms 
not only need to be in close proximity but also need to work within the constraints 
of the local physical and institutional environment;  and 

• Gradual Change. Industrial ecosystems do not develop overnight, rather they 
take time to evolve, learn and change. Such systems must develop with 
consideration of diversity and interdependency, with increasing reliance on the 
utilisation of partners’ waste outputs (by-products?), waste energy and renewable 
resources. 
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Further analysis of energy recovery processes according to these principles will assist 
agro-industrial areas (including formal estates such as GAIE and neighbouring industries) 
to make more informed decisions concerning the sustainable re-use of industrial by-
products for energy and matter recycling and provide a better basis for the development 
of commercial waste utilisation systems. 

12.3. Paunch re-use options 

This report presents significant information and preliminary results concerning the 
potential re-use options for paunch. The research has shown that the usefulness of sheep 
paunch as a soil conditioner by itself is minimal. There is, however, further work, which 
needs to be done before general recommendations can be made. It will be necessary to 
compare the characteristics of cattle and sheep paunch, the use of vermicasts and 
composting of paunch, thereby making the product more stable from a nutrition and 
odour point of view. 

12.4. Council planning 

Tamworth Regional Council is responsible for water in and out of the GAIE. Further 
development of the Estate will put further pressure on the demand for water and the need 
for efficient disposal/re-use processes. A better understanding of firm inputs and outputs 
(including water) will assist Council to not only provide for existing firms more 
effectively but also plan for future demand and encourage appropriate industry/firms into 
the Estate. Council requires the formulation of a set if criteria that can be used to vet 
potential firms or industry types moving to the GAIE. These criteria would take into 
account potential synergies with existing firms and the types of inputs required. 
Understanding the system would allow Council to better target the industries that would 
complete the agro-industrial ecosystem and minimise the by-products leaving the GAIE. 
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Appendix 1: The firms in the GAIE 

1 Australian Fuelling Systems & Equipment. 

2 Australian Pavement Management Service. 

3 Baiada Poultry. 

4 Blue Stripe Meats. 

5 Cargill Meat Processors. 

6 Cromb’s Scrap Metal. 

7 Great Northern Steam Laundry. 

8 Kachels Wholesale Meats. 

9 Kleenheat Gas. 

10 Peel Valley Exporters. 

11 Pioneer Road Services. 

12 Quality Food Products. 

13 Tamworth Constructions. 

14 Tamworth Saleyard. 

15 Westend Wholesalers. 

 

 
Plate 1: Australian Pavement Management Service 
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Plate 2: Westend Wholesalers 

 

 

 
Plate 3: Blue Stripe Meats 
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Plate 4: Cromb’s Scrap Metal 

 

 

 
Plate 5: Kleenheat Gas 
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Plate 6: Great Northern Laundry 

 

 

 
Plate 7: Peel Valley Exporters 
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Plate 8: Quality Food Products 

 

 

 
Plate 9: Australian Fuelling Systems & Equipment 
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