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 EXECUTIVE SUMMARY 1

Pig slurry should be viewed as a resource rather than a waste management problem within 
the Australian pork industry. Integration of wastewater treatment with energy and on-
farm feed production may offer the potential to reduce production costs and develop 
additional income streams for pork producers, whilst reducing environmental impact 
particularly with regard to greenhouse gases (GHG). This project was commissioned to 
review current practice and identify future strategies for integrated wastewater 
management and renewable biomass energy systems.  The review considered the 
exploitation of microalgae for both on-farm wastewater treatment and as a source of feed 
for pigs, specifically the growth requirements of microalgae, their nutritional composition 
and the acceptability of candidate microalgae species as a source of feed for pigs. Life 
cycle assessments (LCA) were conducted on several plausible scenarios to inform the 
future research required to ‘turn possibility into reality’.  

Currently, the overwhelming majority of pork producers use lagoon systems for 
wastewater treatment.  A small minority of producers have covered anaerobic lagoons to 
reduce emissions of the GHG methane from slurry. The LCA analysis indicates that rather 
than ‘flaring’ this renewable energy source the industry should be encouraged to exploit 
biogas for water or space heating or in combined heat and power systems thereby 
reducing fossil fuel usage and associated GHG emissions. To achieve this aim the review 
investigated a large range of advanced manure handling strategies.  Only those strategies 
with real prospects of successful integration on-farm have been recommended for further 
study.  Specifically the review recommends the integration of controlled, closed vessel 
aerobic treatment (with heat recovery), followed by solids separation to enable microalgal 
growth on anaerobic digester effluent. The LCA indicates that further wastewater 
treatment by microalgae, followed by additional energy recovery via co-digestion of the 
algal biomass with pig slurry is the option most likely to achieve the Pork CRC aspirational 
GHG emission target of 1kg CO2e kg HSCW-1 by 5% of the Australian pork industry. 
Furthermore, this strategy will enable research on the subsequent production of 
microalgae for pig feed, post-wastewater treatment, potentially facilitating better 
management of the microalgal growth environment and control of species and nutritional 
content.  

The review considered the fate of pathogens in reuse water and microalgal feed. The 
reuse of inadequately treated wastewater for shed flushing and washdown exposes both 
pigs and humans to potential pathogens. Evidence is presented that high ammonia 
concentrations present in anaerobically digested effluent used for flushing, sensitises pigs 
to both commensal organisms and those pathogens also present within the effluent. The 
associated morbidity results in increased feed costs due to lower growth rates delaying 
attainment of slaughter weight. Preliminary analysis for a 2000 sow farrow-finishing unit 
suggests potential losses, due to morbidity and mortalities, in excess of $600k per year 
associated with the reuse of inadequately treated wastewater. The integration of current 
anaerobic digestion technologies with aerobic treatment and high rate algal ponds will 
remove the ammonia and significantly reduce the pathogen load in reuse water. Research 
is required to evaluate the disinfection performance of this technology to produce ‘safer’ 
reuse water and the consequent impact on pig health and the economics of pork 
production. There is also a risk of pathogen transmission and heavy metals associated with 
the production of microalgae for pig feed on pig slurry which needs to be better assessed.   
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 RESEARCH NEEDS 2

2.1 Integration of treatment systems for wastewater treatment, 
biomass energy production and GHG abatement  

• Infrastructure investment to enable pilot, on-farm research on the integration of 
anaerobic treatment with aerobic and/or biofiltration technologies, to manage the 
adverse effects of both solids and ammonia, with HRAPs to enhance wastewater 
treatment (nutrient and pathogen removal) for reuse and enable growth and 
biomass production of microalgae for fuel and fertiliser. 
 

• Development of cost effective methods of recovering the CO2 from aerobic 
treatment for algal culture in high rate algal ponds. 
 

• Determination of the impact on algal productivity of supplementary heating of 
HRAPs using recovered heat from energy generation from CH4 or aerobic treatment.  
 

• Determination of energy yield from nitrifying aerobic reactor fed anaerobically pre-
treated pig slurry.  
 

• Life cycle assessment of integrated anaerobic-aerobic-high rate algal pond systems 
using performance data from pilot scale operation.  

2.2 Management of the animal and occupational health risk of 
reusing wastewater for flushing and wash-down 

• The removal / inactivation of PCV2, HEV, porcine parvovirus, ETEC, Salmonella sp., 
and selected bacterial pathogens as well as potential representative indicator 
micro-organisms in a HRAP. 
 

• The performance of integrated treatment technologies in providing cost effective 
reductions in pathogens. 
 

• Effects on pig health and production efficiency of reusing treated pig effluent from 
a HRAP as flush / wash down water or as an algal feed source. 
 

• The effect of using wash down and flushing water from different sources (HRAP, 
anaerobic pond versus potable water) on occupational and pig health including an 
evaluation of the impact on the economics of pig production. 
 

• Occupational health risks from exposure to zoonotic pig pathogens and ammonia. 
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2.3 Growth of algae for pig nutrition 
• Identification of the best algae species for pig nutrition and reliable growth on 

effluent after integrated anaerobic digestion, aerobic treatment and HRAP 
treatment of the piggery wastewaters (Option 3, Chapter 7). 
 

• Optimisation of the growth conditions and determination of the long-term (at least 
12 months) productivities, followed by economic assessment and greenhouse gas 
modeling of Option 3. 
 

• Identification of cost and energy effective methods of algal cell disruption to 
enhance both digestibility in the pig and in anaerobic digesters for algal biomass 
energy production.  
 

• Feeding trials to determine the suitability of the algal biomass produced above in 
pig diets [possibly also trials with other species if pathogen transfer is considered 
to be an issue]. 
 

• Identification and evaluation of potential alternate sources of algae for use in pig 
feeds, such as defatted microalgae from biofuel or similar production. 

2.4 Anaerobic digestion  
• Optimising methane production as a renewable energy source by the anaerobic co-

digestion of wastewater produced algal biomass with pig slurry. 
 

• Evaluation of pre-treatments of algal biomass to ensure maximum methane yields. 
 

• Development of methane potential (Bo) standards and analysis data for Australian 
conditions. 

2.5 Life cycle assessment 
• Methane emission estimates from both facultative and anaerobic ponds. Both the 

generation rate and the capture rate are critical to the greenhouse balance from 
piggery waste treatment systems. 
 

• The use of algae for electricity has greater benefits than its use for animal feed. 
However, a more thorough investigation is needed on the feed which is offset and 
the system wide benefits of reducing land use pressure to supply feed for animal 
production. 
 

• Biogenic carbon balances throughout the waste treatment train and the potential 
for carbon sequestration in this system. 
 

• Energy and emission values for HRAP operation, harvesting and thickening.  
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 EXECUTIVE OVERVIEW 3

3.1 Review Objective 
As this is a multi-authored document, it has been necessary to develop an editorial policy 
to ensure continuity of thought and message.  Flinders University, as the lead review 
partner has undertaken this editorial process. 
 
In the following report we have taken the view that our task is to act as interpreters of 
the vast amount of scientific literature currently available in and around the topic of 
piggery manure management.  As usual, only some of this information is credible and 
worth reporting.  There is always a gap between the providers of research and the 
consumers of research that has to be bridged by an interlocutory process.  This report is 
trying to fill that gap.  Researchers have (often rightly) been criticised for being very 
narrow in their thinking when it comes to suggesting large changes to farm management. 
Equally, farmers are traditionally wary of, and averse to, acting on advice from research 
results as their farm business can be de-stabilised as a result of unforeseen consequences 
of making any large management changes without full foreknowledge of the consequences 
to the whole business. 
 
Within this report there are some recommendations that can be seen as non-contentious, 
such as covering anaerobic lagoons to harvest methane, and other areas that can be 
viewed as more contentious, such as attempting on-farm growing of single strains of algae 
in photobioreactors, which could be viewed as too much over-capitalisation and over-
specialisation for any individual farmer to manage successfully.  In between, there are 
many areas that will respond very well to further research to ensure that the risk of 
investment is not excessive for any one business.  In this overview, we have highlighted 
those areas of research that we think have the greatest chance of making meaningful 
impact on farmer income with the least risk attached to their introduction to the overall 
business. 
 
As well, we have used the Life Cycle Assessment (LCA) tool as a means of ensuring the 
recommendations made herein fall within the CRC policy of reducing Green House Gas 
(GHG) emissions by the pigmeat production industry.  The two key LCA graphs are included 
in this overview as they are important for a complete understanding of the 
recommendations. 

3.2 Current manure handing strategies 
The Australian pig industry has been undergoing almost continual structural change, with 
the trend since 1960 being a rapidly diminishing number of producers, each breeding an 
increasing number of sows, while virtually maintaining the overall numbers.  Over the 
same period, pig numbers varied in the range of 2.3 – 2.6 million.  There was a surge of 
infrastructure building in the 1970’s.  These buildings remain the backbone of the current 
industry, and are starting to deteriorate with age. 
 
83% of Australian pork producers treat piggery waste in multiple facultative and anaerobic 
ponds (Piazza_Research 2010). These ponds remove organic matter but otherwise produce 
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a low quality effluent with high pathogen levels, biological oxygen demand, nutrient levels 
and ammonia content. Disposal of treated piggery waste is dictated by environmental 
regulation. In Australia 71% of pork producers treating solid waste and 61% treating liquid 
waste are spreading on land as fertiliser (Piazza_Research 2010).  Due to the high nutrient 
and organic load of the treated slurry it is not suitable to discharge into environmental 
waters (Tucker, McGahan et al. 2010).  Effluent from treatment systems is reused within 
the shed for 78% of total production within the Australian pig industry (Piazza_Research 
2010).  22% of large producers reuse this effluent as wash down water as well as flushing 
water.  The only real innovation in solid/liquid waste handling over the last 10 years has 
been the introduction of covers over anaerobic ponds to allow methane collection. 
 
Livestock producers have to take responsibility for all aspects of the health, nutrition and 
environment of intensively farmed animals such as pigs.  Much effort in the past has been 
put into finessing all aspects of nutrition, as this is a relatively easy area to study.  Some 
effort has gone into the management of the atmosphere in the pig shed with emphasis on 
ventilation and other climate control measures.  By comparison, innovation in solid/liquid 
waste management has been almost completely neglected over the past 30 years, 
particularly in Australia.  This may be because it is more difficult and less attractive to 
study, but also that the level of contamination in the environment is already high.  The 
intensive housing system inevitably results in pigs defecating and urinating in their own 
living and eating areas.  Thus, there is a constant challenge of recycling both commensal 
and pathogenic organisms within the living space.  However, this challenge and the 
resultant risk is exacerbated when imperfectly treated wastewater is used to either flush 
the drains under slatted areas or wash down of the concrete floors. 

3.3 Deficiencies with current manure management in the pig 
industry 

There are three main consequences of poor manure handling strategies:  

1. Fugitive methane emissions from uncovered anaerobic ponds, lead to very 
significant greenhouse gas emissions (GHG) for the pork meat industry.  For 
example, it has been estimated that 66% of the GHG stemming from the production 
of pork comes from uncovered waste treatment ponds (Tucker, McGahan et al. 
2010).  Currently, it has been calculated that there is 6-8 kg CO2e emitted per kg 
HSCW meat produced.  The Pork CRC has targeted an aim of providing practical 
methods for pig producers to reduce this to 1 kg CO2e kg HSCW-1 produced.  To 
achieve this goal will require significant capture of fugitive methane. 

2. The majority of pig farmers are failing to capitalise on an energy rich resource that 
is being made available to them on a daily basis.   

3. The reintroduction of pathogenic and commensal organisms, coupled with a surge 
of high ammonia levels in water reused for flushing and wash down water, leading 
to increased morbidities and mortalities. 

The net effect of these outcomes and other factors is that the profitability of pig farming 
in Australia is below that of competitor countries. . 
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3.4 Manure as an energy source 
Basically, there are two ways of obtaining energy from manure, either by aerobic or 
anaerobic treatment.  During the breakdown of organic material by aeration, heat is 
produced by aerobic bacteria, which can be recovered with the aid of heat exchangers and 
/or a heat pump. Perhaps of more significance is that ammonia, an inhibitor of algal 
growth, can be oxidised to non-toxic nitrate by aerobic treatment. During anaerobic 
fermentation the complex organic matter is degraded to the relatively clean and easily 
purified gaseous products carbon dioxide and methane, which may be collected from 
covered anaerobic lagoons or from engineered digesters. There are three options for the 
biogas utilisation: 

1. Flaring (if there is no need or infrastructure to produce steam or electricity); 
2. Gas substitution for existing LPG/NG (i.e. boiler); or 
3. Generation of electricity. 

For power generation units, the gas is usually fed into methane-powered engines that 
generate electricity. The waste heat, which is a by-product of generating electricity, can 
be used to heat other industrial processes (covered lagoons, space heating, etc.). 
 
After anaerobic treatment, there is still a large amount of nutrients (N and P in particular) 
in solution.  This leaves the possibility of recycling nutrients from the liquid phase, 
together with CO2 from the biogas, through a High Rate Algal Pond (HRAP) and using the 
biomass for further energy production via digestion.  The renewable energy generated by 
this photosynthetic process, offsets fossil fuel usage and reduces GHG emissions by the 
industry. 
 

3.5 Production of microalgae for pig feed 
 
Microalgae are a suitable alternative feed for pigs, however, it is recognised that there are 
significant technical challenges to overcome before this technology could realistically be 
adopted for on-farm production using piggery wastewater. These include; the selection of 
algal strains with desirable nutritional profiles; the maintenance of these strains in pure 
cultures in an environment lacking the normally applied selection pressures e.g. salinity to 
prevent the growth of ‘weed species’; and economic harvesting systems to concentrate 
the biomass for further processing for incorporation into an acceptable feed. Growth on 
piggery wastewater requires management of the risk of pathogen transfer via the 
microalgal pig feed. This may be mitigated by breaking the potential ‘disease cycle’ by 
marketing the feed to other intensive animal production enterprises e.g. chicken. An 
alternate source of algal biomass for pig feed may be de-fatted algal meal arising from a 
currently nascent microalgal liquid biofuels industry, however, a recent report has raised 
concerns regarding the environmental sustainability of this industry (US National Academy 
of Science, 2012). The life cycle assessment conducted in this review suggests that the 
production, on-farm, of microalgal pig feed as a replacement to traditional feeds, is 
unlikely to contribute to a substantial reduction in GHG emissions. It is considered that the 
preliminary treatment of piggery slurry by closed system anaerobic digestion, aerobic 
treatment and high rate algal ponding, followed by open raceway ponding for the culture 
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of selected microalgal species for pig  feed is the most promising technology. The 
integrated wastewater treatment enables management of potential growth inhibitors 
(ammonia and suspended solids) and culture manipulation, independent of wastewater 
treatment, to optimise production for feed, whilst enhancing energy production, pathogen 
reduction and GHG abatement. Subsequent life cycle assessment is recommended to 
further evaluate the environmental, energetic and economic sustainability of the 
technology.  Pig feeding trials are also recommended to determine the suitability in pig 
diets of the microalgae produced.  
 

3.6  Sub-clinical disease and the effect on profitability 
The second consequence of poor manure handling strategies is the reintroduction of 
pathogenic and commensal organisms and a surge of high ammonia levels in flushing and 
wash down water. In a recently study, Murphy et al. (2012) present evidence of a 
significant link between ammonia and the airborne concentration of commensal bacteria 
within pig sheds on pig health. They observed an adverse, synergistic relationship between 
high ammonia concentration and high levels of commensal alpha haemolytic cocci on 
weight gain and other health indicators. Murphy (2011), showed that using recycled 
effluent as flush water raised the in-shed airborne concentration of total culturable 
bacteria and ammonia to a level significantly higher than when potable water was used for 
flushing. The levels remained elevated for over 2 hours post flush. Similar studies 
investigating effects of effluent pit depth and ventilation on ammonia and bacteria 
concentrations observed that levels of ammonia and airborne bacteria, similar to those 
reported by Murphy (2011), had a significant negative effect on pig daily growth rate and 
other health predictors. This suggests that recycling effluent in sheds may have a 
significant negative effect on occupational and pig health and consequently on the 
economic performance of pig production. An extrapolation of these results using Dr Peter 
McKenzie’s knowledge of sub-clinical disease impact on piggeries suggest that a 20,000 
SPU piggery could be losing as much as $500,000 / annum in lost productivity and 
mortalities. This risk needs to be quantified by a careful study comparing the effect on 
productivity and profitability of wash down and flushing water from different sources. 
 
For many piggeries the supply of potable water is limited and certainly insufficient to 
allow for regular flushing and wash down exclusively with potable water.  HRAPs have 
higher disinfection capacities than standard lagoons. Piggery water that has been treated 
in a HRAP will not only have significantly reduced pathogen levels and possibly fewer 
commensal organisms but also have significantly reduced NH4 levels – both of which would 
be beneficial for pig health.  

3.7 Manure as a fertiliser 
The aims of a manure treatment with respect to use as a fertilizer are a reduction of 
odour emissions during storage and application to the land, a decrease in viscosity,  
stabilisation and preservation of the nitrogenous compounds and, finally, improvements in 
the plant compatibility, the efficiency of nutrient utilization and growth yield (Wellinger 
1984). The objective of a manure treatment with respect to fertilisation is entirely 
different from a treatment of a waste material for pollution control and volume reduction 
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where as much as possible of the organic matter has to be degraded.  The object of a 
manure improvement is to obtain a low carbon to nitrogen ratio and a reduction in the 
easily degradable organic substances in order to keep the manure relatively stable over a 
longer period of storage time. The removal of these compounds also helps to prevent fast 
growth rates of the soil bacteria which would consume the nitrogen. Hence the contents 
of ammonia (NH4-N), total nitrogen (Ntot) and organic substances (VS), as well as the 
composition of the latter, are the most important factors which determine the fertilizer 
value of the manure, besides the levels of potassium and phosphorus which remain more 
or less stable during any treatment. 
 
Water that has been treated in a HRAP will have significantly more of the available 
nutrients in a more stable form than is currently available from wastewater treated in 
anaerobic pond. For example, most of the nitrogen is in the form of cellular material or 
nitrate/nitrite rather than ammonia.  

3.8 Greenhouse gases and life cycle assessment (LCA) 
As part of this project, an LCA of current and proposed manure handling strategies has 
been produced to permit comparison in units of kg CO2e emitted per kg of HSCW of meat 
produced.   This unit was chosen since one of the stated outcomes of this CRC is to reduce 
the current 6-8 kg CO2e kg meat-1 to 1 kg CO2e kg meat-1 for at least 5% of meat produced.  
In Figs. I & II, all the positive bars (above 0 on the y-axis) represent CO2 emissions during 
manure processing, and the negative bars represent CO2 saved from emission.  The CO2 
saved is either via electricity generated on site (yellow), heating recovered for on-site use 
(black), or algae feed replacement (brown).  Scenarios should be compared for their 
overall GHG emission.  The overall effectiveness for each scenario is the sum of the two 
parts, above and below the 0 on the y-axis.   
 
Scenarios 8a, 9a, 10a & 11a in Figure 3.1 & Figure 3.2 represent lagoon based anaerobic 
reactors followed by a variety of treatments, whereas Scenarios 8b, 9b, 10b & 11b in 
Figure 3.2 represent closed vessel anaerobic reactors followed by the same respective 
treatments.  The first four scenarios in Figure 3.1 represent aerobic treatment followed by 
a range of ancillary treatments.  Scenario 4, aerobic treatment followed by HRAP 
treatment and finally anaerobic digestion of the mixed biomass, has an overall negative 
CO2e emission for each kg of pork meat produced, and therefore should be considered 
further as a potential treatment option.   
 
Scenarios 5 and 6 in Figure 3.1 represent the current status quo – with uncontrolled 
emission of methane from uncovered anaerobic ponds producing 6-8 kg CO2e kg meat-1.  
Clearly, encouraging the industry to phase out these practices, as soon as practicable, 
should be considered as part of a GHG abatement strategy for the industry.  
 
Although Scenarios 9a & b. appear to have the lowest net GHG emissions, they are not 
achievable in practice as it is crucial to pre-condition the wastewater entering the HRAP 
to remove toxic ammonia and light absorbing solids and colour, to ensure maximal algal 
growth.  This is achieved by an aerobic treatment as is detailed in Scenarios 11a & b. 
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Scenario 11b (with reactions taking place in enclosed vessels) is the scenario most likely to 
be successfully implemented. Even though it involves a small positive GHG emission, this 
scenario reduces CO2e emissions more significantly than any other.  On the negative side, 
it is the scenario requiring the most capital investment for construction. 
 
Scenarios 2, 3, 6, 7, 8 & 10 consider the manufacture of algal feedstuff and replacement 
of a dietary component with algal feed.  In none of these cases does the use of feedstuff 
offsets contribute to a significant reduction in CO2e emissions.  By contrast, Scenarios 4, 
8, 9, 10 & 11 all involve the generation of electricity and all result in considerable 
reduction in CO2e emissions. 

3.9 Financial viability and investment risk & constraints 
According to Hertle (2008) an anaerobic pond system is significantly less expensive than 
the infrastructure associated with an engineered anaerobic digester.  For example at 2008 
prices, a piggery of size 20,000 SPU, the capital required to install an anaerobic pond 
system with power generation is ~$1.9M, compared to ~$7.7M for an engineered anaerobic 
digester with power generation. 
 
Some of the risks in running on-farm anaerobic biogas production and subsequent 
electricity generation are the result of perturbations of performance and disruption of gas 
supplies.  Further research should  provide insight into the linkages between process 
performance and the microbial communities to mitigate against the risk of accidental 
substrate overloading or influx of saline water (Chen, Zamudio_Canas et al. 2012). 
 
The returns to be accounted for in making an investment decision of this magnitude 
include the replacement of bought in electricity and gas used to run the piggery and heat 
sheds, as well as sale of surplus electricity to the grid if that is possible.  Other returns 
include Governments incentives introduced to drive projects such as ‘methane capture 
and use’ to reduce the greenhouse gas emissions from industries.  There is also the 
considerable, but as yet, incompletely described, pig health benefits that may result in 
faster growth rates with lower mortalities, as described by Murphy (2011). 
 
Foremost amongst the government incentive schemes is the Mandatory Renewable Energy 
Target (MRET). This is a Federal Government scheme that began in 2001 and is 
administered by Office of the Renewable Energy Regulator (ORER).  When introduced this 
scheme required electricity retailers and other large electricity buyers to source 
renewable or specified waste-product energy sources by 2010 (Lim and 
Headberry_Partners 2004).  
 
The ORER accredits renewable energy generators and determines baselines for existing 
generators, ensures that Renewable Energy Certificates (RECs) are validly granted, tracks 
the creation and trading of RECs, and assists liable parties in determining liabilities.  RECs 
are created by accredited generators, with each certificate equivalent to 1 MWh of 
renewable generation. RECs can be created at any time after eligible generation, upon 
provision of the required evidence. They can be traded in financial markets that are 
separate from physical electricity markets. RECs may be banked by eligible generators, 
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liable parties and REC market participants and remain valid until surrendered (Lim and 
Headberry_Partners 2004). 
 
The most recent addition to the potential income streams is the Australian Carbon Credit 
Units (ACCUs) which have been approved under the Carbon Farming Initiative (CFI) 
 
In addition to the above, some States have created their own, individual schemes to 
encourage reduction in GHG emissions. 

• The New South Wales Government has introduced a financial scheme (the NSW 
Greenhouse Gas Abatement Scheme), which encourages greenhouse gas emitters to 
reduce their greenhouse gas emissions through the issue of New South Wales Gas 
Abatement Certificates (NGAC’s). NGACs are equal to one tonne of CO2-e Emissions 
(Lim and Headberry_Partners 2004). 

• The Queensland Government has introduced a license scheme that requires 
Queensland electricity retailers to source 15 per cent of electricity sold in 
Queensland from gas-fired or renewable generation, with 13 per cent of this 
electricity to be derived from gas-fired generation. The scheme commenced on 1 
January 2005 and will remain in force for 15 years or until an emissions’ trading 
scheme is introduced (Lim and Headberry_Partners 2004). 

• The Victorian Government developed a Renewable Energy Strategy, with a target 
of 10 per cent renewables by 2010 (Lim and Headberry_Partners 2004). 

It is more beneficial for a farm with a diesel generator to install a methane capture and 
electricity generation facility than it is for a farm connected to the electricity grid.  For 
the 20,000 SPU example above, for a covered lagoon with additional electricity generation 
capacity, the payback period would be approximately 6.5 years for a site using a diesel 
generator, compared with a payback period of approximately 11 years for a site connected 
to the grid.  Including the REC payments the payback period for a grid connected site 
drops to 8 years and further drops to 6 years if the NGAC payments are included. 
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Figure 3.1 Effluent GHG emissions per kg HSCW for differing manure handling scenarios. 
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Figure 3.2 Effluent GHG emissions per kg HSCW comparing lagoon & closed vessel anaerobic 
digester manure handling scenarios 
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As the size of the piggery increases, there is a reduction in the estimated payback period. 
The payback period for a piggery of size of 50,000 SPU would be approximately 5 years for 
a site using a diesel generator and approximately 8 years for a site connected to the grid. 
 
A further benefit of a power generation system is the capacity to use heat generated by 
exhaust gases generated by the combustion of the methane.  This heat can be used in-
shed, preferably supplying to heat pads for suckling and early weaned pigs to ensure 
optimum growth rates and lower mortalities.  However, this would require further capital 
investment – with its own risks and pay-back periods. 
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 THE AUSTRALIAN PORK INDUSTRY: AN OVERVIEW OF 4
SIZE, DISTRIBUTION AND CURRENT MANURE 
MANAGEMENT PRACTICES 

       Neil Buchanan 
       Health & Environment Group, School of the Environment, Flinders University 
 
Even though there are not a large number of pig farmers in Australia, they are relatively 
productive. Of 131,184 agricultural businesses in Australia, 687 (0.5%) are involved in pig 
farming (Table 4.1), which is surprisingly exactly the same number as involved in poultry 
meat production. By contrast, there are 69,820 farmers involved in the beef and sheep 
industries, and 8,594 dairy farmers.  Nevertheless, the pig farmers are responsible for 
2.3% of gross agricultural production (ABS 2012).  
 
 
Table 4.1 Business with livestock agricultural activity by state and territory—2009/10 Source: 
(ABS 2012) 

 
 

NSW Vic. Qld SA WA Tas. NT ACT Aust. 
Agriculture industries(a) no. no. no. no. no. no. no. no. no. 

 

Sheep farming (specialised) 4144 3338 249 1559 959 441 – 15 10705 
Beef cattle farming plus beef 
cattle feedlots (specialised) 

14324 8763 12 
619 

1368 2313 1240 201 26 40854 

Sheep-beef cattle farming 2838 1490 436 590 313 238 1 4 5909 
Grain-sheep or grain-beef 
cattle farming 

4971 2569 1089 1796 1872 53 1 1 12352 

Dairy cattle farming 1425 5295 764 365 286 459 – – 8594 
Poultry farming (meat) 265 212 88 56 47 19 – – 687 
Poultry farming (eggs) 147 86 36 22 26 14 – 1 332 
Deer farming 4 77 5 14 – 1 1 – 101 
Other livestock farming 
n.e.c.(d) 

831 534 570 153 252 40 10 1 2391 

Pig farming 175 147 177 118 58 14 – – 687 
TOTAL AGRICULTURE 38554 29 

638 
24 
726 

12 
464 

10 
889 

3348 437 56 120 
112 

          
          

4.1 Distribution of the Australian Pig industry (Aust_Pork 2010) 
The largest concentrations of pigs in Australia are found along the Murray Darling Basin 
from South East Queensland to the Murraylands of South Australia, with a smaller 
concentration along the wheatbelt of Western Australia (Figure 4.1). The decision on 
where to locate an intensive industry such as a piggery is driven by a number of 
environmental, social and economic factors. High amongst these factors are proximity to 
safe and abundant potable water supplies, power supplies, a good road network, a 
commercial pig slaughterhouse, abundant and cheap grain supplies, and proximity to a 
pool of labour. Figure 4.1 shows the strong influence of reliable and cheap grain on the 
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location of the pig breeding industry in Australia. The pig industry is also intensive and 
houses many animals in close confinement, and as such is a potential point source of 
pollutants such as noise, odour, solid and liquid wastes. All of these factors determine the 
distribution of the industry as shown in Figure 4.1. 
 
 

 
Figure 4.1 Distribution of breeding sows and pig abattoirs within Australia overlain with annual 
grain production. Source ABS, 2009. 
 
 
The breeding pig herd is fairly evenly distributed between the four main states of New 
South Wales, Victoria, Queensland and South Australia, with just 12% in Western Australia 
and 0.8% in Tasmania (Table 4.2 &  
Figure 4.2). Western Australia only has 9% of the pig herds. The other states herd numbers 
follow the number of breeding sows fairly closely. 
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Table 4.2 Herd and sow numbers by State as at June 2009 

State Herds Breeding Sows 

New South Wales  384 (28%) 62,901(26%) 

Queensland 272 (20%) 51,412 (21%) 

South Australia 254 (19%) 44,029 (18%) 

Western Australia 119 (9%) 28,464 (12%) 

Victoria  281(21%) 53,419 (22%) 

Tasmania  42 (3%) 1,960 (0.8%) 

Total  1,351 242,185 

Source: ABS Agricultural Commodities 2008-09 
 
 

 
 
Figure 4.2 Percentage of sows in each State - June 2009 
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4.2 Changing demographics of pig production 
 

 
Figure 4.3 Australian pig numbers from 1885 to 2011. Source ABS, 2010. 
 
 
After a long period of stable numbers at about 800,000 pigs from the 1880’s, Australian pig 
numbers rose sharply during the Second World War to reach a peak of 1.8 million in 1942. 
The population of pigs fell sharply after the war to reach just 1 million by 1955. After that 
time there was a steady rise in numbers during the 1960’s associated with increasing 
numbers of larger corporate farms and a steady decline of small scale pig farming. This 
period of expansion persisted until 1972, when pig numbers peaked at 3.25 million. 
Associated with that changing demographic was the construction of a large number of 
intensive pig housing projects. This housing infrastructure is still the basis of the pig 
industry today, and as such represents a resource as well as a challenge to hygiene and 
waste management.  After 1972, pig numbers went into a sharp decline, before stabilising 
and fluctuating around the 2.6 million present today (Figure 4.3).  
 
  



 

18 
 

 
Table 4.3 Number of Producers and number of sows and gilts, 1962-2009. Source ABS 2010. 

Year Producers Sows & Gilts '000s 
Average Breeding 

Herd Size 

1962 47,461 236 5.0 

1972 39,252 460 11.7 

1982 14,290 329 23.0 

1992 5,828 305 52.3 

2002 2,642 356 134.7 

2011 1,659 261 157 

 
 
There has been a steady decline in the number of pig producers in Australia since the 
1960s accompanied by a steady increase in the average herd size as farms have 
consolidated into larger units (Table 4.3 and  
Figure 4.4). 91% of pigs are now produced on farms with more than 1,000 sows (Figure 
4.5). 
 
 

 
 
Figure 4.4 Time line of pig producers and average herd size 1962 – 2011 
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Figure 4.5 Pig numbers by breeding herd size - July 2009 
 
 
In terms of infrastructure, the main building programs that have been undertaken in the 
last decade has been the introduction of the “open plan” Eco Shelters. These units have 
compacted clay or cement floors with deep litter bedding and are used to house the 
weaners and growers. Thus, only solid waste is produced from these units, which would 
not be suitable for processing through either aerobic or anaerobic digesters unless 
processed further by a pre-treatment process such as extrusion (Møller, Sommer et al. 
2004, Hjorth, Gränitz et al. 2011).  

4.3 Waste treatment: an overview 

4.3.1 Anaerobic lagoons 
Kruger et al.(1995) estimated that about 59% of piggeries used anaerobic lagoons, 27% 
used direct land application, 9% used deep litter or extensive systems and 6% used various 
other methods.  Five years later, McGahan et al. (2000) in a survey of Queensland 
piggeries found that over 90% of piggeries had an anaerobic lagoon. This survey also 
investigated the size of the anaerobic ponds versus the number of pigs producing effluent. 
They found that the overall average anaerobic lagoon volume was 4.2 m3/pig. They also 
found that on 68% of the piggeries the capacity of the anaerobic ponds was less than 4 
m3/pig. They further report that on 44% of the piggeries the anaerobic lagoons had 
capacity of less than 2 m3/pig. Ponds with such low anaerobic pond capacity are likely to 
have volatile fatty acid (VFA) odour problems due to overloading and this problem would 
be exacerbated as sludge built up in the pond bottoms, further reducing pond capacity.  
Ten years on, according to a 2011 industry survey conducted by APL, 83% of Australian 
pork producers treat piggery waste in multiple facultative and anaerobic ponds (APL 
2011). As these 3 surveys demonstrate, anaerobic lagoons have been, and remain, the 
major method for treating piggery effluent in Australia.  
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Anaerobic ponds remove organic matter but otherwise generally produce a low quality 
effluent with high pathogen levels, high biological oxygen demand, high nutrient levels 
and very high ammonia levels. In Australia, environmental disposal of treated piggery 
waste is dictated by State environmental regulations. 71% and 62% of pork producers 
dispose of treated solid and liquid waste respectively by spreading on land as fertiliser 
(APL 2011). Due to the high nutrient and organic load of the treated slurry it is not 
suitable for discharge into environmental waters (Tucker, McGahan et al. 2010). Effluent 
from treatment systems is reused within the shed for 78% of total production within the 
Australian pig industry (APL 2011). 22% of large producers reuse this effluent as wash down 
water as well as flushing water. Anaerobic treatment is considered more fully in Chapter 
5. 

4.3.2 Deep-Litter Systems  
Low-cost, deep-litter shelters were first developed in Canada over 15 years ago. The 
shelters consist of steel-frame structures covered with plastic, timber side-barriers and 
earth floors. A layer of deep litter is placed over the earth floor to act as bedding for the 
pigs and to absorb manure. Deep-litter systems are usually used for growing and finishing 
pigs, typically aged from 10 weeks to 23 weeks. They are an all-in, all-out system. At the 
end of a growing period, the pigs and litter are removed. Clean litter is placed in the 
shelter prior to the introduction of new pigs (FSA_Environmental 2000). In the USA, this 
type of pig housing is called a hoop structure. Iowa State University has been Studying this 
system for a number of years. Information is available at 
www.ae.iastate.edu/hoop_structures/hoop_basics.htm.  In the USA, corn stalks are used 
as deep litter. In Canada, these systems are known as ecobarns.  
 
This pig production system has increased in popularity in Australia in the last fifteen years, 
mainly due to the low capital cost (about $80/pig place or $100/pig place, including 
concrete floor). However, there are also environmental advantages with dry manure 
handling. It is claimed that these structures have little odour compared with conventional 
pig housing.  In Australia, the ClearSpan Shelter and the EcoShelter have been developed 
commercially. In New South Wales, corrugated iron sheds comprising a skillion roof, one 
fully open side and three partially open sides have also been successfully used (ecosheds). 
The Menangle and Boen Boe piggeries near Sydney have also recently converted some 
conventional sow accommodation to a bedding-based system. This has been achieved by 
covering or replacing the slatted flooring with a solid floor and removing crates so groups 
of sows run in pens together. Feeding is ad lib. The adoption of this accommodation for 
sows is too new for any conclusions to be drawn about its success. However, managers of 
both piggeries have observed that the ad lib feeding results in sows becoming too fat 
which shortens the length of time that they can be kept for breeding (FSA_Environmental 
2000). 
 
Payne (1997) has undertaken a comprehensive research project into low-cost housing in 
Western Australia. This study included animal performance, management and 
environmental performance. In Australia, the litter used is usually barley or wheat straw 
but can include rice hulls or sawdust. Floors may be earth, compacted gravel or concrete. 
Concrete is a more expensive flooring. However, it is recommended in situations where 
there are light soils and/or shallow groundwater, since nutrient leaching may be an issue.  
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Payne also suggests that less bedding is used in concrete-floored eco-shelters, the spent 
bedding is more easily removed and the bedding is not contaminated with gravel and clay.  
 
Ecoshelters and ecosheds work well with grower-finisher pigs if all-weather access is 
possible and if the structures are located on built-up pads or bunded areas that preclude 
entry by stormwater runoff.  
 
A significant limitation of bedded systems is their reliance on bedding for their operation. 
In South Australia, the major bedding source is cereal straw. This will be a very scarce and 
expensive commodity in a drought, raising the cost of production. More stringent 
management is required for bedded systems than for conventional sheds. Uneven finishing 
of pigs can be a problem. Some manager’s overcome this by drafting pigs and undertaking 
final finishing in conventional accommodation. 
  
Currently, in Australia the majority of this spent bedding material from these shelters is 
composted and spread on the paddocks.  This form of disposal is associated with a high 
return of Greenhouse Gases to the atmosphere, particularly methane and nitrogen 
dioxide. In Europe this problem is tackled by putting this material through an extruder as 
eluded to above and then processed through an anaerobic digester. 

4.3.3 Composting  
Separated solids typically have a high moisture content. They generally require drying 
prior to removal off-farm, or reuse on farm. Composting allows the solids to be dried and 
stabilised prior to use (FSA_Environmental 2000). Composting is an excellent method of 
treating solid by-products prior to land spreading or sale e.g. ecoshelter wastes. The 
product of the composting process is a stable soil conditioner. The product improves the 
physical, organic and chemical properties of the soil (Kruger, Taylor et al. 1995). If 
correctly undertaken, composting is an aerobic process, so odours associated with 
anaerobic decomposition are minimised. 
 
Composting uses micro-organisms to break-down organic matter to form a humus-like 
substance. The process occurs in the presence of the right micro-organisms, and if there is 
sufficient carbon, oxygen, water and nutrients to stimulate microbial growth.  According 
to Kruger et al. (1995) the mixed raw products for composting should have a carbon to 
nitrogen ratio of 25 - 30:1, a moisture content of 50-60%, a pH of 6.5-8.5 and a density of 
640 kg/m3 or less. However, other authors cite a broader carbon to nitrogen ratio of 15:1-
30:1 and a moisture content of 40-50% wet basis.  
 
Solids removed from the effluent stream are generally too moist to be composted on their 
own. Hence, bulking agents must be added to the solids to reduce the moisture content of 
the material (co-composting) and to also achieve a suitable carbon to nitrogen ratio. 
Addition of a bulking agent also incorporates the oxygen needed for microbial activity. The 
initial mixing of ingredients adds oxygen, although this is quickly exhausted. Turning the 
piles weekly adds oxygen. Spent ecoshelter straw has a relatively low water content and 
bulk density, making it ideal for composting. The low moisture content makes the material 
easy to transport. The low bulk density indicates that the material contains a lot of air.  
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There are various methods of composting, although on-farm composting is usually 
restricted to the aerated static pile and windrow methods due to the higher cost, 
complexity and labour requirements of the alternative methods (Kruger, Taylor et al. 
1995). The easiest and least expensive system is the aerated static pile method. Separated 
solids are mixed with a bulking agent. The pile is located over perforated aeration piping. 
A single aeration pipe is usually adequate for aerating a pile 3 - 5 m wide, 2 - 2.5 m high 
and 25 - 30 m long. Air is pumped through the pile using a blower. An air flow of 2.8 m3/t 
dry solids/minute is usually adequate. However, the pipe sizes and whole layout must be 
carefully designed. It is best to put a layer of woodchips or similar over the pipe before 
adding the solids. This promotes free movement of air at the base of the pile, and 
minimises blocking of the air holes. Continuous aeration is recommended for the first 48 
hours followed by aeration for ten minutes every hour. Using this system, the active 
composting period is about 3-5 weeks, followed by a maturation period of at least a month 
(Kruger, Taylor et al. 1995). 
  
Windrow composting is a more expensive than static pile composting due to the equipment 
required. However, for farms that already own a front-end loader, it may be a less 
expensive option. Windrow composting involves placing raw material in long narrow rows 
that are turned regularly to incorporate air. Typically windrows are 3 - 6 m wide and 2 - 3 
m high (Kruger, Taylor et al. 1995). Aeration also occurs by natural convection. Hot air 
from the centre of the pile rises through the pile creating a partial-vacuum that pulls 
cooler air into the pile.  According to Kruger et al. (1995), the active composting process 
takes about three to nine weeks. However, the shorter composting times require turning 
the windrow at least daily for the first week and once every three to five days thereafter.  
Overwatering will result in both the leaching of nutrients and the generation of malodours 
as a result of anaerobic decomposition. If excessive heat is generated, the pile may also 
spontaneously combust, resulting in more odour. 
 
The composting process will kill weed seeds and pathogens, providing all portions of the 
compost are exposed to the high temperatures within the core of the windrow. However, 
turning with a front-end loader does not guarantee that this will occur. It is recommended 
that the windrows be turned at least three times in the first 15 weeks of composting to 
ensure that this happens. Because composting is an aerobic process, it is a low odour 
process. It is strongly recommended that solids removed from effluent streams, and pond 
sludge be immediately composted to prevent them from becoming a secondary odour 
source.  

4.3.4 Vermiculture  
Vermiculture is an alternative to composting. It allows piggery solids to be converted to a 
fertiliser substitute. The products are worms, castings and liquid vermicast.  Vermiculture 
facilities require adequate water supply, shade and wind protection. Beds 1 m wide, 2 m 
long and 0.3 m deep are recommended, although vermicast production requires beds 1 m 
deep. Beds may be built from brick, cement, hardwood, treated pine or clay banks. The 
beds must be well drained. Organic matter must be supplied to the worms in narrow layers 
regularly to prevent overheating of the beds. The beds must be kept moist by regular 
watering (Kruger, Taylor et al. 1995).  Vermiculture is an excellent method of treating 
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solid by-products. However, the management requirements and the capital, maintenance 
and operating costs are considerably higher than for composting.  

4.3.5 Carcass Disposal  
Typical mortality rates in piggeries are 2.5% for weaners, 1.5% for growers and finishers 
and 9% for breeding sows.  
 
In 1995, the Department of Primary Industries, in association with the Queensland Pork 
Producers’ Organisation surveyed 37 Queensland piggeries from 19 shires (mainly on the 
Darling Downs). The piggeries included units sized from 70-149 pigs to over 20,000 pigs. 
The survey results indicated that the managers of about half the piggeries buried dead 
pigs either using a covered (32%) or open pit (11%) or a hole in the ground (8%). Most of 
the remaining piggeries (43%) burnt the carcasses, with one piggery dumping (3%) and one 
dry rendering (3%) carcasses (McGahan, Frizzo et al. 1996). Since that time, the use of 
composting for carcass disposal has emerged. Dry composting aims to reduce the volume 
and mass of carcasses as quickly as possible, without generating odour or leachate. 
Because composting is an aerobic process, odour generation is low. (Composting also 
destroys pathogens (Kruger, Taylor et al. 1995). The micro-organisms that compost the 
carcasses proliferate when the carbon to nitrogen ratio of the substrate is 20 - 35:1. 
Hence, carbon must be added to the carcasses to promote composting. Straw and sawdust 
are both suitable carbon sources.  Addition of straw or sawdust also absorbs moisture and 
masks odours. Sawdust is ideal because it has a small particle size, is easily handled and 
has a high carbon content. About 6 m3 of sawdust is needed to compost a tonne of 
carcasses (Kruger, Taylor et al. 1995).  Researchers at the University of Missouri suggest 
minimum primary and secondary heating cycles of 3-6 months, depending on the size of 
the carcasses to be composted. Segregation of large and small carcasses to separate bays 
may be helpful.  

4.4 Summary 
• The pig industry is concentrated in the major grain growing areas of Australia on 

both the East and West coasts. These areas have rainfall in the region of 350 to 550 
mm per annum; hence large volumes of potable water are often scarce. 
 

• 87% of the sow numbers are in the Eastern mainland States. 
 

• In the past 50 years the number of pig producers has fallen from 46,500 to 1,700. In 
the same period the total sow numbers have risen slightly from 236,000 to 261,000. 
The industry has intensified, 91% of pigs are now produced on farms with more 
than 1,000 sows. 
 

• Massive expansion of the industry occurred in the 1970’s when most of the existing 
large scale infrastructure was built. It should be recognised that the challenge for 
the industry is to improve effluent treatment and resource recovery from this  
ageing housing infrastructure if it is to achieve its stated objective of 1 kg of CO2 
emissions per kg of pig meat produced. 
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• Currently, anaerobic lagoons are the major method for treating piggery effluent in 
Australia. 
 

• Anaerobic lagoons remove organic matter but otherwise generally produce a low 
quality effluent with high pathogen levels, high biological oxygen demand, high 
nutrient levels and very high ammonia levels. 
 

• Waste management systems producing large volumes of solid waste are not suitable 
for inclusion in an integrated treatment system which includes algal production. 
 

• Effluent from treatment systems is reused within the shed for 78% of total 
production within the Australian pig industry. 22% of large producers reuse this 
effluent as wash down water as well as flushing water. 
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 CURRENT EFFLUENT TREATMENT PRACTICE: ANAEROBIC 5
DIGESTION 

      Neil Buchanan and Ryan Cheng  
      Health & Environment Group, School of the Environment, Flinders University 
 
The objective of this chapter is to provide a detailed understanding of current practices 
associated with anaerobic digestion of piggery slurries, to inform strategies for successful, 
on farm integration of anaerobic digestion and algal biotechnology for wastewater 
treatment and biomass production for fuel and feed.  

5.1 Anaerobic digestion in livestock agriculture 
Anaerobic digestion (AD) was originally developed to provide treatment for sludge 
generated by sewage treatment and for effluents with a high concentration of dissolved 
organic matter. Adaptation of this process for livestock manures was driven by the 
requirements for finding new sources of renewable energy as well as to decrease the 
pollution potential of manures.  Although the process proved to be effective, the 
economics and system operation usually left something to be desired. Thus, only a few 
companies became specialists in agricultural digestion systems. In the UK there are only a 
few farm anaerobic systems, whilst Denmark, Italy and Germany have tens of anaerobic 
digesters processing farm waste, although the largest ones usually co-process other waste 
from the food processing industry (Svoboda 2003). Although the environmental benefits of 
AD were recognised, the economics (adversely impacted by the low price for natural gas) 
and technical problems contributed to the closure of most of the digesters in the 
Netherlands. Only recently has AD attracted more interest, mainly because the 
environmental advantages of this process have been reassessed. 
 
In Europe, the basic system for successful AD of livestock wastes comprises of several 
units: 

• A reception pit/tank used for short duration storage which is usually equipped with 
a powerful stirrer for slurry homogenisation. The homogenised slurry is pumped to 
the digester on a regular basis to maintain the predetermined treatment 
(residence) time in the digester. 

• The digester is a gas tight tank usually thermally insulated, and constructed with 
the aim of preventing sedimentation of slurry particles. It is equipped with a 
mechanical or gas mixing system which keeps the slurry in a homogenous state, 
thus optimising the digestion process and minimising any gradients of temperature, 
solids, substrate and gas concentrations in the digested mass. Furthermore, the 
digester also has a system (a heat exchanger) for maintaining the process 
temperature at about 35°C or 55°C. 

• The digested slurry can be then stored in a tank or a lagoon prior to land 
application; or it can be separated, usually by a centrifuge, to produce 
compostable solids and liquor rich in plant nutrients. 

• The biogas generated from the anaerobic process is accumulated in a gas holder. 
Biogas is normally de-sulphurised, to remove hydrogen sulphide, and used in a 
boiler for heating the digester contents and for producing hot water for space 
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heating in adjacent buildings. When large volumes of biogas are produced, it can 
be used in internal combustion engines which, through an electric generator, can 
supply electrical energy for the plant and for the farm or local houses. The excess 
can be sent to the electrical grid if the necessary export arrangements are put in 
place. Heat from the internal combustion engine is usually enough to maintain the 
temperature of a digester at the required level. 

 
Pig slurry in Europe is generally treated for 13 to 17 days at 38° to 42°C with a maximum 
organic loading (volatile solids, VS) of 5,000 g VS m-3 d-1 producing on average 0.35 m3 of 
biogas kg VS-1 d-1. 
 
Anaerobic stabilisation can be achieved by adopting anaerobic lagoons or digesters. 
Anaerobic lagoons provide an economic and simple method but their performance is 
variable and in many cases the degree of treatment achieved is inadequate. Anaerobic 
digesters are much more effective and do not suffer from the disadvantages of 
unreliability and poor winter performance. Anaerobic digesters are in general more 
expensive to construct, more difficult and sensitive in their operation, but do not require 
high energy consumption due to the produced biogas, which can meet the digester heating 
requirements and in some cases can be used for general heating purposes, electricity 
production, operation of stationary engines, production of hot water, cooking and lighting. 
 
Biogas composition is dependent on the type of digested substrate. Livestock wastes 
normally produce biogas which contains 55-75% methane. The remainder is mainly CO2. 
Both gases are odourless but the biogas has a strong smell caused by hydrogen sulphide (1-
10g m-3) and other volatile chemicals - mainly very odorous mercaptans. Hydrogen 
sulphide is a very corrosive component of biogas.  In boilers it can be oxidised to form 
sulphuric acid which can dissolve the metal parts of the heat exchangers and chimneys. In 
internal combustion engines, hydrogen sulphide reacts with copper alloys and rapidly 
destroys the bearings and other engine parts. Removal of hydrogen sulphide is therefore a 
prerequisite for safe biogas utilisation. Several methods are used. The most common 
method uses a reaction with iron salts. More recently a technique using small streams of 
air bubbled through the top layer of digested slurry in the digester has been used to 
promote growth of Thiobacillus spp. These oxidise hydrogen sulphide to elemental sulphur 
which is retained within the treated slurry. Biogas is an energy source. In smaller 
AD/biogas plants, the gas is usually purified and burned in boilers to help maintain the 
digestion process temperature. Hot water heats the digester to mesophilic or thermophilic 
temperatures and can also be used locally for space or process heating. In larger units, the 
gas can be used by internal combustion engines or gas turbines to produce electricity using 
an electricity generator. Heat developed during electricity generation can also be used to 
heat the digester. 
 
The efficiency of gas utilisation is a major factor influencing the economics of the digester 
system and thus the choice between aerobic or anaerobic treatment. The development of 
methods for inexpensive and efficient gas utilisation, at fairly low production rates, will 
undoubtedly be a very important step in improving the economics. Another important 
factor is related to the maximisation of the gas production. Potentially, gas production 
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can be increased by adding algal biomass as a result of further treatment of the piggery 
effluent in a facility designed to optimise conversion of sunlight and nutrients into 
biomass, such as a High Rate Algal Pond (HRAP). 

5.1.1 Anaerobic digestion biochemical processes 
Anaerobic digestion is a natural process which takes place in the absence of oxygen. 
Controlled digestion is normally accelerated by increasing reactor temperature into the 
mesophilic range (normally for AD between 30-37ºC), or into the thermophilic regime 
(normally for thermophilic AD between 55-65ºC) (Svoboda 2003).  
 
Anaerobic digestion has been reported at lower temperatures, Stevens & Schulte (1979) 
reviewed the literature, and describe reports of methanogenesis occurring at 
temperatures as low as 4°C.  This low temperature (psychrophilic) methanogenesis is 
important to Canadian livestock producers. Under cold ambient conditions they need an 
AD technology that can process high (9%)-total solids (TS) swine manure slurries.  An 
anaerobic process, using sequencing batch reactors (SBR), psychrophilic anaerobic 
digestion (PAD) has been developed at Agriculture and Agri-Food Canada to treat manure 
under Canadian climatic and farm conditions. This reportedly stable biotechnology 
recovers usable energy, stabilizes and deodorizes manure, and increases the availability of 
manure nutrients. Experimental results indicated that PAD of swine manure slurry at 15 to 
25°C in an intermittently fed SBR reduced the pollution potential by removing up to 90% of 
the soluble COD. The process performs well under intermittent feeding, once to thrice per 
week, and operates without external mixing (Massé, Masse et al. 2010). Psychrophilic 
bacteria grow slowly, and their retention within the bioreactor is essential.  An SBR is a 
simple operating system. It consists of a tank in which 5 consecutive operations occur: fill, 
react, settle, draw, and idle. The organic waste is loaded into the SBR during the ‘fill’ 
period. The length of the ‘react’ period should be sufficient to meet the treatment 
objectives. During the ‘settling’ period, no mixing is provided and quiescent conditions 
prevail to allow the treated liquid to be separated from the solids. During the ‘draw’ 
period, the treated liquid is removed. The ‘idle’ period offers the flexibility of 
coordinating the simultaneous operation of 2 or more SBR. In the SBR, the large food-to-
microorganism ratio at the beginning of the feed period and the small food-to-
microorganism ratio at the end of the react period enhance sludge settling characteristics 
(Massé, Masse et al. 2010). 
 
Methane fermentation is the consequence of a series of metabolic interactions among 
various groups of microorganisms. A description of microorganisms involved in methane 
fermentation, based on an analysis of bacteria isolated from sewage sludge digesters and 
from the rumen of some animals, is summarized in Figure 5.1. The first group of 
microorganisms secrete enzymes which hydrolyse polymeric materials to monomers such 
as glucose and amino acids, which are subsequently converted to higher volatile fatty 
acids (VFAs), H2 and acetic acid (Figure 5.1; stage 1 & 2). In the next stage, hydrogen-
producing acetogenic bacteria convert the higher volatile fatty acids e.g., propionic and 
butyric acids, produced, to H2, CO2, and acetic acid. Finally, methanogenic bacteria 
convert H2, CO2, and acetate, to CH4 and CO2. 
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Figure 5.1 Stages of anaerobic digestion 
 
 

 
 
Figure 5.2 Reaction flowchart for anaerobic digestion of complex polymers. Adapted from 
Masse et al. (2010). Numbers refer to the bacterial populations involved in the processes: 1) 
acid-forming, 2) fermentative, 3) hydrogen-producing acetogenic, 4) homoacetogenic, 5) 
acetoclastic methanogens, and 6) hydrogen-utilizing methanogens. 
 

5.1.2 Hydrolysis & Acidogenesis 
Solid particles and complex biopolymers are too large to permeate the cell membrane. 
Hydrolysis is the process by which these compounds are broken down into soluble 
molecules small enough to diffuse across the membrane. Hydrolysis is catalysed by 
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extracellular enzymes released by fermentative or acid-forming bacteria.  The result of 
hydrolysis is the formation of sugars from carbohydrates, amino acids from proteins, and 
fatty acids from lipids. The anaerobic bacteria involved in this phase are called “acid 
formers,” and are classified as nonmethanogenic microorganisms. Soluble organic 
compounds are then fermented by the bacteria involved in acidogenesis to a relatively 
small variety of short-chain volatile organic acids. These include formate, acetate, 
propionate, butyrate, lactate, succinate, ethanol, carbon dioxide, and hydrogen gas. 

5.1.3 Acetogenesis 
The hydrogen-producing acetogenic bacteria oxidize the VFA with more than 2 carbons 
and the long-chain fatty acids (LCFA) resulting from lipid hydrolysis into acetic acid, 
hydrogen, and carbon dioxide. These bacteria work in syntrophy (feed off each other) with 
the methanogenic bacteria that consume the hydrogen produced during oxidation. 
The homoacetogenic bacteria transform carbon dioxide and hydrogen into acetic acid. 
During this phase a fast growth of acetogenic bacteria occurs, thus mixing of the substrate 
positively affects this process. 

5.1.4 Methanogenesis 
Production of methane and CO2 from intermediate products is accomplished by the 
acetate-using and the hydrogen-using methanogenic bacteria.  
The two major pathways of methane formation are: 
 
1) The breakdown of acetic acid to form methane and carbon dioxide: 

CH3COOH → CH4 + CO2 

 
2) The reduction of carbon dioxide by hydrogen gas to form methane: 

CO2 + 4H2 → CH4 + 2 H20 
 
The acetoclastic methanogens breaking down the acetic acid into methane and carbon 
dioxide are responsible for approximately 70 - 75% of the methane produced during 
controlled AD. The remaining 25 - 30% is produced from hydrogen and carbon dioxide.  
 
Methanogenesis is critical to the entire digestion process, since it is the slowest biological 
reaction of the digestion. During this phase, waste stabilization is said to occur, 
represented by the formation of methane gas. Overloading of the reactor, temperature 
changes or large ingresses of oxygen usually result in cessation of methane production, 
increasing fatty acids concentration which results in the production of only CO2.  

5.1.5 Equilibrium 
When the system is working properly, the two phases of degradation occur simultaneously 
in dynamic equilibrium. That is, the volatile organic acids are converted to methane at the 
same rate that they are formed from the more complex organic molecules. The growth 
rate and metabolism of the methanogenic bacteria can be adversely affected by small 
fluctuations in pH substrate concentrations, and temperature, but the performance of 
acid-forming bacteria is more tolerant over a wide range of conditions. When the process 
is stressed by shock loads or temperature fluctuations, methane bacteria activity occurs 
more slowly than the acid formers and an imbalance occurs. Intermediate volatile organic 
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acids accumulate and the pH drops. As a result, the methanogens are further inhibited and 
the process eventually fails without corrective action. For this reason, the methane 
formation phase is the rate-limiting step and must not be inhibited. For the design of an 
anaerobic lagoon or digester to work, it must be based on the limiting characteristics of 
these microorganisms. 
 
The system must operate at conditions favourable for the performance of methanogenic 
bacteria. Ideally, temperatures should be maintained within the range of 25° to 40° C. As 
noted above, anaerobic activity decreases rapidly at temperatures below 15° C. When 
water temperature drops below freezing biological activity virtually ceases. For 
equilibrium, the pH value should range from 6.6 to 7.6, and should not drop below 6.2 
because methane bacteria cannot function below this value. Sudden fluctuations of pH 
will inhibit lagoon/digester performance.  Volatile acid concentration is an indicator of 
process performance because the acids are converted to methane at the same rate that 
they are formed if equilibrium is maintained. Volatile acid concentrations will be low if 
the lagoon system is working properly. As a general rule, volatile acid concentrations 
should be less than 250 mg/L. Inhibition occurs at volatile acid concentrations in excess of 
2,000 mg/L. 
 
Since the AD process is usually carried out in a single reactor/vessel the processes 
described above run concurrently. The characteristics of the final treated stabilised 
sludge/slurry and the biogas, are therefore the result of this complex anaerobic 
decomposition. 
 
Liquid waste stabilised by AD has the same volume as the raw waste, but the solids 
content is reduced by up to 50% and the odour of the digested waste odour is substantially 
lower. The extent of pathogen inactivation in the sludge depends largely on the treatment 
temperature and the process arrangements (Chapter 9). 

5.2 Factors Influencing Anaerobic Digestion 
The process of AD of livestock wastes can be affected by many factors (Chen 1983), which 
are the result of the livestock waste characteristics and operating conditions. Figure 5.3 
shows the complex interaction between two of these variables, the influent concentration 
of volatile solids (S0) and hydraulic retention time (HRT), on methane production.   
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Figure 5.3 Theoretical relationship between B (CH4 production g VS-1 added) and HRT (d) and 
influent VS concentration. Adapted from (Fischer, Iannotti et al. 1984) 
 

5.2.1 Temperature 
Temperature is one of the most important factors of an AD process. It affects all phases of 
the digestion. As with other biochemical processes, the rate of reaction is accelerated at 
higher temperatures; the optimum temperature for AD is a compromise between the 
optimal biochemical temperature and the economics for heating the digesters. The highest 
heat energy input is required for raising the temperature of the input slurry to the process 
temperature. It is therefore obvious, that a high water content of the slurry will have a 
negative effect on the process energy balance. 
 
It was found (Svoboda 2003, Harris 2012)  that biogas production was effectively increased 
when the digestion temperature of pig slurry was increased from 33°C to 39° to 42°C. 
Similarly (Feilden 1981) recommended the optimal temperature for maximum gas 
production for livestock wastes was 40° to 44°C.  Recently, in some of the centralised AD 
plants in Denmark, the treatment temperature has been maintained in the thermophilic 
range of between 55° and 62°C. This higher temperature has a positive effect on the 
biogas yield and increased pathogen kill (refer to Chapter 9). 
 

HRT (d) 

B 
(L CH4 g VS-1) 
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Figure 5.4 Total Gas Production (TGP) response surface to temperature and hydraulic retention 
time. Adapted from (Harris 2012) 
 

5.2.2 pH 
The optimal pH for AD, particularly in the methanogenesis phase is between 6.5 and 7.5. 
At these levels the volatile acids have no significant toxic effects upon methanogenic 
bacteria at concentrations up to 1,000 mg L-1. Since the acetogenic phase of the digestion 
has a higher reaction rate than the methanogenic, accumulation of organic volatile acids 
(VFA) can occur in the reactor causing a decrease in pH and a further increase in VFA 
concentration. This can be a consequence of overloading the biomass with organic 
material (slurry) or from the effect of inhibitors like antibiotics or disinfectants. When the 
process is not corrected and the concentration of VFA is not reduced to tens or hundreds 
of mg VFA L-1, the production of methane can stop and only carbon dioxide is produced. 

5.2.3 Ammonia 
Ammonium ions play an important role in the AD process. Ammonium ions are rapidly 
formed in a digester during the decomposition of proteins. Since the anaerobic micro-
organisms grow relatively slowly they require only a low ratio C:N:P=100:1:0.2. In livestock 
slurry, mainly pig and poultry, the ratio can be as high as C:N=100:5. Therefore the 
ammoniacal nitrogen concentrations can reach levels of 2 to 6 g NH4

+ -N L-1. This shifts the 
pH level upwards to over pH 8 and free ammonia is released. This has an inhibitory effect 
on the production of biogas. Free ammonia levels should be maintained below 80 mg L-1 
while ammonium ion can generally be tolerated up to 1,500 mg L-1 as NH4

+ -N. Despite 
that, it has been found that with acclimation (usually several months), stable operation 
can be achieved at ammonia nitrogen concentration up to 8,000 mg L-1 (van Velsen 1977). 
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5.2.4 Sulphides 
Sulphides are produced in anaerobic reactors by the reduction of sulphates present in the 
influent and by degradation of proteins. If the concentration of soluble sulphides exceeds 
200 mg L-1 then the metabolic activity of methanogenic bacteria will be strongly inhibited, 
leading to the failure of the process. Because heavy metals form highly insoluble 
precipitates with sulphide, the addition of a metal, such as iron, provides a simple means 
of reducing the soluble sulphide concentration. Sulphides can also be present in the 
gaseous phase (biogas) in the digester. Therefore the concentration of soluble sulphides 
depends upon the pH of the liquid phase, the presence of heavy metals, and the 
composition of the gas phase (Lawrence and McCarty 1964). 
 
 

 
Figure 5.5 Gas Production per kg VS added Response Surface. Adapted from (Harris 2012) 
 

5.2.5 Treatment time and organic loading 
Treatment time (HRT) and the organic loading (see Figure 5.3, Figure 5.4 and Figure 5.5) 
of the digester affect the reduction of organic matter in the treated slurry (stabilisation) 
and the production of biogas. Slurry solids concentration used in AD plants is assumed to 
be between 4 to 6 % in dry matter.  
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5.3 Advantages and disadvantages of anaerobic digestion         
(Table 5.1) 

5.3.1 Advantages of anaerobic digestion 

• Effective destruction of a wide range of pathogenic and faecal micro-organisms. 
• Odour and a range of environmental impacts can be effectively reduced to low 

levels. 
• Increasing proportion of immediately available plant nutrients in the treated 

manure. 
• Anaerobic digestion is a net energy producing process. Surplus biogas can be used 

to generate electricity and thus defray the cost of the process. Also, the excess of 
heat can be sold for heating of large buildings and/or district heating purposes. 

• By producing energy from non-fossil derived fuel, it reduces the impact on global 
warming. Similarly it contributes to the reduction of methane emissions from 
stored and land applied raw manure. 

5.3.2 Disadvantages of anaerobic digestion 

• High capital cost; specialist technical input and control is necessary. 
• Relatively complicated process, centralized plant has to be run by specialists. 
• Process needs to be thermophilic or to include pasteurisation of raw or treated 

manure for the most effective pathogen kill. 
• No reduction of waste volume nor of the nitrogen content. 
• Often, a high proportion of the generated energy has to be used on site owing to 

the remoteness of the farm and the relative small size of the operation. 
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Table 5.1 The advantages and disadvantages of anaerobic digestion technologies 
Technology Principle Advantages Disadvantages 
 
Covered 
Anaerobic 
Lagoon 
(CAL) 
 

 

• Total Solids 
content 
typically 0.5 – 
3% 

• Solids settle at 
bottom but 
decomposition 
occurs in sludge 
bed. 

• Low reaction 
temp. 

• Low mixing 
energy 

 

• Low cost 
• Often plants 

have 
anaerobic 
lagoons; 
hence 
technology is 
existing so 
capital cost 
can be low 

 

• Little contact of 
bacteria with bulk 
liquid occurs. 

• Low biomass 
conc.= low solids 
conversion 

• Low biogas 
production (in 
winter) 

• Hard to heat 
• Cleaning requires 

CAL to be taken 
off-line 

 
Enhanced 
CAL 

• Incorporated 
sludge removal 
and recycle to 
increase 
utilization and 
mixing 

• Can handle 
varying 
manure flow 

• Optimises 
manure 
treatment and 
biological 
stabilization 
for odour 
control 

• Capital cost is 
relatively low. 

• Better sludge 
handling 

• Moderate rate 
conversion. 

Mixed Tank • Dilution to 3 - 10% 
continuous feed in 
mixed tank. 

• Retention of 20 
days. 

• Used across many 
industries 

• Usually mesophilic 
• Requires constant 

conversion of feed 
solids to anaerobic 
bacteria 

• Established 
technology 

• Easy to control 
• Continuous gas 

production 
• Good conversion 

of solids to gas 

• High mixing cost 
• Poor vol. loading rate 
• Expensive tanks 
• High installation cost 
• High energy cost due 

to mixing & heating 
• Need dilution liquid 
• Bedding needs milling 
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Contact • Retains 
bacterial 
biomass by 
separating 
& concentrating 
solids 
in a separate 
reactor & 
returning the 
solids to the 
influent. 

• Thermophilic or 
mesophilic 
digestion 

• High process 
rate 

• More 
degradable 
waste can be 
converted to 
gas since 
substantial 
portion of the 
bacterial mass 
is conserved 

• Can treat both 
dilute & 
concentrated 
waste 

• Very expensive 

Liquid plug-
flow 
(RCM) 

• Dilution to 15% feed 
through a liquid 
plug-flow reactor 

• Very high loading 
rates. 

• Continuous gas 
production. 

• Energy recovery is 
optimized. 

• Digester dairy 
solids can be 
easily separated 

• Need dilution liquid 
(Dry waste). 

• Poor contact with 
active biomass. 

• Bedding might 
require milling. 

Fixed film • High rate 
• Fixed biofilm 

• Reduced 
hydraulic 
retention time 

• Reduced sludge 
generation 

• Better suited to 
soluble component 

• Only a fraction of 
available energy is 
captured 

 

5.4 Anaerobic lagoons  
Anaerobic lagoons are clearly the most common treatment system used by Australian pork 
producers. They provide a convenient, economical and simple method for stabilising 
organic matter into less reactive compounds and gases in the process of treating effluent. 
They are able to treat high strength effluent and have some tolerance of variations in the 
quality and composition of effluent for treatment. However, malfunctioning anaerobic 
ponds occurs.  A common fault that develops in anaerobic lagoons is that they become too 
acidic as a result of over-production of VFA’s. This is generally caused by overloading with 
organic matter, either continuously - the pond is under-sized or needs desludging - or due 
to shock loading.  The VFA’s are the most common cause of offensive odour. In addition, 
removal of sludge from these ponds can be very expensive and also release offensive 
odours. 
 
Anaerobic lagoons are typically 4-6 m deep with a length to width ratio of 2-3:1.  As a rule 
of thumb, 6 - 8 m3 of pond volume should be provided per standard pig unit (SPU), 
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although lesser volumes e.g. 4 - 6 m3 or less are possible with efficient solids removal. A 
more accurate method for sizing anaerobic ponds is to use an organic loading rate method 
to size the treatment capacity plus an allowance for sludge storage. The most common 
organic loading rate method for piggeries is a sizing based on volatile solids (VS) and K 
factors. For the Murray Bridge area, Kruger et al. (1995) suggest a K factor of 0.73, which 
translates to a VS loading rate of about 73 g VS m-3 d-1. A further 25-40% of pond volume 
should be added for sludge storage.  The influent should be added at a point as far away 
as possible from the effluent outflow/draw-out point. These design criteria maximise the 
length of time that effluent takes to travel from one side of the pond to the other, hence 
maximising treatment time.  
 
Additionally there are lagoons which comprise an anaerobic component, though not 
throughout their depth, which are commonly described according the nature of their 
oxygen regime. 

5.4.1 Facultative lagoons  
Facultative lagoons combine the features of both anaerobic and aerobic lagoons. The 
surface acts aerobically, the sub-surface anaerobically to provide further treatment. 
Facultative lagoons are typically 1.5-2.5 m deep. In Australia, they are typically designed 
to have the same surface area as the accompanying anaerobic pond, for simplicity of 
design (Kruger, Taylor et al. 1995). 
 
Iowa State University (ND) suggests that the required surface area of non-aerated 
facultative lagoons renders them impractical for treating livestock influents. They suggest 
designing facultative ponds for mechanical aeration at the rate of 22 m2 kW-1 of aeration 
power. A hydraulic retention time of 20-30 days is also suggested. However, if ponds are 
designed this way, they are effectively a stratified lagoon.  

5.4.2 Stratified lagoons  
Stratified lagoons are anaerobic ponds with shallow mechanical aerators installed to 
aerate the surface of the lagoon to control odour. The function of these ponds is 
temperature-dependent, but they work well in semitropical to tropical climates. Kruger, 
Taylor et al. (1995), suggested One kilowatt of power should be provided for every 150 m2 
of lagoon surface area. Aeration involves significant capital cost and ongoing operating 
expenses.  

5.5 Anaerobic pond design – Prediction of manure composition.  
In the design of any anaerobic system, and for any subsequent algal treatment or 
production system, the first requirement is to understand the volume and nature of the 
material to be treated. Within a dispersed industry with diverse operational and 
management practices this can be a significant problem. Systems design using organic 
loading rates were first developed as a consequence of environmental concerns. The 
objective was to size the pond so that the organic matter – characterised as BOD or VS – 
was adequately treated in the pond prior to discharge or disposal by irrigation. A manure 
prediction model was required to characterise the influent and aid design of intensive 
livestock waste treatment ponds.   
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The earliest methods for estimating manure production were simply to express manure 
production as a fixed amount (kg VS head-1d-1) or as a percentage of liveweight. For 
example, manure production from feedlot cattle was estimated to be about 6% of body 
weight (ASAE 1988). However, these methods did not take account of feeding regime, 
growth rates and ration content. These “models” simply linearly related manure 
production to animal liveweight.  Experience with these models indicated that the manure 
production estimates were too crude and that many treatment ponds either had serious 
odour problems or filled quickly with sludge. 

5.5.1 DAMP model 
The most significant improvement in the prediction of livestock manure production came 
with the publication of a design methodology (Barth 1985a, Barth 1985b) for livestock 
ponds that overcame the odour and sludge accumulation problems. Barth proposed the 
Digestibility Approximation of Manure Production (DAMP) technique, which was arguably, 
the first technique that aimed to predict the organic content of excreted manure using 
animal performance data. Digestibility Approximation of Manure Production (DAMP) is a 
systematic approach to estimate the TS, VS and Fixed Solids (FS) or ash component of 
animal manure based on known diet and digestibility data. This technique applies to any 
class of animal or bird. It assumes that FS and VS components of concentrates and protein 
supplements were available according to the reported value for percent total digestible 
nutrient (TDN).  For each subclass of animal, DAMP requires, as input, the amount fed and 
percent wastage, percent dry matter, ash content, percent TDN, and percentage of the 
fixed solids available in the organic and mineral component of the diet of each feed 
component offered. 
 
All nutrients (crude protein, crude fibre, nitrogen-free extract, crude fat) are scaled to 
the energy equivalent of carbohydrate. In non-ruminant animals, TDN is a measure similar 
to metabolic energy and not to digestible energy. In ruminants, the net energy also has a 
component related to the methane and fermentation heat lost. The reference system of 
the TDN does not take into consideration the metabolisability of the diet. This means that 
all feedstuffs are assumed to be used equally efficiently for maintenance and lactation, 
regardless of TDN composition. 

5.5.2 Nutrient Mass Balance Models 
The DAMP model only predicts organic matter production in manure.  In Australia in the 
later 1980s and early 1990s, there was a need to also understand nutrient excretion.  
Environmental regulators were asking for explanations of sustainable nutrient (N, P, K) 
utilisation at intensive livestock facilities. This led to the development of mass-balance 
models for manure production. 
 
These models apply a mass-balance approach to nutrients (N, P, K) and include DAMP to 
estimate the organic matter component of manure production. Typically, individual 
percentages of ration ingredients characterises the animal ration, and the full range of 
animal types, growth rates, feed intakes and liveweight characterises the animal group. 
For piggeries in Australia, the most commonly used model is PIG-BAL (QPIF 2004) . An 
important improvement is that the PIG-BAL model includes provision for the estimation of 
feed wastage as this waste feed becomes part of the manure load on the waste treatment 
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system. Feed waste is a significant contributor to total manure properties (Barth 1985a). It 
has been estimated that feed waste of 5% can increase the manure TS by 40%. 

5.5.3 DMDAMP model 
The Dry Matter Digestibility (DMD) approximation of manure production (DMDAMP) predicts 
the amount of TS, VS and FS excreted by animals using DMD instead of TDN values of 
individual ingredients(McGahan, Casey et al. 2000). DMD data is also more readily 
available in Australia for feed ingredients compared to TDN. With data on the digestibility 
of each feed ingredient, the digestibility of the whole diet is used to predict the TS, VS, 
and FS or ash excreted by an animal using mass-balance principles.  

5.5.4 Summary of manure prediction models currently used in Australia 
In PIG-BAL (QPIF 2004), the waste details are presented in the DMDAMP and nutrient 
balance analysis sheets. The TS, VS, ash and nutrient component of the manure is 
presented for different classes of animal. PIG-BAL also predicts the amount of nutrients 
(nitrogen, phosphorus and potassium) produced based on mass balance principles (as with 
ash production). TS, FS and VS are calculated with following Equations 5.1 to 5.3. 
 
TS = (Feed intake x DM% of feed x (100-DMD% of feed) + (Feed wasted x DM% of 
feed)……………………………………………………………………………………………………………………Equation 5.1 
 
Ash = (Feed intake x DM% of feed x Ash% of feed) – (LW gain * Ash content of 
pig)………………………………………………………………………………………………………………………Equation 5.2 
 
VS = TS Production – Ash Production…………………………………………………………………Equation 5.3 
 
The DMDAMP and mass balance approaches for predicting the amount of manure have 
been validated experimentally at a commercial 2500-sow piggery (McGahan, Duperouzel et 
al. 2001). All inputs (pigs, feed, fresh drinking water, fresh flushing water) and outputs 
(pigs, mortalities and manure) were measured on the grower/finisher section of the 
piggery. The National Environmental Guidelines for Piggeries (NEGP) also uses the same 
DMDAMP and mass balance theory to predict waste output for different classes of pig. 
 
In Department of Climate Change (DCC) (2007) models for high density of animals in 
feedlots, VS production is estimated using intake and dry matter digestibility data 
developed to calculate enteric methane production. For pigs, the VS production for each 
state and different pig classes can be generated from predicted outputs from the PIG-BAL 
model. 
 
In ASABE (2005) standards, organic matter is estimated with an equation for beef cattle 
only and VS/TS ratios are also provided. For pigs and dairy cows, TS are estimated from 
empirical equations and VS is calculated with standard VS/TS ratios. ASAE (1988) provides 
tables to determine VS/TS ratio for pigs, dairy cows and beef cattle based on live animal 
mass. 
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5.6 Anaerobic digestion - Estimating methane production from 
volatile solids in the manure 

5.6.1 Bo Factor 
Bo is the maximum methane-producing capacity for manure produced by an animal 
expressed as m3CH4 kg VS-1. Bo varies with animal type (via differences in digestive 
capacity) and feed type. Maximum methane yields from the literature are presented in 
Table 5.2. 
 
To allow estimation of methane production from animal manures, the International Panel 
on Climate Change (IPCC 2006) standardised Bo, which is determined by anaerobically 
digesting a sample of manure of known VS content and measuring the methane yield 
(Møller, Sommer et al. 2004). Methane productivity from manure can be measured in 
terms of volatile solids (VS) destroyed, VS loaded, volume, or animal production. Methane 
productivity measured in terms of VS destroyed (m3 CH4 kg VSDES

-1) corresponds to the 
theoretical methane yield (Bu) if there is complete degradation of all organic components 
of the manure. 
 
The theoretical methane potential can be calculated from Buswell’s formula (Symons and 
Buswell 1933). As residence time approaches infinity the methane productivity ( m3 CH4 kg 
VSload

-1) is referred to as the ultimate methane yield. The ultimate methane yield will 
always be lower than the theoretical methane yield since a fraction of the substrate is 
used to synthesize bacterial mass, a fraction of the organic material will be lost in the 
effluent, and lignin-containing compounds will only be degraded to a limited degree 
(Møller, Sommer et al. 2004).  Inhibition of the biological process by inhibitors such as 
ammonia and VFAs also reduces the actual methane yield compared with the potential 
yield in the absence of inhibition. It has been observed that the origin of the manure 
influences both the ultimate methane yield and the volumetric methane production (L CH4 
m-3 manure). The ultimate methane yield (m3 CH4 kg VS-1) is affected by various factors, 
including; 
• species, breed and growth stage of the animals. 
• feed – there is a trend to lower Bo from barley based diets compared to corn diets 
• amount and type of bedding material. 
• degradation processes during pre-storage. 
 
Furthermore, Vedrenne et al. (2008) note that there is no standard methodology for the 
determination of Bo and different researchers have used different methodologies. The 
variations in methodology include: 
• Incubation temperature - varying from 35°C to 55°C. 
• Incubation time – varying from 50 to 157 days. 
• Source and amount of inoculant added. 
• Amount of dilution of the sample. 
• Timing and amount of mixing of the sample. 
 
Both Vedrenne et al. (2008) and Karim et al. (2005) have found that variation of any of 
these parameters affects maximum methane yield. Hence, as well as variations with feed 
type, Bo data will vary depending on experimental protocol and should be evaluated with 
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knowledge of the experimental procedures adopted. All data sets show that as loading 
rate increases above 2 g VS L-1 d-1 the efficiency of the digester in converting VS to 
methane decreases  
 
The discussion about the definition of Bo highlights the lack of common understanding in 
this area. Most researchers assume that Bo refers to fresh manure directly from the animal 
prior to any breakdown and without additions from bedding and wasted feed. That is to 
say that it is a parameter that is intrinsic to the animal and independent of the housing 
and feeding system. However, the above discussion suggests that Bo takes into account 
housing and feeding systems. This has clear implications for actual methane yield 
predictions from a manure treatment system depending on the methane conversion factor 
(MCF) applied. There are no Bo data available for Australia. 

5.6.2 The methane conversion factor 
The methane conversion factor (MCF) reflects the portion of Bo that is achieved (IPCC 
2006). The system MCF varies with the manner in which the manure is managed and the 
climate, and can theoretically range from 0 to 100%. Both temperature and retention time 
play an important role in the calculation of the MCF. Manure that is managed as a liquid 
under warm conditions for an extended period of time promotes methane formation. 
These manure management conditions can have high MCFs, of 65 to 80%. Manure managed 
as dry material in cold climates does not readily produce methane, and consequently has 
an MCF of about 1%. DCC (2007) recommends the use of 90% as the MCF for lagoons at 
piggeries. 
 
 
Table 5.2 Maximum methane yields from pig wastes 
Ration (country) Bo (L CH4 g VSadded

-1) Reference 
Barley-based ration - UK 0.36 (Summers and Bousfield1980) 
Barley-based ration - 
Netherlands 

0.32 (van Velsen 1977) 

Barley-based ration – France 0.253 – 0.408 (Vedrenne, Béline et al. 2008) 
Barley-based ration – Spain 0.176 (Rodrı́guez Andara and Lomas 

Esteban 1999) 
Corn/soya - USA 0.48 (Hashimoto 1984) 
Corn/soya - USA 0.49 (Hashimoto 1983) 
Corn-based - USA 0.32 (Hill 1984) 
Corn-based - USA 0.52 (Kroeker, Schulte et al. 1979) 
Corn-based - USA 0.48 (Stevens and Schulte 1979) 
Corn-based - USA 0.47 (Chen 1983) 
Corn-based - USA 0.44 (Iannotti, Porter et al. 1979) 
Corn-based - USA 0.45 (Fischer, Sievers et al. 1975) 
Corn-based - USA 0.43 (Fischer, Iannotti et al. 1984) 
Corn-based - USA 0.35 (Durand, Iannotti et al. 1988) 
Corn-based - USA 0.28 (Karim, Hoffmann et al. 2005) 
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5.7 Anaerobic digestion - Electricity generation from biogas 
Electricity production from biogas can be a very efficient method for producing electricity 
from a renewable energy source. Bigger biogas plants are generally more cost-efficient 
than smaller ones. However, electricity generation from biogas is a technology 
appropriate even for relatively small applications in the range of 10-100kW (Energypedia 
2012). Particularly, if the emerging heat from the power generator can be used in an 
economically and ecologically sound way. The average calorific value of biogas is about 
21-23.5 MJ m-³; 1 m³ of biogas is equivalent to 0.5-0.6 L diesel fuel or an energy content 
of about 6 kWh. However, due to conversion losses, 1m³ of biogas can only be converted 
to around 1.7 kWh electricity, which is enough to power a 100 W light bulb for 17 hours or 
a 1700W hair dryer for 1 hour - the remainder of the 6 kWh is converted into heat. The 
skill in turning the operation into a cost effective business is to capture and use that heat. 
On a piggery there are several applications that require heating.  
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5.8 Case studies 

5.8.1 Case Study 1: Berrybank Farms, Windermere, Vic 
 
Summary  
In 1989, Berrybank Farms piggery installed a Consil Associates Pty Ltd, Total Waste 
Management System, incorporating a methane generator (Figure 5.6).  The effluent is 
homogenised and filtered and the thickened solids removed pass into a primary, then a 
secondary digester. Gas produced by the digestion is collected and purified before being 
used in a cogeneration thermic plant. Two major environmental benefits are the reduction 
in the mass of methane released to the atmosphere and the availability of methane for 
conversion to power. 
 
History 
The Charles Family has owned the Berrybank Piggery, 20 km west of Ballarat for many 
years. The piggery was started by Melville Charles in the late 1960s and developed 
steadily. Today the piggery has 20,000 head, 2,500 acres of cropping land owned and a 
further 1,500 acres share farmed or leased, and a garden products business turning out 
around 1,000,000 bags of compost and potting mix per year.  
 
Waste Management 
The waste management system is a seven-stage process (Fig 4.7) including automatic and 
continuous waste collection, grit removal, slurry thickening, primary digestion,  secondary 
digestion, biogas purification and a co-generation thermic plant. The process was 
implemented in November 1989 and electricity production started in 1991. 
 
Waste Production and Collection 
Every 2 kg of feed fed, the pig produces 1 kg of waste. The effluent is first collected via 
slatted floors in the pens. Under the pens are drains which collect about 1.4% solid matter 
in liquid. The farm modified the existing drainage around and under the piggery to recover 
the waste products, and installed automatic flushing valves and linked them to the main 
pumping station. The valves are solenoid-activated and enable remote controlled flushing 
at various times of the day, working in a somewhat similar way to an automatic watering 
system in a domestic garden. Meat and bone meal fed to the pigs contains granules of 
bone, and this passes through the pig and into the effluent. The grit from these granules 
resides in the slurry and is removed by simple sedimentation. This is important, as the grit 
can damage the internal pump mechanisms. 
 
Treatment System 
The effluent is then thickened (6-7% solid matter - consistency of a thick soup) by 
flocculation and dissolved air flotation (DAF). The solids float to the top and are scraped 
off and clarified water is extracted from the bottom of the tank. The clarified water is 
recycled, either as flush water in the piggery, put into storage, or applied directly to the 
land as fertiliser. The solids are anaerobically digested.  
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Anaerobic Digestion  
The system comprises a primary and secondary anaerobic digester. The Primary digester 
was engineered for a 15 day retention time and the secondary digester has a 5 day 
retention time. The enclosed, primary anaerobic digester is heated, using recovered heat 
from electricity generation, to 32 -37 °C. It is mixed, using the compressed biogas within 
the digester, to keep the temperature uniform and the bacteria in suspension. A fraction 
of the digestate from the secondary digester is returned to the primary digester enabling 
further digestion of more recalcitrant component of the slurry, this increases the effective 
retention time closer to 35 days. The secondary digester not only provides the separation 
of digested and undigested material via a venturi separator but also provides gas storage 
in a gas bell. Gas production is 1700 m-3 d-1, comprising 68% methane at an H2S 
concentration of 1200ppm before scrubbing and 100ppm after scrubbing. The gas is then 
used to produce electricity via generators on the farm. 
 
Electricity Generation 
Current generation capacity is 140 KW and 80 kW (Caterpillar). The generators are not 
operated simultaneously, on average the 140kw machine is run for 16 hours per day and 
the 80 kW for 8 hours. They produce around 2.6 – 3.4 MWh d-1 of electricity. Electricity 
production has been boosted recently, particularly in winter, with the gas boilers 
previously used to heat the digester replaced by recovered exhaust heat to heat the 
primary tank, therefore saving gas.  
 
 

 
Figure 5.6 Schematic of seven-stage waste management system at Berrybank Farm 
 
 
Material Recovery 
Each day, the farm now recovers: 

• approximately 7 tonnes of waste solids at 35% dry matter (used as fertiliser), 
• 100,000 litres of recyclable water, 
• 100,000 litres of mineralised water (used as fertiliser), and 
• 1700 cubic metres of biogas, (Bo of 0.43) with a co-generation electricity program 

with a daily output of 2.6 – 3.4 MWh. 

Spent manure is used to produce garden fertilisers and excess liquid fertilises feed crops 
on the property, with a fertilizer replacement value of $100,000 p.a. 
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Financial benefits:  

• $150,000 of electricity produced 
per year  

• Water saving (DAF system)  
• External waste treatment (charge 

for this)  
• Generation of fertiliser  
• Piggery expansion  

 
 

Environmental benefits:  

• BOD reduction  
• Odour, pathogen and weed 

elimination  
• Greenhouse gas reductions  
• Prevention of soil and water body 

degradation  
• Water recycling  
• Improved working environment – 

odour and pests  

5.8.2 Case Study 2: Bears Lagoon Piggery, 60 km N of Bendigo, Vic 
A RIRDC funded study has been conducted by University of Queensland researchers at a 
site located approximately 60 km north-west of Bendigo, Victoria. Bears Lagoon Piggery is 
a commercial grow-out operation (accommodating nursery through to finisher pigs). The 
operation is owned by George Weston Foods Limited (RIRDC_Birchall 2010). 
 
Pig numbers on-site averaged 23,000 standard pig units (SPU) during the 12 month 
monitoring period from June 2008 to May 2009. The piggery operation comprises two 
separate units: 
 
• Unit 1 houses nursery pigs from 18 days of age progressing through to weaner and grower 
pig groups (14 sheds in total) 
• Unit 2 - at 17 weeks, pigs are transported across from Unit 1 for finishing before being 
sold at 23-24 weeks (12 sheds in total). 
 
All sheds have under floor flush alleys with bore water supplying the drinking water and 
water for flushing. While the nursery, weaner and grower pigs (Unit 1) are located 
approximately 600m from the finishers (Unit 2), all wastewater is pumped to the main 
wastewater sump and treatment system located adjacent to Unit 2. The treatment system 
comprises a pair of static screens, an 18 ML, 7.8 m deep covered anaerobic lagoon (CAL), 
a 9 ML partially aerated basin and a 120 ML winter storage. Treated effluent is distributed 
over an area of flood irrigation on-farm. The 18 ML CAL and biogas flare were added to the 
system in June 2004 and has been operated without being desludged since that time. 
 
Data was collected over the period from June 2008 to May 2009 (RIRDC_Birchall 2010) and 
is summarized below. 
 
Wastewater flow rate and HRT 
The median flow over the 12 month period was 493 kL d-1 (1st decile flow 340 kL d-1, 9th 
decile flow 735 kL d-1). Inflows to the CAL were higher in the warmer months; partly a 
result of increased water use for pig cooling. 
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Effluent and ambient temperature 
The mean ambient temperature over the 12 month period at the site was 15.2oC with a 
mean monthly temperature ranging from 8.0oC to 24.1oC. Lagoon temperatures were 
around 5oC warmer than ambient with a mean of 19.9oC measured in the discharge pit and 
20.6oC at 3.5 m depth. The temperature at 3.5 m depth showed both some moderation 
and lag compared to that measured in the discharge pit (Figure 5.7). Temperatures at 0.5 
and 1.5 m depth were similar to those recorded at the discharge pit. 
 
 
                   Ambient     Effluent (discharge pit)    Pond (3.5 m depth) 

                   

 
               A       S        O       N       D       J        F      M       A       M       J       J 
Figure 5.7 Bears Lagoon. Mean monthly ambient and effluent temperatures. Adapted from 
(RIRDC_Birchall 2010) 
 
 
Volatile Solids 
The mean VS concentration (influent) was 8210 mg L-1 for screened wastewater (June 2008 
to March 2009) and 18,090 mg L-1 for unscreened wastewater (April/May 2009; the only 
two sampling events completed for unscreened wastewater). The mean effluent VS 
concentration was 3230 mg L-1 from June 2008 to March 2009 and 4520 mg L-1 for 
April/May 2009. Monthly mean VS concentrations for the influent and effluent are 
presented in Figure 5.8.  The VS/TS ratio averaged 0.67 for screened wastewater and 0.78 
for unscreened wastewater. The mean daily VS load for influent was 4340 kg d-1 for 
screened wastewater and 7280 kg d-1 for unscreened wastewater. 
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                  J      J        A       S     O/N     D      J        F      M       A      M 
  Figure 5.8 Mean monthly VS Influent (purple) & Effluent (maroon) (g L-1). Adapted from     
(RIRDC_Birchall 2010)                     
 
 
Biogas production and methane concentration 
Between June 2008 and May 2009, the mean daily biogas production was 3350 m3 d-1 and 
ranged from 2550 m3 d-1 (July) to 4030 m3 d-1 (November) for screened wastewater at 
standard conditions of 15oC and 101.3kPa (Figure 5.9).  A mean daily biogas production of 
4160 m3 d-1 was recorded for May 2009 after the rundown screens were taken off-line and 
raw wastewater was pumped directly to the CAL; reversing what should have been a 
declining trend as lagoon temperature dropped. In fact, daily biogas production increased 
each month following the removal of the pre-treatment screens with means of 4370 m3 d-1 
(June), 4890 m3 d-1 (July) and 5490 m3 d-1 (August) in response to the additional organic 
load being introduced to the CAL. The magnitude of the increase exceeded expectations 
(the screens were estimated to be responsible for a 40% reduction in load) and longer 
monitoring was suggested to understand the response. 
 
Power generation potential 
With a low heat value (LHV) of 50.0 MJ kg-1 CH4, the mean methane production represents 
an energy yield of 71,400 MJ d-1. Assuming a conservative electrical conversion efficiency 
of 25%, a generator could produce 5000 kWh d-1 from the methane produced; a power 
output of 207 kW (range from 160 to 250 kW). With an average electrical consumption 
being 6755 kWh per annum (Energy Efficient Strategies 2008), the mean potential power 
output from Bears Lagoon would be sufficient to power 270 Australian households. 
 
Based on the mean stock numbers over the monitoring period (23,000 SPU), the mean 
output represents a power generation potential of 0.9 kW per 100 SPU or 0.009 kW per 
grower pig (40kg nominal liveweight). This potential should increase by approximately 40% 
to 1.26 kW per 100 SPU when the wastewater pumped to the CAL remains unscreened.  
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           J       J         A         S        O        N         D        J         F        M        A        M 
Figure 5.9 Gas production and methane concentration Adapted from (RIRDC_Birchall 2010) 
 
 
Methane yield 
Using the data for organic load and methane production (Figure 5.9) the methane yield in 
terms of both VS and COD added to the CAL was calculated. That data is presented in 
Table 5.3. The volumes shown in Table 5.3 are for methane at 15oC and 101.3 kPa.  As 
data is often compared without stipulating gas conditions, the yields were converted to a 
mass basis using a density of 0.678 kg m-3 (methane at 15oC) to avoid confusion.  Note also 
that the yields are calculated based on organic load added to the CAL and that a portion 
of that load is discharged with the effluent. Approximately 64% of influent VS was 
partitioned to the pond and 71% of COD. The yields of Table 5.3 would be higher if 
calculated on the basis of load partitioned to the pond (influent minus effluent).  
 
Stoichiometrically, the destruction of 1 kg of COD produces 0.35 m3 of CH4 at 0oC and 
101.3 kPA (Metcalf_&_Eddy 2003). Using the universal gas law, this is equivalent to 0.37 
m3 of CH4 at 15oC and 101.3 kPA. However, to avoid possible confusion as a result of 
differing gas conditions, it is advisable to use a mass-based constant of 0.25 kg CH4 kg-1 
COD and compare yield results on that basis. It is apparent that the result recorded for 
December 2008 (a yield of 0.29 kg CH4 kg-1 COD) is therefore only possible if some COD 
added remains undigested during the colder months and is carried over and digested as 
lagoon temperatures increase. Such behaviour is expected but cannot be verified without 
detailed sludge surveys.  
 
In terms of VS added, the mean yield (June 2008 to May 2009) was 0.33 kg CH4 kg-1 VS. 
IPCC (2006) adopt a Bo of 0.48 m3 kg VS-1 for USA and 0.45 m3 kg VS-1 for Oceania (both ± 
15%) unless country-specific data is available. As IPCC (2006)use gas conditions of 20oC and 
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101.3 kPa, those estimates of Bo are equivalent to 0.32 and 0.30 kg CH4 kg-1 VS 
respectively. From the recorded yield of 0.33 kg CH4 kg-1 VS, it is possible to incorrectly 
conclude that negligible VS was partitioned to settled solids/sludge or lost with effluent. 
However, it is very likely that the high apparent yield is a result of some VS indeed being 
lost during VS determination, or that the measurement of gas production is inaccurate. 
 
 
Table 5.3 Monthly methane yields at Bears Lagoon Adapted from (RIRDC_Birchall 2010) 

Month Methane Yield 
  

Volume 
(m3 CH4 kg-1 

COD) 

 
Weight 

(kg CH4 kg-1 COD) 

 
Volume 

(m3CH4 kg-1VS) 

 
Weight 

(kg CH4kg-1 VS) 

June 0.23 0.15 0.51 0.34 
July 0.20 0.14 0.37 0.25 
August 0.21 0.14 0.43 0.29 
September 0.26 0.18 0.38 0.26 
Oct/Nov 0.32 0.21 0.94 0.64 
December 0.43 0.29 0.58 0.40 
January 0.31 0.21 0.59 0.40 
February 0.22 0.15 0.43 0.29 
March 0.20 0.13 0.44 0.30 
April   0.34 0.23 
May   0.30 0.20 
Mean 0.27 0.18 0.48 0.33 
 
 

5.8.3 Case Study 3: Grantham Piggery, 100 km W of Brisbane, Qld 
Grantham piggery operation (RIRDC_Skerman (2012) 
The piggery operates as a specialised breeder unit, housing 700 sows. Weaned piglets are 
transported off-site to contract grower units at 3 to 4 weeks of age. The resulting 1600 
pigs (1400 standard pig units - SPU) at the site are housed in two dry (gestating) sow sheds 
and two farrowing sheds with partially slatted floors. The pig manure and hosing water is 
collected in static pits, located under the shed floors. Effluent is released weekly from the 
static pits and is conveyed into the 2.1 m deep primary anaerobic treatment pond. The 
primary pond overflows by a gravity pipeline into a secondary pond. 
 
Results/key findings 

• The pond effluent temperature followed the daily fluctuations in the ambient air 
temperature; however, the magnitude of the fluctuations was buffered by the 
significant thermal mass of the pond effluent. 

• The average ambient temperature at the site was 18.6˚C which was 2.8˚ cooler 
than the average pond effluent temperature (at a depth of 1.8 m) and 7˚ cooler 
than the average biogas temperature. 
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• The average volatile solids loading rate entering the pond was estimated at 315 kg 
VS d-1 (0.2 kg VSm-3d-1) with a hydraulic retention time of approximately 130 days. 

• The average pond influent and effluent VS concentrations were 2.55% and 0.14% 
indicating that 94% of the influent VS were removed in the pond. 

• The average biogas yield from the covered pond was 65 m3 d-1, with an average 
methane concentration of 73%, resulting in an average methane yield of 47.5 
m3/day (32.2 kg CH4 d-1). 

• The average daily methane yield per mass of VS entering the pond was 0.15 m3 CH4 
kg VS-1 or 0.10 kg CH4 kg VS-1. 

• The average biogas yield could produce 1606 MJ d-1 of primary (heat) energy which 
could be used to offset the LPG currently used to heat water circulated through 
concrete heating pads in the farrowing pens, resulting in a potential saving of 
$23,000 per year. 

• Alternatively, the biogas could be used to run a combined heat and power (CHP) 
system generating 48,882 kWh yr-1 of electrical power, in addition to 293 GJ yr-1 of 
heat energy. 

 
Grantham & Bears Lagoon CAL’s compared 
 
Figure 5.10 and Figure 5.11 present a comparison of the environmental conditions within 
Grantham and Bears covered anaerobic lagoons (CAL’s). 
 
 

 
Figure 5.10 Air & Water Temperatures at Grantham (Qld) and Bears Lagoon (Vic) CAL’s 
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Figure 5.11 Water Temperatures and CH4 productivities at Grantham (Qld) and Bears Lagoon 
(Vic) CAL’s 
 
 
Based on the experimental data, the average methane yield from the partially covered 
pond was 1445 m3 CH4 month-1 (47.5 m3d-1) This is equivalent to 32.2 kg CH4 d-1, based on a 
density of 0.678 kg m-3 at 15˚C. Expressed in terms of methane produced per mass of 
volatile solids (VS) entering the pond, the average daily methane yield is 0.15 m3 CH4 kg 
VS-1 or 0.10 kg CH4 kg VS-1.  
 
In comparison, (NIWA 2008) suggests methane yield values in the range 0.20 – 0.28 m3 CH4 
kg VS-1, While (RIRDC_Birchall 2010) reported mean methane yield values of 0.48 m3 CH4 
kg VS-1and 0.33 kg CH4 kg VS-1for the Bears Lagoon piggery. Because the pond cover at the 
Grantham piggery only covers approximately half of the pond surface area, it could be 
expected that up to approximately half of the methane produced by the pond would not 
be collected by the cover. Under these circumstances, the Grantham methane yield values 
compare favourably with the NIWA values. While the Bears Lagoon methane yields are 
greater than 3 times the Grantham results, Birchall (2010) suspected some loss of VS 
during the laboratory analyses, resulting in the underestimation of VS loading and the 
overestimation of methane yield per mass of VS. 
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Table 5.4 Bear’s Lagoon: Fully Covered Anaerobic Lagoon (CAL) Inlet & Outlet parameters 
operating from June 2008 to May 2009.  Pond Volume 17.9 ML, Depth 7.48 m, median daily 
inflow 493 kL/day from 23,000 SPU’s, Theoretical Hydraulic Retention Time (THRT) 36 days.  
Mean Water Temp @ 3.5 m = 20.8°C (RIRDC_Birchall 2010) 
 

mg L-1 

 
Inlet 
TS 
 

 
Outlet 

TS 
 

 
Inlet 
VS 
 

 
Outlet 

VS 
 

Inlet 
COD 

Outlet 
COD 

Inlet 
TKN 

Outlet 
TKN 

Inlet 
NH4 

Outlet 
NH4 

Mean 13231 6608 9063 3310 15086 4636 1327 1336 725 1211 

SD 4984 4007 4357 2997 4079 4046 267 360 118 390 

Median 12600 4780 8249 2000 15200 3050 1316 1279 719 1095 
Number 
(n) 

63 36 63 36 54 30 64 36 68 38 

 
 
Table 5.5 Grantham: partially (50%) covered anaerobic lagoon Inlet & Outlet parameters 
operating from Dec 2008 to Dec 2010.  Pond Volume 1.7 ML, Depth 2.1 m (1.8 m effective), 
servicing 1,400 SPU’s.  Theoretical Hydraulic Retention Time (THRT) 130 days.  Outlet pH 7.4 – 
8.0  Mean Water Temp @ 1.8 m = 21.4°C (RIRDC_Skerman 2012) 
 

mg L-1 

 
Inlet 
TS 
 

 
Outlet 

TS 
 

Inlet 
VS 

Outlet 
VS 

Inlet 
COD 

Outlet 
COD 

Inlet 
TKN 

Outlet 
TKN 

Inlet 
NH4 

Outlet 
NH4 

Mean 3300 370 2400 130 N/A N/A 2271 1297 1184 953 

Max. 4970 490 3560 180 N/A N/A 2908 1958 1873 1465 

Min. 1890 290 1190 90 N/A N/A 1803 762 844 674 
Number 
(n) 

39 40 39 40 N/A N/A 17 17 19 17 

 
 
There is a paucity of data regarding the quality of effluent discharged from anaerobic 
digesters or CALs treating piggery wastewater. Tables 4.4 and 4.5 provide some of the few 
data available for Bears Lagoon and Grantham piggery CALs. When considering the 
potential to grow algae on this effluent the major concerns which emerge from the 
anlaysis is the high ammonia and suspended solids content, both of which have the 
potential to severely limit algal production for fuel or feed. This is considered in more 
detail in Chapter 8.  

5.9 ANAEROBIC DIGESTION OF ALGAL BIOMASS 
One option considered within this review is to produce a mixed population algal biomass 
as a biproduct of a more efficient and sustainable wastewater treatment system offering 
both green house gas abatement and improved pathogen reduction in reuse water. In this 
scenarion, anaerobic digestion of this algal biomass would contribute to increased on-
farm, renewable energy production. 
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Algal biomass may be a ready source of methane. According to Sialve et al. (2009), the 
methane content of the biogas from microalgae is 7 to 13% higher when compared with 
the biogas from maize. A recent study indicated that biogas production levels of 180.4 
mL/g day of biogas with a methane concentration of 65%  can be realized using a two-
stage AD process with different strains of algae (Vergara-Fernández, Vargas et al. 2008). 
 
Microalgae biomass composition is directly related to growth conditions; most microalgae 
have the capacity, under certain conditions, to accumulate large quantities of carbon in 
the form of starch or lipids (Qiang 2007). A common circumstance to stimulate this 
accumulation of lipid is nitrogen deficiency. Calorific value is directly related to lipid 
content, and under nitrogen starvation, results in a significant increase in the caloric 
value of the biomass with a decrease in the protein content and a reduction in the growth 
rate (2000).  Based on the data of these authors, Sialve et al. (2009) evaluated the 
energetic content (normal and N-starvation growth) of the microalgae C. vulgaris, C. 
emersonii and C. protothecoides, in two scenarios, firstly, the AD of the whole biomass 
and secondly, AD of the algal residues after lipids extraction. From the latter process, 
biodiesel and methane could be obtained with a higher energetic value. However, the 
energetic cost of biomass harvesting and lipid recovery is probably higher than the energy 
recovered, largely because most of the techniques involve biomass drying (Carlsson, Van 
Bilein et al. 2007). Sialve et al. (2009) concluded that when the cell lipid content is less 
than 40%, AD of the whole biomass appears to be the optimal strategy with respect to 
energy balance.   
 
Mussgnug et al. (2010), screened Chlamydomonas reinhardtii, Chlorella kessleri, Euglena 
gracilis, Spirulina (Arthrospira) platensis, S. obliquus and Dunaliella salina, and 
demonstrated that the biogas potential is strongly dependent on the species and on pre-
treatment. C. reinhardtii proved the most efficient - producing 587 mL (±8.8 SE) biogas g 
VS-1.  These authors suggest that for biogas production, the microalgae species should have 
a high degree of degradation and low amount of indigestible residue. The substrates 
should be concentrated but the drying process avoided, as it results in a decrease in the 
biogas production potential of around 20%. To avoid transportation of the wet biomass, 
the algal production facility and the biogas fermentation plant should be as close as 
possible (Mussgnug, Klassen et al. 2010). 
 
Although algal biomass provides a sustainable substrate for AD and methane production, it 
can be a challenging task to achieve in practice. The composition of microalgae provide 
great digestion potential, however, the algal cell walls can protect the cell from digestive 
enzymes and thereby reduce the cell biodegradability by the anaerobic consortium. A 
study by Sanchez and Travieso (1993) observed the chlorophyll concentration increased in 
an anaerobic digester during the first two weeks of digestion and was still detectable after 
64 days. These recalcitrant cells continued to produce oxygen in the biogas and thus 
decreased the performance of AD. Scenedesmus sp. and Chlorella sp. are known to have a 
recalcitrant cellulosic cell wall. Cell wall disruption is required to lower the recalcitrant 
organic fraction and enhance the overall algal biomass AD performance. Pre-treatment 
processes are generally characterised as either physical or chemical, and require study to 
refine their use and cost.  
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In 1985, Fallowfield and Garrett (1985) (Figure 5.12) developed a theoretical energy 
budget for a HRAP producing mixed algal –bacterial biomass from diluted pig slurry as the 
digester feedstock. This showed a positive energy balance and suggests enhanced biogas 
production outcome by adding this technology after an anaerobic digester, using both the 
separated liquid phase following thickening of the solids prior to digestion and the liquid 
effluent post digestion. 
 
 
 
 
 

 
Figure 5.12 A theoretical energy budget for a HRAP algal culture system in temperate climate 
conditions (Fallowfield and Garrett 1985) 
 
 
Somewhat surprisingly, anaerobic digestion studies using microalgae are scarce when 
compared to other organic substrates, (Sialve, Bernet et al. 2009). The general approaches 
to digesting unicellular algae can be separated into two main streams: either a multi-
species biomass is harvested from a wastewater treatment pond or a mono-culture 
biomass is grown in the laboratory. Sialve (2009) has summarized the experimental 
conditions and the corresponding methane conversion yield on some reported studies on 
microalgae AD (Table 5.4). 
 
Within these studies, the methane yield varies from 0.09 to 0.45 L g VS− 1. However, the 
species and culture conditions are also determinant factors for the overall methane yield 
performance. The other determinants include:  
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• Reactor types 
• Temperature (°C) 
• HRT (d) 
• Loading rate (g VS L− 1 j− 1) 
• Methane yield (L CH4 g VS− 1) 
• Biogas quality - CH4 (% vol) 

 
Table 5.6 Experiments with anaerobic digestion of microalgae species and algal sludge: 
substrate characteristics, methane yield and process conditions (Sialve, Bernet et al. 2009) 
 
 
Reactor 

 
Substrate 

 
Ta 

(°C) 

 
HRTb 

(d) 

 
Loading 

rate 
(g VS L-1 

J-1) 

 
Methane 

yield 
(L CH4    g 

VS− 1) 

 
CH4 

(% 
vol) 

References 

Batch 
11 L 

Algae sludge 
(Chlorella–
Scenedesmus) 

35–50 3–30 1.44–
2.89 

0.17–0.32 62–
64 

(Golueke et 
al., 1957) 

Algal biomass 35 28 1 0.42 72 
(Chen, 1987) Spirulina 35 28 0.91 0.32–0.31  

Dunaliella 35 28 0.91 0.44–0.45  
CSTRc 
2–5 L 

Tretraselmis (fresh) 35 14 2 0.31 72–
74 

(Asinari Di 
San Marzano 
et al., 1982) 

Tretraselmis (dry) 35 14 2 0.26 72–
74  

Tretraselmis (dry) 
+ NaCl 35 g L-1 

35 14 2 0.25 72–
74  

Batch 
5 L 

Chlorella vulgaris 28–31 64 – 0.31–
0.35d 

68–
75 

(Sanchez 
and 

Travieso, 
1993) 

Semi-
continuous 
10 L 

Spirulina maxima 35 33 0.97 0.26 68–
72 

(Samson and 
LeDuy, 
1982) 

Fed batch 
2 L 

Spirulina maxima 15–52 5–40 20–100 0.25–0.34 46–
76 

(Samson and 
LeDuy, 
1986) 

CSTR  
4L 

Chlorella–Scenesmus 35 10 2–6 0.09–
0.136 

69 (Yen and 
Brune, 2007) 

 
a Temperature, b Hydraulic Retention Time, c Continuous Stirred-Tank Reactor and d 

Estimated from data given in L CH4 gCOD− 1 using a COD/VS ratio of 1.5. 
 

5.9.1 Co-digestion 
Co-digestion is a technology that is increasingly being applied for simultaneous treatment 
of several solid and liquid organic wastes (Poggi-Varaldo, Valdés et al. 1997, Callaghan, 
Wase et al. 1999, Alatriste-Mondragón, Samar et al. 2006, Perez, Rodriguez-Cano et al. 

http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib33
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib33
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib19
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib7
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib7
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib7
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib75
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib75
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib75
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib75
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib71
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib71
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib71
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib74
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib74
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib74
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib86
http://www.sciencedirect.com/science/article/pii/S0734975009000457#bib86
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2006). Several studies have shown that multicomponent mixtures of agro-wastes, rural 
wastes and industrial wastes can be digested successfully, although with some mixtures a 
degree of both synergism and antagonism occurred (Misi and Forster 2001, Misi and Forster 
2002, Cavinato, Pavan et al. 2008). 
 
According to Angelidaki and Sanders (2004), when the composition of the organic digestate 
is known, it is possible to predict the theoretical methane, carbon dioxide and ammonium 
yields that can be expected from the AD. These yields can be calculated with the 
following formula adapted from Symons and Buswell (1933). However, it must be kept in 
mind that this theoretical approach does not take into account needs for cell maintenance 
and anabolism (Symons and Buswell 1933, Angelidaki and Sanders 2004, Sialve, Bernet et 
al. 2009). 
 

        CaHbOcNd + �4a−b−2c+3d
4

�H2O →  �4a+b−2c−3d
8

�CH4 + �4a−b+2c+3d
8

�CO2 + dNH3  

 
The association of various substrates is an effective way to enhance the performance of a 
digester by ensuring an optimal influent composition (Sialve, Bernet et al. 2009). Since the 
optimum C/N ratio is between 20:1 and 30:1 (Parkin and Owen 1986) co-digestion with 
other organic waste with a higher C/N ratio could improve the nutrient balance, increase 
the amount of degradable carbon, and most importantly the biogas yield (Sosnowski, 
Klepacz-Smolka et al. 2007, Silvestre, RodrÌguez-Abalde et al. 2011). Low C/N ratio 
feedstock could also result in high total ammonia nitrogen (TAN) released and high volatile 
fatty acid (VFAs) accumulated in the digesters. When C/N ratio is lower than 20:1, there is 
an imbalance between carbon and nitrogen requirement for the anaerobic microflora 
(Speece 1996) leading to nitrogen release, which can become inhibiting and results in an 
accumulation of VFAs (Sialve, Bernet et al. 2009). The TAN and VFAs are both important 
intermediates and potential inhibitors in the AD process. High concentration of TAN and 
VFAs in the digester would decrease the methanogen activity and further accumulation 
could result in shutdown of the AD (Yen and Brune 2007).  
 
Yen and Brune (2007) reported a significant enhancement of the methane production upon 
adding 50% (based on volatile solid) of waste paper in algal sludge feedstock. In mesophilic 
conditions operated at 4g VS L-1d-1, 35oC and 10 days retention time, the methane 
production rate was doubled compared to direct AD of algal biomass alone (1.17 L L-1d-1 cf. 
0.57 L L-1d-1). The maximum methane production rate of 1.61 L L-1d-1 was observed at a 
combined 5 g VS L-1d-1 loading rate with 60% of volatile waste paper solids added to algal 
sludge feedstock. The optimum C/N was observed to be between 20 and 25:1 (Yen and 
Brune 2007, Sialve, Bernet et al. 2009).  These results are consistent with those found by 
Sosnowaki et al. (2003) who combined sewage sludge and municipal solid waste (MSW) for 
co-digestion.  Most MSW consists of paper material including newsprint and has a C/N ratio 
ranging from 173:1 to greater than 1000:1, while typical sewage sludge has a C/N ratio 
ranging from 6:1 to 16:1 (Stroot, McMahon et al. 2001, Sosnowski, Klepacz-Smolka et al. 
2007).  
 
Further examples of co-digestion with high C/N ratio feedstocks to improve digester 
performance include the mixture of manure slurry with fruit, vegetable wastes and 
chicken manures (Callaghan, Wase et al. 2002). Co-digestion of sisal pulp and dish wastes 
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has shown a 59%-94% increase in the methane yield compared to single substrate AD alone 
(Mshandete, Kivaisi et al. 2004, Yen and Brune 2007). Other studies involved using some 
microalgae species such as co-digestion of S. maxima and protein-extracted algae to 
optimise the C/N ratio between 25 and 35:1 (Samson and LedDy 1983, Chen 1987, 
Angelidaki, Ellegaard et al. 2003).  
 
Chen et al. (2012) in describing their work on dairy waste co-digested with chicken 
manure report that process instability resulting from variations in substrate loading has 
been one of the obstacles to broader adoption of AD technology. They found that after 
deliberate substrate overloading there was an increase in the functional diversity of the 
methagenic community, which enhanced the capacity to overcome subsequent 
perturbations without performance disruption. Thus there appears to be strategies, 
warranting further investigation, to make anaerobic co-digestion quite stable when fed 
various amounts and quantities of substrates such as pig slurry and algal biomass. 

5.10 Summary 
The covering of anaerobic ponds to capture and flare off methane represents the only 
innovation in the handling of solid/liquid wastes in the pig industry in the past three 
decades in Australia. There is an expectation that this may be all the industry needs to do 
to achieve the stated goal of producing 1 kg of meat with the emission of 1 kg of CO2. In 
reality, AD can capture plenty of energy in the form of methane which can be converted 
into electrical energy further enhancing the sustainability of the pork industry. The 
treated material still contains much nutrient and many pathogens which will respond well 
to further treatment. 

5.11 Knowledge gaps 
• Paucity of data comparing performance of  anaerobic lagoons compared to ‘tank’ 

digesters under the same conditions to inform investment decisions and relative 
energy yeilds. 

• Optimising the quality of AD effluent for growth of algae, specifically managing the 
high ammonia and solids content which inhibit algal growth. 

• Determination of  methane potential (Bo) standards and analysis data for Australian 
conditions.  

• Determination of the conditions and relative contribution of algae and pig slurry for 
co-digestion to enhance biogas production under anaerobic conditions. 

• Cost effective algal cell wall lysis to ensure maximum biogas yields. 
• Optimisation of electricity production from biogas – gas turbines vs internal 

combustion engines. 
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 AEROBIC TREATMENT OF PIGGERY WASTEWATERS 6
      Dr Ivo Svoboda, Neil Buchanan and Prof. Howard Fallowfield 
      School of the Environment, Flinders University 
 
Aerobic treatment of piggery wastewater, while intrinsically an efficient treatment 
process, offers a number of advantages if coupled with anaerobic digestion particularly 
when considering subsequent algal production on the treated effluent. Specifically, 
aerobic treatment offers the potential to biologically oxidise ammonia to nitrate, 
preventing ammonia inhibition of algal growth, furthermore metabolic heat can be 
recovered from the process and used in the production facility; aerobic treatment also 
enhances subsequent solids separation and odour control.  The objective of this chapter is 
to introduce controlled aerobic treatment (AT) as an enabling technology for algal 
production.  

6.1 Introduction 
Piggery slurry is normally applied onto the land in its raw form, either fresh or after 
various lengths of storage.  Such disposal/utilisation may be acceptable when the land is 
distant from urban areas and land runoff and drainage water does not cause pollution of 
surface water.  When these conditions are not available, slurry has to be stored and 
treated to a satisfactory degree.   
 
Piggery slurry, depending on water content, can be treated to different levels depending 
on the perceived added value, i.e. a source of nutrients and/or energy, reduction of 
carbon footprint or environmental acceptance.  Available and efficient treatments for 
increasing (improving) slurry handling characteristics and decreasing pollution potential 
are mechanical separation, lime treatment, anaerobic digestion (AD) and aerobic 
treatment (AT).  In addition, slurry, pre-treated by anaerobic digestion or aerobic 
treatment, or their combinations may be treated further by algal culture (Fallowfield 
et.al., 1994). 
 
To prevent evolution of odorous volatile compounds, liquid manures are aerated using 
mechanical or compressed air devices while farmyard manure (FYM) is agitated or aerated 
in heaps or enclosed compartments during composting.  As with all biochemical reactions, 
the reaction rate increases at higher temperatures.  The heat needed to increase the 
temperature in slurries or compost material is normally generated by the exothermic (heat 
producing) metabolism of aerobic micro-organisms present in the feedstock slurry.  It is 
important that dilution of slurries is kept to a minimum to reduce volumes requiring 
treatment and, furthermore the heat generated in dilute liquid materials is mainly 
dissipated to the bulk of the liquid and to the environment so the temperature increase 
may be very low.  If concentrated materials are aerated in an insulated reactor, the 
specific heat evolution is larger and heat losses are smaller, thus the temperature can 
increase to the thermophilic range – when the process is sometimes called autothermic.  
Aerobic treatment/stabilisation of solid materials is termed “composting”, or “liquid 
composting” when liquid or semi-liquid materials (slurries) are treated (Svoboda, 2003). 
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Pig slurry contains a mixture of chemicals, particularly of organic nature, which make it 
difficult to be discharged into the environment in its raw state.  Handling, storing and 
mainly slurry land application give rise to problems such as offensive odour, ground and 
drainage water pollution by organic matter and pathogens.  Aerobic treatment of slurry 
can target these problems and minimise them by: 

• Decreasing COD and BOD 
• Manipulation of nitrogenous compounds 
• Decreasing  pathogens and faecal indicators 
• Reducing offensive odour by oxidising slurry odorous components 
• Production of energy  

 
The objective of AT is to decrease the pollution potential of wastes which can then be 
safely stored, utilised or disposed of without causing pollution of soil, air or water.  The 
process is based on the biological oxidation/stabilisation of the organic matter, in this 
case, contained in livestock slurries.   
 
Firstly, the micro-organisms already present in the slurry metabolise the dissolved 
(available substrate) components from the slurry.  These components, organic acids, 
phenols, indoles, low molecular weight proteins, small molecules of sulphur compounds 
etc., are the cause of the slurry offensive odour.  The concentration of these dissolved 
compounds is reflected in the high BOD5 of the liquid slurry phase (supernatant) with 
levels reaching 10,000mg L-1. Secondly, other organics, large molecules of suspended 
material, are hydrolysed by bacterial enzymes. This degradation is much slower than the 
first step. Thirdly, nitrogenous compounds, like urea and proteins, are decomposed into 
carbon dioxide and ammonia which is further oxidised to nitrite and nitrate. These 
oxidised forms of nitrogen can be finally reduced to nitrogen oxides and nitrogen gas. 
 
The final product of livestock slurry AT is treated slurry without offensive odour, with 
much lower BOD, reduced or completely eliminated pathogens and faecal bacteria, lower 
solids concentration and higher, readily available of plant nutrient content. 

6.2 The effect of aerating slurry on organic matter and nutrients 

6.2.1 Oxidation of Carbon 
The carbonaceous compounds are degraded and about 50% is oxidised to carbon dioxide, 
while another 50% of the carbon is used for the biosynthesis of biomass. Also water is 
created and energy is released (Equation 6.2). Heterotrophic bacteria are responsible for 
these transformations. Approximately 60% of this energy is used by micro-organisms to 
synthesise biomass while the rest is lost in the form of heat.  This quantity of heat has 
been measured and expressed as the amount of heat released by the biomass which used 
1kg of oxygen for the metabolism of carbonaceous compounds (Svoboda and Evans, 1987). 
This heat, which is approximately 4kWh kg O2

-1, increases the temperature of the aerated 
slurry.  In thermally insulated systems, with concentrated slurry and efficient aerators the 
slurry treatment temperature can reach over 50°C. 
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When slurry is sufficiently aerated, aerobic microbial activity dominates and free oxygen 
(rather than that chemically bound up), becomes the final electron acceptor.  The 
relatively strong oxidizing environment leads to a more extensive breakdown of organic 
compounds, with water, carbon dioxide and other simple molecules being the products.  In 
this way many of the organic compounds related to offensive odours are removed.   As the 
process progresses, the BOD and COD concentrations decrease (at a diminishing rate) as 
the more readily digestible material is consumed, and the slurry becomes more stable.   
The presence of aerobic conditions also leads to a reduction in pathogen numbers as many 
of these are strict anaerobes. 
 
Chemically, a major difference between anaerobic (Equation 6.1) and aerobic (Equation 
6.2) treatment of waste lies with the amounts of energy released, e.g. in the case of 
glucose. 
 
anaerobes 

C6H12O6    →     3CO2 + 3CH4..................................................................Equation 6.1 
ΔH = -132 kJ/mole 

 
aerobes 

C6H12O6 + 6O2      →      6CO2 + 6H2O……………………………………………..Equation 6.2 
ΔH = -2805 kJ/mole 

 

Consequently, aerobic treatments result in the production of considerable amounts of 
heat, whereas anaerobic treatments often need some warming to maintain the slurry 
temperature.  Thermodynamically, the difference is accounted for by the production of 
biogas from anaerobic processes. The larger energy driving force in the aerobic process 
not only produces surplus heat but also enables faster treatment rates.  Hence shorter 
treatment times and smaller reactors would be generally expected for aerobic processes.  

6.2.2 Heterotrophic oxygen demand  
The oxygen requirement of the heterotrophic biomass for the oxidation of carbonaceous 
compounds in whole pig slurry is calculated from equations published earlier (Baines et 
al., 1986).  They resulted from the correlation of a model derived from the Monod 
description of continuous culture growth, with data obtained from continuous treatment 
of pig slurry. Three equations (Equation 6.3 - 6.5) were developed to describe the oxygen 
demand for treatment of piggery slurry at treatment times from 0·5 to 15 d and 
temperatures between 15 and 50°C. They correspond to the normal sub-division of 
microbial species into psychrophiles, mesophiles and thermophiles. 
 
Heterotrophic oxygen demand =0.621-0.547/(1+0.14R )……………………………….Equation 6.3 
(15°C, kgO2/kg CODin) 
 
Heterotrophic oxygen demand = 0.465 – 0.333/(1+0.4R)………………………………….Equation 6.4 
(25-45°C, kgO2/kg CODin) 
 
Heterotrophic oxygen demand =0.555 - 0·429/(1+0·7R…………………………………….Equation 6.5 
(50°C, kgO2/kg CODin) 
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Where R is the mean treatment time (d) 
The oxygen requirement for carbon oxidation equates to about 188g of O2 pig-1 d-1 (at a 
treatment temperature of 25 to 45°C).  

6.2.3 BOD & COD removal 
The predominantly non-BOD part of the COD component is generally linked with the 
insoluble matter in the slurry and hence can be further reduced by physical separation 
processes such as sedimentation.  This is the strategy followed by the sewage industry 
where a combination of aeration and water clarification enables a final discharge into a 
water course. Such complete treatment is unlikely to be appropriate to most farms, being 
costly and seldom necessary.  
 

Residual supernatant BOD5 
The residual supernatant BOD5 is included in the model because it provides a useful 
indicator of potential polluting properties of the slurry, in particular the possibility of 
pollution of land drainage water and also as an indicator of the odour offensiveness of the 
slurry. It is calculated from Equations 6.6 and 6.7 for reaction temperatures below or 
above 50°C respectively. 
 

Treatment temperature, 15-45°C 
 

Supernatant BOD5 = 0·11/R…………………….………………………….Equation 6.6 
 
Treatment temperature, 50°C 
 

Supernatant BOD5 = (0.0427/R)+0.007 BODf(sup) …………….…Equation 6.7 
 
Where, BODf(sup) is the total supernatant BOD of the raw slurry. 
 

Livestock slurries can be aerated for various a) times, b) dissolved oxygen (DO) 
concentrations and c) temperatures. Also the aeration can be run as a batch or a 
continuous process. All of these parameters affect the characteristics of the treated 
slurries. The most efficient is a continuous culture process, and therefore most research 
has been devoted to it. 
 
When aerobic conditions are maintained during continuous aerobic treatment, i.e. in 
excess of 20% DO saturation, the changes in slurry characteristics are dependent on the 
treatment temperature and time (Graczyk and Kolaczkowski 1980), A series of laboratory 
experiments provided data allowing the generation of mathematical equations by Evans 
et. al., 1983 describing the characteristics of treated pig slurry (Table 6.1). In addition to 
calculations of treated slurry characteristics the difference between COD of raw and 
treated slurry provides a very good estimate of oxygen requirement for the particular 
treatment parameters. 
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Table 6.1 Equations for calculation of residual COD, BOD5 and BOD5 of supernatant (g. L-1) of 
treated slurry at treatment temperatures 25° to 45°C and 50°C, where TSf, TSSf, CODf and 
BODf are concentrations of fresh slurry and R the mean treatment time (Evans et al., 1983) 

Parameter Temperature 25° to 45°C Temperature 50°C 

TS [0.262/(1+0.4R)+0.744] TSf [0.450/(1+0.7R)+0.579] TSf 

TSS [0.282/(1+0.4R)+0.696] TSSf [0.405/(1+0.7R)+0.563] TSSf 

COD [0.333/(1+0.4R)+0.535] CODf [0.429/(1+0.7R)+0.445] CODf 

BOD5 1.568/R+0.152 BODf 1.568/R+0.152 BODf 

BOD5(sup) 0.11/R 0.0427/R+0.007 BODf(sup) 

TS, Total solids; TSS, Total suspended solids; COD, Chemical oxygen demand; BOD5, 

Biochemical oxygen demand (5 days); BODf(sup), Biochemical oxygen demand of 
supernatant 
 
 
As an example of assessing the changes of biodegradable organic material in pig slurry at 
mesophilic temperatures is shown below.   Pig slurry with 10% DM will have a BOD5 of 35g 
L-1. Mesophilic aeration for 5 days will reduce BOD5 according to the equation in Table 6.1 
as follows: 

BOD5 = 1.568/R+0.152 BODf 
BOD5 = 1.568/5 + 0.152 x 35 = 5.63 g. L-1 

 
The residual BOD5 will be therefore 5.6g. L-1, which is 16% of the original BOD5. This 
decrease of organic matter is reflected in changes in the offensiveness of the odour of the 
slurry. 

6.2.4 Oxidation of Ammonia 
The manipulation of the final form of inorganic nitrogen supports the inclusion of AT in a 
piggery wastewater treatment system where AD is the dominant treatment process and 
algal production is included. The fate of the nitrogen component of the slurry in an 
aerobic process is of particular importance. Pig slurry contains both organic nitrogen, as a 
partially digested protein, and inorganic nitrogen as ammonium ions and urea.  During 
continuous aerobic treatment, temperature, pH, treatment time and DO concentration 
will affect the nitrogen status (Evans et.al., 1986b).  The general sequence of 
transformations observed can be summarized as four steps, involving four different groups 
of bacteria. 
 

Mineralization bacteria 
Organic nitrogen  →  NH4

+……………………………………………………….Equation 6.8 
 
Nitrosomonas spp. bacteria 

NH4
+ + 1.5 O2  →   NO2

- + 2H+ + H2O……………………………………...Equation 6.9 
ΔH = -300 kJ/mole 

 
Nitrobacter spp. bacteria 

NO2
- + 0.5 O2   →   NO3…………………………………………………………….Equation 6.10 

ΔH = -75 kJ/mole 
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Denitrifying bacteria 

NO3
- + H+ →  N2 or N2O……………………………………..……………….Equation 6.11 

 

In the absence of nitrification activity (Equation 6.9) and (Equation 6.10)], large ammonia 
losses are likely, particularly if air flow rates are excessive – ammonia stripping.  
Treatment times over 3 days when the aeration level is over 1% of the saturated value for 
DO enable populations of nitrifying bacteria to develop. Ammonia losses are then 
subsequently suppressed as the pH falls and the ammonium ion is converted to nitrite and 
nitrate.  Microbiological oxidation of ammonia is influenced by the treatment parameters 
discussed below. 
 

Treatment temperature 
Nitrifying bacteria are more sensitive to extremes of temperature than are heterotrophs. 
The rate of nitrification is minimal at less than 5°C and the bacteria stop nitrifying at 
temperatures higher than 45°C. 
 
pH 
Low and high pH levels negatively affect nitrification rates.  The conversion of nitrite to 
nitrate (Eq. 10) is slower than the reaction which initially oxidises the ammonium to 
nitrite (Eq. 9)  thus an accumulation of nitrite is possible which decreases pH and when 
lower than 5.5 the un-dissociated nitrous acid inhibits nitrification (Prakasam and Loehr, 
1972). Similarly, pH levels >9, caused by high ammonium concentration, inhibit 
nitrification by increasing the concentration of free ammonia.  The recommended pH 
levels for optimum nitrification are between 7.2 and 8.2 (Alleman, 1985). 
 
Treatment time 
Ammonia oxidising bacteria like Nitrosomonas spp. and Nitrobacter spp. require a 
relatively longer generation time (time required for multiplication) than other bacteria, 
heterotrophs, which oxidise the carbonaceous components of slurries. In a continuous 
culture treatment (described below), the minimal generation time has been found to be 
about 2.5 to 3 days at mesophilic temperatures (15° to 40°C). At shorter treatment times, 
the nitrifying bacteria are washed out from the system and the nitrification process is 
terminated. 
 
Dissolved oxygen concentration 
DO concentration in aerated slurry affects the speciation of inorganic nitrogen.  The 
oxygen requirement for nitrification is given by: 
 
Autotrophic oxygen demand = 0·0457pNin………………………………………….…………..Equation 6.12 
(kgO2 kgN2

-1) 
 
Where, p is the percentage of total slurry nitrogen oxidized and Nin the total nitrogen 
content of raw slurry (kg).   
 
The percentage of slurry nitrogen oxidized (p) is dependent on the mean treatment time, 
reaction temperature and the level of dissolved oxygen maintained in the aerated slurry 
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during treatment.  At 15°C the doubling time of the nitrifying bacteria is inadequate to 
maintain a population within the reactor with mean treatment times less than 3 d.  This 
falls to about 2 d within the mesophilic range (25 to 40°C).  Above 40°C nitrification is 
inhibited. Nitrification is also inhibited at all treatment temperatures when the dissolved 
oxygen level in the reactor falls below 1% saturation.  Thus p is equal to zero at short 
treatment times, DO levels below 1% of saturation and reaction temperatures above 40°C. 
Under other conditions the value of p is related to the treatment temperature and DO 
concentration.  When the DO level is continually maintained above 15% of saturation, p is 
about 40% at 15°C, 60% at 25°C but falls again to 40% at 40°C. Simultaneously, as a 
consequence of nitrification the pH value of the treated slurry is about 5.0, while the pH 
value in non-nitrifying treated slurry is about 8. If the level of DO is maintained within the 
range 1 to 15% of saturation for all temperatures between 15 and 40°C the pH value of the 
treated slurry returns to neutral. This is because nitrification and denitrification occur 
simultaneously. In this case 62·5% of the oxygen used for nitrification is reused by the 
heterotrophs and the value of p is only equivalent to 37·5% of the total nitrogen oxidized. 
 
The oxygen demand for nitrification is about 82 g of O2 pig place-1 d-1 (25 to 35 °C), 
amounting to about 30 % of the total oxygen requirement (Evans et al., 1986).   
 
Control of inorganic nitrogen speciation   
Nitrifying bacteria start to oxidise ammonia when DO reaches between 0.1 to1% of 
saturation.  At lower DO levels only ammonia and organic nitrogen will be present in the 
slurry. At concentrations higher than 10%, and treatment times longer than 2.5 to 3 days, 
ammonia is oxidised to nitrate which is conserved in the liquid.  When partial or complete 
nitrification/denitrification occurs at DO levels between 0.1 and 10% nitrogen can be lost 
to atmosphere as nitrogen gas and nitrous oxide.   Using the redox potential as a measure 
for the DO level has advantages of more stable probes and overall description of the 
reaction environment. Williams et al., (1989) found that nitrification was inhibited in pig 
slurry aerated to redox potentials in the range E^ = -195 to -45 mV. Burton et al., (1993a) 
record similar findings, however, for treatment times of 4days, redox potentials in the 
range of E^=-70 to -30mV were found to be suitable for nitrification and denitrification to 
occur simultaneously. The effect of treatment time and oxygen level during mesophilic 
treatment on the fate of mineral nitrogen is shown in Figure 6.1. 
 
The potential to control the final form of nitrogen in the treated piggery waste may offer 
significant advantages for the culture of microalgae.  In nitrifying/ denitrifying mode and 
mesophilic temperature the effluent slurry is low in ammoniacal nitrogen thus suitable for 
further  treatment by algal culture, while the thermophilic mode, providing higher value 
of heat although lower quantity due to the heat losses, generate slurry with high ammonia 
content. 
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Figure 6.1 Nitrogen in pig slurry during continuous mesophilic aerobic treatment. 
 

 

De-nitrification 
The process of de-nitrification is characterised by the reduction of oxidised nitrogen 
(nitrite, nitrate) to di-nitrogen gas and/or to nitrogen oxides, mainly nitrous oxide 
(Equation 4.11).  Although this process happens only when the DO levels in treated slurry 
are low, it has been established that conditions in the treatment reactor, though far from 
ideal, result in regular losses of nitrogen through de-nitrification.   Nitrate in treated 
slurry can also be effectively exploited for maintaining offensive odour free slurry in the 
storage phase subsequent to treatment. Nitrate acts as an oxygen supply for aerobic 
bacteria in treated slurry and thus it limits, for various durations, the development of 
odorous substances by anaerobic bacteria. 

6.3 Reduction of offensive odour 
Pigs, being omnivores, consume large variety of feed which, after being partially 
metabolised in the animal digestion system, is excreted and together with urine and wash 
water creates slurry.  It has a high percentage of organic matter, on average 82% (Evans 
et.al., 1980).  When bacterially and enzymatically altered through anaerobic gut 
processes, a variety of odorous compounds are created.  The most important are volatile 
fatty acids, phenols, cresols, indols, low molecular proteins, mercaptans and hydrogen 
sulphide.  Slurry aeration initiates growth of ‘native’ aerobic microorganisms (Evans et. 
al., 1986a, Zhu et al., 2002) which preferentially consume simple low molecular 
compounds, consequently, slurry odour can be minimised within 3 days of aeration.   A 
relationship between the offensiveness rating and mean aeration treatment time was 
developed by Thacker and Evans (1985; Figure 6.2).  Odour offensiveness rating for pig 
slurry was also expressed as a function of total organic acids (TOA) which in turn were a 
function of volatile fatty acids (VFA). 
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Figure 6.2 The relationship between odour offensiveness and mean treatment time in an 
aerobic reactor (Thacker and Evans, 1985). 
 

 

The effect of slurry aeration on odour attenuation was demonstrated not only in 
laboratory trials but on hundreds of farms in Europe and elsewhere (Evans et.al., 1979, 
Martinez et.al., 2010). Aerobic treatment allows shorter residence times and faster 
breakdown of organic matter, hence enabling a larger quantity of waste to be treated in a 
given reactor volume, compared with anaerobic treatment. Williams et.al. (1991) 
compared an aerobic and an anaerobic treatment process for odour control. Although both 
processes gave odour reductions between 75 and 86 %, a residence time of 10 days was 
required for the anaerobic process compared with 2 days for the aerobic process. 

6.4 The effect of aerobic treatment on pathogens and faecal 
indicators 

The degree of inactivation of pathogenic bacteria and viruses in the aerated pig slurry 
depends on treatment process mode and its parameters. The modes can be continuous or 
semi-continuous aerated batch, sequencing batch or a continuous system. The most 
important parameters of the system are temperature, treatment time and pH. A detailed 
review of pathogen removal from piggery waste is presented in Chapter 9. 
 
As the aerobic process is highly exothermic, the rate of pathogen reduction is increased at 
the elevated temperatures achieved during aeration. At mesophilic temperatures 
Salmonella typhimurium was destroyed within 48 hours (Venglovsky and Placha, 1999), 
and the number of S.dublin was significantly reduced after 24 h, S. enteriditis was 
completely destroyed at 42⁰C after 40 h (Strauch et.al., 1970).  At a temperature of 60⁰C 
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Salmonella spp. were completely eliminated after several hours (Kabrick and Jewell, 
1982). 
 
Viruses like foot and mouth disease, Aujeszky's virus, rotavirus, parvovirus, enterovirus 
were inactivated within 24h at thermophilic temperatures (Martens et.al., 1998). Protozoa 
and parasites like Entamoeba histolytica are not always inactivated but trapped in the 
sludge, similarly Giardia cysts and helminth parasites.  Although a thermophilic treatment 
completely destroyed Ascaris suum eggs the mesophilic temperature reduced the viability 
by only 37% (Plachy et.al., 1995).  Cryptosporidium parvum oocysts were rendered non-
viable in cattle slurry undergoing aerobic thermophilic treatment within 15 minutes 
(Svoboda et.al., 1997). Intermittent cycle aerobic treatment of pig slurry in a farm system 
at a mean temperature of 17⁰C, reduced faecal indicators  (coliforms and streptococci) by 
2 to 3 log10 units, however, the final effluent still had a high count of 107 cfu 100ml-1 
(Bicudo and Svoboda, 1995a).  This confirmed the importance of the treatment 
temperature on the reduction of pathogens. 

6.5  Production of energy 
The aerobic treatment process can be run in two distinctive exothermic phases.  The first, 
carbon oxidation is the most energy releasing reaction, and always occurs when aerobic 
conditions are maintained.  When the carbonaceous compounds are degraded about 50% 
are oxidised to carbon dioxide and 50% used for the biosynthesis of biomass; concurrently 
water is created and energy is released (Equation 6.2).   
 
Approximately 60% of this energy is used by micro-organisms to synthesise biomass while 
the rest is lost in the form of heat.  The heat evolution has been expressed as a function 
of oxygen consumed and a value of 4 kWh kgO2

-1 was established (Svoboda and Evans, 
1987). This heat increases the temperature of aerated, concentrated slurry in heat 
insulated systems, and with efficient aerators the slurry treatment temperature can reach 
over 50⁰C.  This autoheating process has been utilised for various purposes, as described 
further below, but mainly for slurry hygienisation (pathogen destruction) and utilisation of 
generated heat. 
 
The second exothermic reaction is nitrification, described above.  Similarly the heat 
evolution has been expressed as a function of oxygen consumed and value of 1.2 kWh kg 
O2

-1
 was established Evans et.al., (1982), Metcalf & Eddy et.al., (2003).  Henze et.al., 

(2002) calculated heat production from the rate of destruction of organic matter as 20,000 
kJ kg-1 of VS destroyed and oxygen consumption 1.42 kgO2 kg-1 of organic matter destroyed 
respectively.                            
 
The temperature of the reactor or a lagoon depends on many parameters.  The most 
important are; 

• Concentration of biodegradable organic material 
• Heat losses from the reactor surfaces, heating the incoming liquid and air 
• Aerator efficiency 
• Mode of treatment 
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To determine some of these parameters an experimental aerobic treatment unit at a small 
pig farm (Figure 6.3) was built (Svoboda and Evans, 1987) to quantify the heat evolved, 
compare the theory and a computer model (Svoboda, 1989) and integrate it with algal 
ponds (Svoboda and Fallowfield, 1989).  This experimental system provided many answers 
but also new problems were identified and are discussed below. In practice, the energy 
evolved has been utilised on pig farms where the lagoons (Hughes, 1984) or reactors 
(Tjernshaugen, 1982, Thyselius, 1982, Skjelhaugen 1999) produced hot water for heating 
systems in the pig farm.   
 

 

 
Figure 6.3 Pig slurry treatment system integrated with heat recovery and heat utilisation in a 
weaner house and algal ponds (Svoboda & Fallowfield, 1989) 
 

 

Calculation of heat losses was described by Evans et.al. (1982). The potentially 
recoverable heat from pig slurry was highest at 15⁰C due to the minimal heat losses, but 
the recovered heat was of low value.  Such heat would have to be upgraded to levels 
where it can be utilised, at ~50⁰C by a heat pump, which was therefore incorporated into 
the design. Recovery of heat from the slurry and the treatment temperature control was 
executed by a heat exchanger within the treatment reactor. The recovered heat was 
upgraded by a heat pump and utilised in the weaner house heating system and for 
supplemental heating of the contents of the algal raceway. It was considered that aerator 
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oxygen transfer efficiency should not be less than 1 kgO2 kWh-1. It was important to 
minimise the air heat loss; air recirculation was therefore implemented. 

6.6 Aerobic treatment system design 
Treatment plant design is based on the required quality of the final product – treated pig 
slurry and the economics of the process based on the capital cost for the plant and the 
operating costs.  An example is chosen to satisfy the environmental requirements, 
minimise the carbon dioxide footprint and optimise the plant operation costs.  Pig slurry 
would therefore be treated to an acceptable odour level and low soluble BOD to prevent 
ground water pollution when spread on the land.  Further, for the treated slurry liquid 
fraction to be further processed by algal culture, it would be beneficial for the inorganic 
nitrogen content to be available in form of oxidised nitrogen, mostly nitrate.  To minimise 
the loss of nitrogen, the mode of treatment would be continuous. The parameters to 
achieve the above conditions are: 

• Temperature: 35⁰C 
• Treatment time: 5 days 
• DO level: in excess of 20% saturation 

The economics of treatment can be more positive, when heat recovery from the aeration 
is practised. To achieve this, the reactor diameter should be similar to the tank height and 
the tank walls should be insulated to minimise the heat loses.   Further, the tank cover 
should be fitted with an air flow control system and an air to water heat exchanger to 
optimise the heat recovery from the exhaust air.  The tank should be fitted with a 
water/water heat exchanger.  This would allow a heat pump to recover heat from the 
reactor and control reactor temperature. 

6.6.1 Aerators 
There are various makers of aerators, in particular venturi jet aerators, which may be the 
best suited for the task.  Two types can be considered: 

1. A  jet with submersible pump, free standing in the tank 
2. A pump positioned outside the treatment tank with the jet through the tank wall 

The venturi jet is supplied with the recirculated slurry in the treatment tank by an 
electrical pump with the option of air being supplied either by natural aspiration or an air 
blower.  The pump can be bolted together with the ejector and submersed in the 
treatment tank or positioned outside the tank.  The submersible option is simpler and 
possibly cheaper than the outside option, but requires lifting equipment for regular 
maintenance.  The outside option is more versatile, but requires portholes in walls of the 
treatment tank. 

6.6.2 AT design variants  
The variants considered below for design of  AT depend on the characteristics of influent 
and final treated effluent, energy requirement for the treatment, energy generation, 
pathogen reduction and capital and running cost of the treatment plant.   All variants 
presented below would be run as a continuous system in the mesophilic temperature range 
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at 35⁰C at a 5 day residence time with the exhaust gases being ‘scrubbed’ by a CO2 
scrubber through which the algal culture may be circulated. 
 
 
Table 6.2 Design options for aerobic reactors for the treatment of piggery slurry 
Variant V1 V2 V3 
Input Raw slurry Separated slurry 

liquid 
AD effluent 

Heat pump yes yes no 
Aerator size xxx xx x 
 
 

Variant 1 (V1) Raw slurry with heat recovery 
Raw slurry is pumped from a stirred reception pit to the reactor on a continuous or semi- 
continuous (a pulse every few minutes) basis.  The reactor is stirred and aerated 
continuously by a venturi jet supplied by recycled air from within the airspace of a 
covered reactor. The pump needs to be powerful enough to mix and aerate the mixed 
liquor (ML) and prevent solids sedimentation. Fresh air is blown in on demand controlled 
by a DO controller monitoring the liquid phase. At a depth > 6m, the air blower might 
supply air directly to the inlet pipe of the venturi jet.  The exhaust gases are vented 
through a gas stripping column to absorb carbon dioxide into recirculated algal pond 
liquid. Heat is extracted from the reactor by a water to water heat exchanger and the 
heat pump on demand from the temperature controller to maintain the mesophilic 
temperature in the reactor.  Upgraded heat is used to increase the temperature in the 
algal pond and provide hot water for general use.  Treated slurry would be further 
clarified. 
 
Variant 2 (V2) – separated slurry with heat recovery 
Raw slurry is separated by a mechanical separator or by a centrifuge and only the liquid 
fraction is treated in the reactor. The energy required for mixing is therefore lower than 
in V1 so the aerator would be smaller. The heat output would also be smaller since the 
solid separated fraction, which contains some of the biodegradable material will be 
removed by separator.  The treatment process will otherwise be the same as in V1. 
 
Variant 3 (V3) – anaerobically pretreated slurry; no heat recovery 
When anaerobic ponds or reactors are already in place as for the majority of the pork 
industry, their effluent biodegradable content is likely to be reduced and the solids 
removed by sedimentation in ponds.  Nitrogen will be in form of organic and ammoniacal 
nitrogen. Aeration of this effluent will oxidise the ammoniacal nitrogen to nitrate which 
can be utilised by algae. Where the biodegradability of the AD effluent is low (easily 
biodegradable compounds being already digested by the AD) the aerobic reactor system 
would be simplified i.e. the aerator would be smaller than in previous variants and only 
clarification of the aerated effluent would be necessary. 

6.6.3 Measuring and control equipment. 
A timer is required for the influent pump and/or volumetric measurement of influent. The 
DO concentration is controlled and measured by a DO probe and a transmitter controller.  
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Alternatively, a redox probe for more accurate control can also be used. The required 
temperature in the reactor is maintained using a temperature probe and a thermostat. It 
may be necessary to recirculate the air in the head space above the liquid in the reactor, 
therefore an oxygen meter with air dehumidifier may be needed. pH measurement of the 
effluent will provide a good indication of nitrifying activity in the reactor. 

6.7 Costs associated with aerobic treatment and anaerobic 
digestion 

Capital costs of aerobic processing equipment are significantly lower than those for 
anaerobic processing, although it is accepted that aeration greatly increases running costs. 
In the Williams et.al., (1991) study, projected capital costs were $27,500 for the aerobic 
plant and $72,500 for the anaerobic plant. The higher capital cost for the anaerobic plant 
was presumably due to the extra cost entailed in procuring a suitable air-tight reaction 
vessel, and the gas collection and storage equipment. However, considering the overall 
cost; i.e., the cost of aeration and the fact that biogas produced by anaerobic digestion 
can be used as an energy source to off-set treatment cost; aerobic treatment proved to be 
more expensive at $4.00 per pig produced, whilst anaerobic treatment yielded a small 
profit of $0.35 per pig produced, both figures include estimated annual capital and 
operational costs. It should also be noted that the figures were based mainly on 
assumptions rather than measured economic data. Therefore, the actual economic 
performances may have been somewhat different. 
 
The most recent cost of aeration of livestock slurry was assessed by Nicholson et.al., 
(2002).  In this case cattle slurry was aerated for 5 days in a 50m3 reactor.  The capital 
cost of the reactor and other equipment was estimated as £20,000.  The annual 
depreciation and maintenance was £4,120 and electricity running cost per 1m3 of slurry 
was £3 to £4.  The reactor would treat 1,800 m3 of slurry in 180 days during cattle housing 
period.   Thus total specific cost per 1m3 of slurry would be £6.30 (£2.29 for depreciation 
and maintenance plus £4 for electricity).   
 
An example of cost and return for a simple unheated anaerobic digester was provided by 
Piccinini (1996). The digester of 1700m3 treated slurry from pigs of a total live weight of 
270 tonnes. 21,000m3 of biogas produced annually had a value of € 4,900. Since the 
investment in the anaerobic digester was € 20,600 (year 1988) the pay-back time was 
calculated as 4.2 years. The capital and running cost of anaerobic digestion depend 
greatly on the size of the unit, quality of materials used and management skills.  

6.8 Aerobic treatment (AT) versus anaerobic digestion (AD) 
A detailed review of anaerobic digestion is presented in Chapter 5. Characteristics of 
effluent resulting from anaerobically digested pig slurry are dependent on the raw pig 
slurry characteristics and parameters defining the treatment process.  These are mainly 
the treatment time and temperature, and the organic loading of the reactor/pond. Also 
the pre-treatment (sedimentation or separation) will affect the treated effluent 
composition. Anaerobic lagoons with variable temperature have very variable removal 
rates of solids and therefore of COD. Settling removes about 30% of COD. The effluent is of 
a very dark colour, containing nitrogen mostly in form of ammonia and volatile organic 
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acids are present as well as hydrogen sulphide, thus it can be of a considerable odour 
nuisance. The controlled digestion in reactors, usually two in series, at either mesophilic 
or thermophilic temperatures decreases the treatment times, compared to ponds, to 
about 20 days and optimises the biogas production (0.35-0.55 m3 kg VS-1.d-1). Thus 
excrement from a fattening pig, about 7 kg d-1, will produce about 140 L of biogas (60% 
methane, 40% carbon dioxide) per day. 
 
To treat pig slurry to an optimal level a two stage AD at mesophilic temperature requires a 
residence time of 20 days. The effluent will always contain organic and ammonia nitrogen.  
The AT requires only 5 days treatment at the same temperature and DO above 0.1 or 10% 
depending on the desired final form of nitrogen (organic with ammonia, nitrate or 
nitrogen gas).  AD will produce biogas (60% methane, 40% carbon dioxide) which by 
burning it can provide hot water or higher grade energy using an internal combustion 
engine and an electricity generator (alternator). AD is therefore a net energy provider. AT 
will produce gas which is depleted of oxygen but enriched by carbon dioxide. The 
proportion of CO2 will depend on the ratio of recycled air and the fresh air input. The 
available carbon oxidation will generate heat in ratio 4 kWh 1kg-1 of oxygen utilised.  Since 
most aerators will provide 1 kg kWh-1 of electricity required for their operation, the 
energy yield is 4:1. When heat losses are accounted for, about 2 kWh of the low grade 
energy in form of hot water at 35 or 50⁰C (which can be upgraded to about 60⁰C by a heat 
pump) can be generated per 1 kWh of electrical energy applied. 

6.9 Research needs: 
• Integration of anaerobic and aerobic systems with the objective of oxidising the 

high ammonia content of anaerobic effluent to nitrate to enable growth of algae in 
the absence of toxic ammonia in high rate algal ponds.  

• Development of cost effective methods of recovering the CO2 from aerobic 
treatment for algal culture in high rate algal ponds.  

• Determination of energy yield from nitrifying aerobic reactor fed anaerobically pre-
treated pig slurry.  

• Life cycle assessment of integrated anaerobic-aerobic-high rate algal pond systems 
using performance data from pilot scale operation.  
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 ALGAE – CULTURE AND APPLICATIONS 7
Prof Michael A. Borowitzka & Dr Navid R. Moheimani 

      School of Biological Sciences & Biotechnology, Murdoch University, Western Australia 
 
This chapter provides an overview of algal eco-physiology and reviews the literature 
regarding the production of microalgae selected specifically for animal feed. Of particular 
relevance to pork producers is the consideration of the composition of microalgae with 
regard to pig nutrition and the outcome of diets containing algae on the growth of the pig.  

7.1 Introduction 
The microalgae are a group of very diverse plant-like, largely photosynthetic, organisms 
classified in several Divisions and Kingdoms. They include both prokaryotic and eukaryotic 
taxa (Borowitzka 2012) and differ from the macroalgae in size.  Figure 7.1 illustrates the 
main genera discussed in this report. Microalgae are important sources of commercially 
produced high value chemicals including carotenoids (Borowitzka 2010) , long-chain 
polyunsaturated fatty acids (Kyle, Boswell et al. 1992, Ratledge 2004, Mendes, Reis et al. 
2009) and phycobilins (Singh, Kate et al. 2005). 
 
The large-scale1 cultivation of microalgae has a long history starting in the 1950s with the 
pioneering work of a number of researchers in the USA, Germany and Japan. Commercial 
microalgae production began with Chlorella and Spirulina as ‘health food’ in Japan, 
Taiwan and Mexico (Tamiya 1957, Durand-Chastel 1980, Soong 1980). This was followed in 
the 1980s by the commercialisation of β-carotene from Dunaliella salina (Ben-Amotz and 
Avron 1989, Borowitzka and Borowitzka 1989), astaxanthin from Haematococcus pluvialis 
in the 1990s (Lorenz and Cysewski 2000), and docosahexaenoic  acid from 
Crypthecodinium cohnii  (Kyle 2005). Currently more than 30,000 t dry weight of 
microalgae are produced commercially annually. There is also significant production of 
microalgae used as feed in aquaculture for larval fish, crustaceans and molluscs, as well as 
in the grow-out of molluscs (Borowitzka 1997, Neori 2011). The bioremediation of polluted 
waters by the use of microalgae-bacteria consortia and the development of efficient algae 
culture systems for this purpose proceeded largely in parallel with the development of 
large-scale culture systems for ‘clean’ algae culture. 
 
Here we describe briefly the main large-scale microalgae cultivation systems, the factors 
affecting the growth and productivity of these algae cultures, and their suitability for 
animal feed, especially as feed for pigs, and as a source of biofuels and bioenergy. The use 
of microalgae in wastewater treatment is discussed in further detail in Chapter 8. 

                                            
 
1 In the literature the use of the term ‘large-scale’ culture is often applied to cultures ranging from 
several litre to hundreds of litres volume, here we use it to refer to cultures of hundreds to tens-of-
thousands of litres or more.  
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Figure 7.1 Light micrographs of selected microalgae mentioned in the text: (a) Chlorella; (b) 
Spirulina; (c) Scenedesmus; (d) Pandorina; (e) Haematococcus; (f) Micractinium 

7.2 Microalgae Cultivation Systems 
Large-scale microalgae culture systems are broadly classified into ‘open’ systems where 
the culture is directly exposed to the environment, and ‘closed’ systems where the culture 
is wholly enclosed within the culture vessel (photobioreactor/PBR). Open culture systems 
are the main systems used to produce microalgae commercially as well as in wastewater 
treatment systems, mainly because they are the most economical culture systems for 
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large-scale microalgae culture.  Furthermore the cultures may be carried out outdoors 
using natural daylight as the light source or indoors with artificial lighting. 
 
This section provides an overview of the characteristics of the major large-scale 
microalgae cultivation systems and Table 7.1 provides an overview of their characteristics. 

7.2.1 Open Systems 
 
Although much of the work on microalgae mass culture systems has focused on closed 
systems, all very large commercial microalgae production is by the use of open culture 
systems, especially raceway ponds. This is simply due to economic issues (Borowitzka 
1992, Borowitzka 1999). Closed culture systems are generally more expensive in terms of 
cost and energy use and also suffer from scale-up difficulties.  
‘Open’ culture systems can be classified as (Borowitzka and Moheimani 2013): 

• Shallow lagoons and ponds 
• Inclined systems 
• Circular central-pivot ponds 
• Mixed ponds 
• ‘Raceway’ ponds 

Shallow lagoons 
Shallow lagoons which are effectively large lakes have a long history. The Aztecs used to 
harvest the cyanobacterium Arthrospira (Spirulina) from a natural lake in Mexico. Today, 
in Myanmar, monocultures of Arthrospira grow naturally in four volcanic craters filled with 
alkaline waters and are harvested by filtration. After further dewatering the algae are 
dried and sold locally, with current production around 30 t year-1 (Moheimani and 
Borowitzka 2006). 
 
The largest commercial microalgae plants in the world are located in Australia and 
produce the green alga Dunaliella salina in very large (~200 ha) unlined shallow ponds. 
Mixing is only by wind and convection currents. BASF operates these plants at Hutt 
Lagoon, Western Australia and Whyalla, South Australia. The total pond area is in excess 
of 700 ha in both locations (Borowitzka 1994). The maintenance of a unialgal culture is 
only possible because of the high salinity of the lagoons. Areal productivity is very low, 
however the use of a very efficient and low cost harvesting method enables the algae 
production costs to be the lowest in the world (Borowitzka 2005). Both shallow and deep 
algae lagoons have been used also as simple wastewater treatment systems for thousands 
of years, but they are inefficient. 
 
Thin-layer cascade (Inclined) systems 
In these systems the algae culture flows down an inclined surface, is collected at the 
bottom and then pumped back to the top of the incline. The culture depth can be as low 
as ~ 0.5 cm. The system was originally developed in the Czech Republic during the 1960s 
(Setlík, Sust et al. 1970). The original Czech system has the culture flowing down a 3% 
inclined glass surface with continuous circulation of the culture by pumping throughout 
the day, whereas at night the culture is kept in a large mixed and aerated tank. This 
reduces the overall cost of pumping and reduces the rate of heat loss. Spirulina platensis, 
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Chlorella sp. and Scenedesmus sp. have all been cultivated successfully with average 
productivities of 18 to 25 g m-2 d-1 in summer (Setlik, Veladimir et al. 1970, Doucha and 
Livansky 1995, Doucha and Livansky 2006). In Rupite, Bulgaria, a 3000 m2 plant with 
sloping ponds (500, 1000 and 1500 m2) has been constructed. Here, the ponds are made of 
concrete and covered with iron grids to generate turbulence. Like the Czech system, the 
slope of the ponds is 3%. Between April and October average daily productivities of 18 to 
25 g m-2 d-1 have been obtained with Arthrospira and Scenedesmus (Fournadzhieva and 
Pillarsky 1993; Becker, 1994). Borowitzka (1999) also has reported Chlorella production of 
up to 25 g m2 d-1 over a twelve month period in a 0.5 ha pilot-scale inclined shallow pond 
near Dongara in Western Australia. In this system the pond was plastic lined and 
constructed on an inclined hill. 
 
A variant of the shallow inclined culture system was constructed in Sausal, Peru (Heussler 
1985). This system was an open concrete raceway type system consisting of a sloped 
meandering channel adapted to the terrain gradient. The algal culture was pumped from 
the lowest point to the top from where it then flowed down hill in a shallow layer. This 
system achieved maximum productivities of 40 g m-2 d-1 with an average of about 22 g m2 
d-1. A series of ponds with decreasing depths were tested as a way of reducing the 
nitrogen levels of wastewater from an explosives factory in South Africa. Advantages of 
this system include the minimisation of evaporation and thermal changes and achieving a 
high algal biomass in the final shallowest pond, making harvest easier. The final 1 ha 
demonstration plant was reported to produce about 150 kg d-1 of algal biomass (Altona, 
Bosman et al. 1983). 
 
Circular central pivot ponds 
Some of the oldest and longest running commercial algae cultivations use circular pivot 
ponds and Chlorella is grown in Taiwan, Japan and Indonesia using this type of pond 
system (Lee 1997). These ponds are mixed by a rotating arm mounted at the centre of the 
pond. This results in much greater mixing at the periphery of the pond because here the 
arm travels over a much greater distance. The design of circular ponds limits pond size 
about 1ha mainly due to inability of the rotating arm in larger ponds to mix the culture 
evenly.  
 
Raceway Ponds 
The most common commercial microalgal culture system in use today is the paddle-wheel 
driven raceway. Raceway ponds are also used extensively in wastewater treatment 
(Fallowfield and Garrett 1985, Oswald 1988, Craggs, Sutherland et al. 2012). Raceway 
ponds are shallow (0.2-0.6m) to allow maximum light penetration and mixing is provided 
by one or more paddlewheels achieving a mean water velocity of ~0.12-0.3 m s-1. Pond 
depths of less than 0.2 m are not feasible for large ponds due to hydraulic limitations and 
similarly, higher flow rates are not feasible because of the high power requirements for 
the paddle wheels (Borowitzka 2005).  A single or multi-loop configuration can be used. 
The pond may be constructed of concrete or may be lined or unlined depending on the soil 
conditions and the algae being cultured. Raceway ponds are successfully used for the 
commercial culture of Chlorella spp, Spirulina spp, Haematococcus pluvialis, Dunaliella 
salina and other species such as Pleurochrysis carterae, Scenedesmus spp., Phaeodactylum 
tricornutum, Isochryis etc.  Biomass concentrations of up to 1 g dry weight.L-1 can be 
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obtained although concentrations are generally less, and annual average productivities of 
20-22 g ash-free dry weight.m-2.d-1 have been achieved in long-term cultures (Moheimani 
and Borowitzka 2006, Borowitzka and Moheimani 2013). Details of the construction and 
operation of raceway ponds can be found in Borowitzka (2005). 

7.2.2 ‘Closed Systems’ - Photobioreactors 
Although not common in commercial production, there is much research into the 
cultivation of algae in closed photobioreactors. The reasons for this are: 

1. Being a ‘closed’ system contamination issues can be kept to a minimum making 
single-species culture easier 

2. There is greater control over growth conditions such as temperature 
3. Higher volumetric productivities can be achieved due to a higher surface/volume 

ratio 
4. Lower water loss due to evaporation 

Many different closed photobioreactor designs have been developed over the years, but 
only very few have been tested on a large scale (Tredici 2004, Chini Zittelli, Rodolfi et al. 
2013). The main limitations of these systems are the very high capital and operating costs 
and reduced scalability. Research continues on improving photosynthetic efficiency and 
increasing productivity, but any projections for possible commercial productivity are 
based on data from small scale and usually short term experiments. 
 
There are only two commercial operations using closed tubular photobioreactors in the 
world:  the 700 m3 tubular photobioreactor plant in Klötze, Germany, which consists of 20 
reactor modules with a total glass tube length of about 500 km in a glasshouse and which 
produces about 150 t of Chlorella per year (Moore 2001); and a similar sized outdoor plant 
in Israel operated by Algaetechnologies in Israel producing Haematococcus pluvialis.  The 
estimated production cost for the algal biomass in Israel is > US$30 kg-1 and the costs in 
Germany are higher, meaning that these systems are clearly not feasible for the 
production of animal feed. 
 
Flat panel photobioreactors 
Installed vertically or inclined, flat reactors are promising culture devices. Flat 
photobioreactors can be oriented and tilted at different angles so as to modify the 
intensity of light and better use diffuse and reflected light, which plays an important role 
in productivity (Tredici 2010). They also offer the possibility to be closely packed together 
and thus reduce the land area required. Air-bubbling is used to mix the culture ensuring 
adequate turbulence, a good mass transfer capacity, and scouring of the reactor walls. 
However, for this to be efficient, relatively high bubbling rates must be adopted, and the 
power cost may be high, especially when compared to the cost for mixing in raceway 
ponds (Bassi, Rodolfi et al. 2010). 
 
Flat panel reactors are limited to a capacity of about 1 m3 (Richmond and Cheng-Wu 
2001). This is due to materials constraints to support the culture volume as the thickness 
of the reactor should not exceed about 5 cm for optimum light for the algae and to 
achieve adequate mixing of the culture. Although very high density cultures have been 
achieved these are not realistic due to the high energy requirement of mixing these 
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cultures. A lower cost design has been developed (Boussiba and Zarka 2005) and good 
productivities have been achieved in large-scale outdoor systems with Nannochloropsis 
(Rodolfi, Chini Zittelli et al. 2009). 
 
Tubular photobioreactors 
Tubular photobioreactors are the most common PBR design available for microalgae 
culture. These reactors are usually constructed of glass or plastic transparent tubes in 
which the culture is circulated with pumps. These tubes can be installed in a horizontal, 
vertical, inclined or conical arrangement and in larger reactors the tubes are connected by 
manifolds. The advantages of specific tubular PBR arrangements and comparison with flat 
PBRs has been discussed in numerous reviews (Sanchez Miron, Contreras Gomez et al. 
1999, Tredici 2004). 
 
A robust, relatively low cost and promising design is the BIOCOIL (Borowitzka 1998, 
Borowitzka 1999, Moheimani, Isdepsky et al. 2011). The BIOCOIL is a helical tubular PBR 
consisting of small diameter clear plastic tubing (between 2.4 and 5 cm diameter) wound 
helically around a tower. Several parallel bands of tubes are connected via manifolds to a 
pumping system which may be an airlift system or a centrifugal, diaphragm or lobe pump. 
The type of pump used depends on the species grown. Temperature control is either by a 
heat exchanger or by evaporative cooling, i.e. flowing water over the surface.  The design 
ensures uniform mixing and minimises algal cell adhesion to the tubes. The BIOCOIL can be 
fully automated and also scaled up relatively easily with individual units with a total 
volume of about 2000 L. Not all algal species are suitable for culture in the BIOCOIL 
system. Some delicate species are damaged by the circulation system and other species 
may be too ‘sticky’ for normal operation. Algae that have been grown in the BIOCOIL at 
high productivities include Tetraselmis sp., Isochrysis galbana, Phaeodactylum 
tricornutum, Spirulina platensis and Chaetoceros sp. The Biocoil system also has been 
used as a key component of the photosynthetic bacteria-algae 2-stage piggery wastewater 
treatment system developed by Wexler and Startari (2002 and see also below). 
 
There are almost no studies which compare raceway ponds with closed photobioreactors 
under identical climatic conditions.  In an 3 month study carried out in our laboratory in 
Perth, WA, we compared the productivity of the halotolerant alga Tetraselmis in 200 and 
400 L raceway ponds with that of a 40 L Biocoil, (Raes, Isdepsky, Muylaert,, Borowitzka & 
Moheimani, in preparation). With an additional supply of CO2 the productivity of the 
Biocoil was about 5x that of the raceway pond. Without CO2 supply the Biocoil culture was 
unstable.  Pedroni et al (2004) compared horizontal tubular photobioreactors with 
raceway ponds over an 8 month period in Italy using Tetraselmis suecica with additional 
CO2 and found almost no difference in productivity between the two systems. 
 
New innovations 
To achieve high biomass areal yields, a closed photobioreactor should capture as much 
sunlight as possible and distribute it to the cells in such a way (uniformly and at low 
irradiances) so as to allow high efficiencies of conversion into biomass (Chini Zittelli, 
Rodolfi et al. 2013). High diurnal irradiances, necessary on the other hand for high areal 
productivity, make this goal difficult to achieve. One proposed solution is to develop 
systems in which photon capture is physically separated from the cultivation phase and 
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light is then distributed, at adequate intensity, via conducting structures within the 
culture. 
 
Fibre-optic-based systems in which visible solar light is collected by mirrors, concentrated 
through lenses and delivered into the bioreactor via an array of flexible, optical fibres or 
transparent bars or plates, have been developed and tested at laboratory scale (Mori 1985, 
Ogbonna, Soejima et al. 1999, Feuermann, Gordon et al. 2002, Gordon 2002). They are 
unlikely to be of relevance to the production of any low-cost algae product such as animal 
feed. 

7.2.3 Hybrid production: coupling ponds and PBRs 
Hybrid culture systems using a combination of a closed photobioreactor and an open pond 
have been proposed (Rodolfi, Chini Zittelli et al. 2009). The first stage is in a PBR where a 
dense culture is grown in order to inoculate a raceway pond. The second stage is the 
cultivation within the pond in order to obtain the product of interest (e.g. biomass, lipid). 
This two stage concept has been used for the production of astaxanthin using the 
freshwater green alga Haematococcus pluvialis in Hawaii (Olaizola 2000, Huntley and 
Redalje 2007). Due to the increased capital costs of needing two reactors and the extra 
operating costs of working in batch processes, this system is generally only suitable for 
high value products and even so they may not be commercially viable; the Hawaiian plant 
eventually had to close. 

7.2.4 Culture systems appropriate for on-farm operations 
 Of the various culture systems described above, the paddle-wheel driven raceway pond is 
the most versatile and economical for any on-farm operations including the use of algae 
for wastewater treatment or the production of algae on treated wastewaters. Almost all 
of the commercial algae producers use raceway ponds and they are also widely used in 
wastewater treatments systems such as high rate algal ponds for wastewater treatment 
(Borowitzka and Moheimani 2013 and see also Chapter ??). Closed photobioreactors are 
much too expensive to construct and operate for these purposes. A possible alternate 
system for growing algae on treated wastewaters is the inclined thin-layer system, but less 
is known about this system compared to the raceway ponds. 
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Table 7.1 Comparison of microalgae reactor type properties (modified from Borowitzka 1999) 

Reactor type  Mixing  
Light 
utilisation 
efficiency  

Temperature  
control  Gas transfer  Hydrodynamic  

stress on algae  
Species 
control  Sterility  Potential 

Productivity References  

Unstirred  
shallow  
ponds  

Very poor  Poor  None  Poor  Very low  Difficult  None  Very low (Borowitzka and 
Borowitzka 1989) 

Aerated 
Tanks  Poor  Very poor  None  Poor  Very low  Difficult  None  Very low (Fox 1983)  

Circular  
stirred  
ponds  

Fair  Fair–good  None  Poor  Low  Difficult None  Average 
(Tamiya 1957, 
Stengel 1970, 
Soeder 1981)  

Shallow 
Cascade 
System 

Excellent Good None Good High Achievable None High 

(Livansky and 
Doucha 2000, 
Doucha and 
Livansky 2006) 

Paddle-
wheel  
Raceway  
Ponds  

Fair-good  Fair–good  None  Poor  Low  Achievable  None  Average 

(Weissman and 
Goebel 1987, 
Borowitzka 2005, 
Moheimani and 
Borowitzka 2006) 

Stirred Tank  
reactor  
(internal or  
external  
lighting)  

Largely  
uniform  Fair–good  Possible  Low–high  High  Easy  Achievable for 

short periods 

Variable 
(depends on 
lighting) 

(Pohl, Kohlhase et 
al. 1988)  

Air-Lift 
reactor  

Generally  
uniform  Good  Possible High  Low  Easy  Achievable for 

short periods 

Variable 
(depends on 
lighting) 

(Jüttner 1977)  

Bag Culture  Variable  Fair–good  Good (in 
doors)  Low–high  Low  Easy   Achievable for 

short periods 

Variable 
(depends on 
lighting) 

(Baynes, Emerson 
et al. 1979, 
Moheimani 2012) 
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Flat-Plate re- 
actor  Uniform  Excellent  Possible High  Low–high  Easy  Achievable for 

short periods  High 

(Ratchford and 
Fallowfield 1992, 
Richmond and 
Cheng-Wu 2001, 
Rodolfi, Chini 
Zittelli et al. 2009) 

Tubular 
reactor 
(Serpen- 
tine type)  

Uniform  Excellent  Possible Low–high  Low–high  Easy  Achievable for 
short periods High 

(Richmond, 
Boussiba et al. 
1993, Torzillo 
1997, Masojídek, 
Papác¡ek et al. 
2003) 
  

Tubular 
Reactor 
(Biocoil  
type)  

Uniform  Excellent  Possible  Low–high  Low–high  Easy  Achievable for 
short periods High 

(Borowitzka 1996, 
Moheimani, 
Isdepsky et al. 
2011) 
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7.3 Limits to Growth of Microalgae 
Algal growth is influenced by various physical, operational and biotic factors (Borowitzka 
1998) many of which interact. An understanding of these factors is essential for developing 
an algae culture process which achieves the optimum productivity of algae cultures. 

7.3.1 Light 
Irrespective of the cultivation system, the most important factor in the cultivation of 
algae is the effective use of light. Growth of a photosynthetic organism is obviously 
directly related to the availability of light. The amount of light absorbed by an algal cell 
depends on many factors, including the specific position of the cell in the reactor at a 
given time, the density of the culture and the pigmentation of the cells. 
 
Although the biomass yield of many algal species is very high compared to terrestrial 
crops, it is important to take note of photosynthetic maximum efficiency, constrained by 
the laws of thermodynamics. Eight photons of photosynthetically (PAR) active radiation 
(~48% of the incident solar flux) are required to fix one molecule of CO2 into carbohydrate, 
resulting in a maximum photosynthetic efficiency (excluding respiration) of about 12% 
(Scott, Davey et al. 2010). When respiration is taken into account, maximum possible 
efficiency falls to ~9%, however, actual photosynthetic efficiencies achieved are about 2-
3% (Walker 2009). 
 
A major challenge to efficient culture of microalgae is to maximise the light utilisation 
efficiency (Richmond 1996); if the cells receive too little light they are not able to 
photosynthesise at the maximum rate and if they receive too much light they can become 
photoinhibited. Outdoor microalgal cultures are exposed to diurnal changes in 
environmental conditions, especially light and temperature. These environmental factors 
vary during the day between limiting and possibly inhibiting photosynthesis. Algae can 
photo-acclimate to higher irradiances2 as has been shown in free-living phytoplankton 
(Prezelin 1976, Meeson and Sweeney 1982)  and in outdoor algal cultures (Moheimani and 
Borowitzka 2007), and this process can take up to four weeks. This means that results 
obtained from laboratory cultures (low light) generally cannot be directly extrapolated to 
outdoor cultures (high light). 
 
In dense open pond cultures not all the cells will receive light all the time, rather the cells 
are exposed to a variable and intermittent light regime depending upon the degree of 
mixing and the length and depth of the pond. Furthermore, if there is insufficient mixing 
then the algae at the surface receive high irradiances, resulting in them possibly being 
photoinhibited, whilst cells deeper in the culture are light limited. It is therefore 
important to manage the algae cell density and pond depth so that the algae cells receive 

                                            
 
2 Acclimation, as defined by Raven and Geider Raven, J. A. and R. J. Geider (2003). Adaptation, 
acclimation and regulation in algal photosynthesis. Photosynthesis in algae. A. W. D. Larkum, S. E. 
Douglas and J. A. Raven. Dordrecht, Kluwer Academic Publishers: 385-412., is the change of the 
macromolecular composition of an organism that occurs in response to variation of environmental 
conditions 
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the optimum amount of light; this is the optimum cell density where productivity is 
highest and has been shown in several studies (Vonshak, Abeliovich et al. 1982, Hu, Kurano 
et al. 1998). Light also interacts strongly with temperature and algae can tolerate higher 
irradiances at temperatures closer to the optimum growth temperature. It has also been 
shown that low early morning temperatures can induce photoinhibition of the algae 
(Moheimani and Borowitzka 2007). 
 
The wastewater or the effluent arising from anaerobic digestion is usually strongly 
coloured and this reduces the amount of light available to the algae. Pre-treatment of the 
effluent prior to algae culture is therefore required. 
 
For on-site production of algae at a piggery the local annual irradiance and temperature 
range will have a significant effect on the maximum achievable microalgae productivity. 
 
 

 
Figure 7.2 Annual solar exposure (MJ m-2) for 2012. As the productivity of outdoor algae 
cultures is predominantly limited by the irradiance this figure can be used to estimate the 
relative algal productivity possible at different locations. Figure from the Bureau of 
Meteorology). 
 

7.3.2 Temperature 
Microalgae like other organisms have an optimum growth temperature. They can tolerate 
a range of temperatures and their response to temperature variations can affect their (1) 
nutritional requirements, (2) metabolic rate and (3) cell composition, in a species-
dependent manner. As with other microorganisms, microalgal temperature requirements 
vary over a wide range from psychrophilic, mesophilic to thermophilic. While most 
microalgae can easily tolerate temperatures less than 15oC or more than their optimum 
temperature, exceeding the optimum by only 2 to 4oC may result in the total loss of the 
culture (Borowitzka 1998). 
 
After light, temperature is the second most important limiting factor for algal cultivation 
in open or closed systems. In outdoor culture systems such as raceway ponds the morning 
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temperature is often below the optimum so that the algae cannot efficiently use the 
available light for photosynthesis, thus reducing the daily productivity. Heating of the 
pond in the morning can increase the daily productivity by up to 20% (Fan, Vonshak et al. 
1994, Moheimani and Borowitzka 2007). While temperature effects are well documented 
for many species of algae in the laboratory, the effects on annual production of biomass 
outdoors seems to be less thoroughly researched. Clearly, selection of species with a wide 
temperature tolerance in the range expected at the location of the culture facility is a 
very important step. Consideration must also be given to the annual variation in 
temperature if the cultures are to be operated over the whole year. 

7.3.3 Oxygen 
Algae produce oxygen during photosynthesis, however, high oxygen concentrations 
produced by photosynthesis inhibit photosynthesis due to photorespiration. 
Photorespiration is the light stimulated oxidation of the products of photosynthesis to CO2 
and is due to the oxygenase activity of Rubisco, the essential carboxylating enzyme in 
autotrophic organisms. Numerous studies have also suggested that the reactions of 
dioxygen (O2) and active oxygen species, such as the superoxide radical (O2

. ), the hydroxyl 
radical ( .OH), hydrogen peroxide (H2O2), and singlet oxygen (1∆g O2), can also cause 
photoinhibition of photosynthesis (Belay and Fogg 1978, Singh, Singh et al. 1995, Cadenus 
2005). Photosynthesis and photorespiration are also influenced by temperature, with 
higher temperatures increasing oxygenase and photosystem II activities (Janssen, Tramper 
et al. 2003, Morris and Kronkamp 2003). Oxygen is a major inhibitor of productivity in all 
algal cultures. Few management options are available in open systems, however, in HRAP 
ponds treating wastewater the respiration by the bacterial biomass will consume some of 
that oxygen and may reduce the oxygen inhibition of the algal photosynthesis. 

7.3.4 Carbon 
All intensive algae cultures are carbon limited, although this limitation may be less in 
wastewater treatment ponds because of the CO2 produced by bacterial respiration and the 
presence or organic C sources. In intensive algae cultures the addition of a carbon source 
such as carbon dioxide will enhance productivity. All algae can take up CO2 and many 
algae also have systems for the utilisation of HCO3

-, but none can utilise CO3
2-. In water all 

three of these 3 inorganic C species occur and their relative proportion is a function of pH, 
salinity and temperature.  The uptake of CO2 for photosynthesis leads to alkalinisation of 
the medium shifting the CO2/HCO3

- balance towards HCO3
- and CO3

2-. The addition of 
external CO2 reverses the effect of photosynthetic CO2 uptake on pH thus enhancing 
photosynthesis by making more CO2 available.  Adding CO2 or any other inorganic carbon 
source to open algal cultivation systems has been investigated in many studies (e.g. 
Vasquez and Heussler 1985, Doucha and Livansky 2006, Moheimani 2012) and has been 
found to enhance productivity. For example, Moheimani (2012) found no significant 
differences in the biomass productivity of freshwater grown Chlorella between pure 
industrial CO2 and untreated flue gas from a coal-fired power station. Both treatments 
increased productivity by 18-19%. 
 
In anaerobic digested effluent the ratio of carbon to nitrogen and phosphorous will 
typically be very low (C:N 3.5:1, C:P 20:1), at least compared to typical ratios in growing 
algal biomass (C:N 6:1, C:P 48:1) (Woertz, Feffer et al. 2009) further limiting algae growth 
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and nutrient uptake ability. The addition of CO2 to HRAPs has been shown to enhance both 
algal growth and nutrient uptake by the algae (Azov, Shelef et al. 1982, Park and Craggs 
2011, Park, Craggs et al. 2011). At the wastewater treatment facility primary treatment of 
the waste through aerobic digestion could lead to a ready source of CO2. Alternatively, if 
biogas (methane) is produced through anaerobic digestion and burnt for electricity or heat 
production, then the subsequent exhaust gas could be used as a CO2 source. Studies by de 
Godos et al. (2010) also confirm that CO2 sparging (flue gas, 7% CO2, 5.5 L min-1) maintains 
a lower pH and enhances ammonia nitrification as long as the culture is not light or 
nutrient limited. 
 
CO2 usually constitutes only about 0.04% of the atmosphere, while flue gas will vary 
somewhere around 15% CO2. Most algal species will not be acclimatized to these high 
concentrations and so will not thrive in these conditions. Chlorella and Scenedesmus 
species sourced from wastewater treatment ponds have already shown to be tolerant of 
high CO2 concentrations (de Morais and Costa 2007). Healthy cultures were maintained at 
CO2 concentrations reaching 18% (v/v), with maximum productivity achieved at 6% to 12% 
CO2. Other laboratory studies (Hanagata, Takeuchi et al. 1992, Sung, Lee et al. 1999) have 
isolated Chlorella species that maintained what were described as high growth rates in 
CO2 concentrations as high as 50%, although maximum productivity was still displayed at 
10% CO2.  In another experiment (Yun, Lee et al. 1997), it was found that a gradual 
increase of CO2 concentrations allowed C. vulgaris to adapt and improve growth rates in 
high CO2 ( up to 30%). The CO2 fixation rate was estimated to be around 312 mg CO2 L-1 h-1. 
There appears to be some strain variation in the tolerance to high CO2 concentrations. For 
example, Ho et al (2010) isolated twenty two strains of Scenedesmus obliquus, finding two 
that displayed high growth rate and CO2 fixation when grown at  20% CO2. The CO2 fixation 
rates were 390.2 and 292.2 mg L-1 d-1, respectively. 
 
Many algae are also able to utilise organic carbon sources such as acetate, glucose or 
sucrose in the light (i.e. mixotrophy) and/or in the dark (heterotrophy). Productivity of 
mixotrophic cultures is higher than if the algae are grown only with an inorganic C supply 
(Cid, Abalde et al. 1992, Jones, Leadbeater et al. 1994, Stoecker 1999, Liang, Sarkany et 
al. 2009). Since wastewaters usually contain a range of dissolved organic compounds this 
may benefit the growth and productivity of the algae (Wang, Xiong et al. 2012). 

7.3.5 pH 
It is common for high-density algae production systems where no additional CO2 has been 
supplied to reach a pH as high as pH 11 during the day (Brewer and Goldman 1976, 
Moheimani and Borowitzka 2006). This affects both photosynthesis as no CO2 is available at 
this high pH and nutrient uptake and the productivity of most algae, especially freshwater 
algae, is already markedly inhibited at > pH 8. Therefore, in order to achieve high biomass 
productivity, there is a need for addition of CO2 to reduce the pH and make more CO2 
available for algal photosynthesis. In the short term the pH can be adjusted using acid 
such as HCl (Moheimani 2012) to ensure that more of the inorganic C in the pond is in the 
form of CO2, but this is expensive and does not provide additional CO2 to the culture and 
eventually the productivity of the culture will decline. However, for wastewater 
treatment these high pH values which reduce algal productivity are beneficial for 
pathogen removal. 
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7.3.6 Nutrients 
Like plants algae also require nutrients such as N and P (both of which are usually in 
abundance in wastewaters), Ca, Mg, S and a variety of trace elements including Fe, Cu, Zn 
etc (Kaplan, Richmond et al. 2000, Wang, Li et al. 2008). Algae can use nitrate, urea and 
ammonium as nitrogen sources. Some algae can also use organic N sources. Although 
ammonium is generally the preferred N-source for microalgae, high concentrations of 
ammonium will be detrimental, if not lethal, to most algal species because of the 
speciation of ammonia (NH3)/ammonium (NH4

+) in water which is temperature and pH 
dependent:  
 

NH3(aq) + H2O ↔ NH4
+(aq) + OH-(aq)   pKa (25oC) = 9.25 

 
Ammonia is toxic to algae, whereas ammonium is a valuable N-source, but one which may 
be toxic at high concentrations. The mechanisms of this toxicity is not well understood 
(Britto and Kronzucker 2002), but there is some variation in the sensitivity of algae to 
ammonia.  Alkaline pH and high temperatures lead to the formation of ammonia rather 
than ammonium. High rates of algal photosynthesis lead to alkalinisation of the medium 
and can result in high concentrations of ammonia, however uptake of ammonium by algae 
can lead to acidification of the medium and either of these can lead to algae death 
(Borowitzka and Borowitzka 1988). For example, Levine (2011) reported toxic levels of 
NH4

+ at 100 mg L-1 for a culture of Neochloris oleoabundans. Other species can acclimate 
to high levels of nutrients and can more efficiently utilize ammonium as a nitrogen source 
(typically Chlorella and Scenedesmus sp in wastewater treatment), but the exact 
limitations are very specific to individual algal strains and culture conditions. No 
significant effect on the growth of Chlorella sorokiniana was observed at 400 mg NH4 L-1 
while Spirulina platensis was nearly completely inhibited at 200 mg NH4 L-1 (Ogbonna, 
Yoshizowa et al. 2000). Gonzalez et al (2008) reported successful culture of Chlorella sp 
at concentrations as high as 373 mg L-1 but Przytocka-Jusiak et al (1984) reported that C. 
vulgaris cell growth was reduced by 50% at 330 mg L-1 ammonium, while 700 mg L-1 
completely inhibited growth at pH 8-9. Scenedesmus will grow at 150 mg NH4 L-1  but not 
at 300 mg NH4 L-1 (De Godos, Vargas et al. 2010). Although ammonium – N is the 
predominant source of nitrogen for algal growth in wastewater, the effects of high 
ammonia/ammonium concentrations in large-scale pure cultures in defined medium is 
little understood as ammonium-N salts are not normally used as the N-source in large-scale 
algal cultures and laboratory studies have paid little or no attention to the speciation of 
ammonia/ammonium and therefore the data in the studies cited above must be 
interpreted with caution. 
 
Gonzalez (2008) was also able to demonstrate that a much higher NH4

+ load (~1100 mg L-1) 
could be tolerated by an enclosed Chlorella culture when the pH was maintained at pH 7 
where most of this N will be in the form of NH4

+. Tam and Wong (1996) found very similar 
results with Chlorella able to maintain a specific growth rate of 0.2 d-1 at ammonia 
concentrations of 1000 mg L-1 when pH was maintained at neutral. However as nitrogen 
concentrations increased above 80 mg L-1 (95% removal), nitrogen removal rates declined 
steeply (20-50% removal). With typical values of NH4

+ being greater than 2000 mg L-1 in 
ADE, and in pig slurry AD effluent (ADE) being as high as 3-4000 mg L-1,  in the absence of 
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oxidation of ammonium-N to nitrate (see Chapter 6), some dilution will always be needed 
if used for algae culture. 
 
Phosphorous 
The concentration of P in the effluent also has an important effect on algae growth. 
Limitation of P will inhibit algae growth whereas, in general, excessive phosphorous will 
not have as great an effect on algal growth as excessive nitrogen (Chen, Li et al. 2012), 
however high P concentrations may be toxic to the algae, depending on the species 
(Rodhe 1948). High P concentrations at high pH may also lead to the precipitation of 
various phosphate salts leading to phosphate limitation of the algae. 
 
Trace Nutrients 
Sulfur, iron, magnesium and other trace metal elements are also needed for microalgae 
growth (Kaplan, Richmond et al. 2000, Wang, Li et al. 2008). Based upon its mineral 
composition, swine manure ADE is suitable for algae growth (González, Marciniak et al. 
2008, de Godos, González et al. 2009, Bai, Stündl et al. 2012) but generally needs to be 
diluted in the absence of adequate pretreatment.  The macro and micro nutrients are 
unlikely to become limiting unless severe dilution was used. The concentrations should be 
in excess of algal requirements. None of the elements appear to be present in potentially 
toxic concentrations. Successful algal cultivation has taken place using ADE from piggery 
and dairy waste.  

7.3.7 Mixing 
Mixing is a critical factor for achieving high productivity in all types of algal cultivation 
systems (Vonshak, Abeliovich et al. 1982). Its importance with regards to light availability 
has already been mentioned above, but mixing is also important for the diffusion of gases 
and maintenance of uniform temperature throughout the culture. 
 
Mixing by paddle-wheels, aeration, pumping etc also imposes hydrodynamic shear forces 
which can be detrimental and even lethal to some algae (Thomas and Gibson 1990, 
Barbosa, Albrecht et al. 2003). The paddle-wheel mixed raceway ponds provide the most 
benign shear environment meaning that many relatively shear-sensitive algae can be 
grown in this system  (Moheimani and Borowitzka 2006, Moheimani, Isdepsky et al. 2011). 
Paddle-wheels also have the lowest energy requirement of any of the practical mixing 
options for raceway ponds. On the other hand, closed photobioreactors which require 
mechanical pumps or airlifts to circulate the algae culture are only suitable for a limited 
number of shear-tolerant algae species. The negative effects of shear forces are (1) 
physiological impairment, (2) behavioural alteration, and (3) mechanical cell damage, 
especially the detachment of the flagella from motile cells. Additionally these shear 
forces can lead to changes in the morphology of the microalgae, especially colonial forms 
(Hondzo and Lyn 1999). The energy required to mix and circulate the culture in closed 
photobioreactors is also high (Jacobi and Posten 2013). 

7.4 Algal Species and Strain Selection and Management 
On farm production of algae for inclusion into pig diet formulations will require the growth 
of algal strains with favourable nutritional composition and reliable long-term cultivation. 
The selection of the best species and strains can greatly improve productivities in outdoor 
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cultures. Once the desirable strain has been selected and the culture conditions 
characterised, both the mass culture system and growth conditions must be capable of 
maintaining pure cultures of the selected algae. 
The key attributes for the ideal algae species to grow on piggery effluent or the effluent 
from anaerobic digesters for the use of animal feed are (Borowitzka 2013): 

(1) High growth rate (high productivity) when subject to pig waste nutrients with 
nitrogen predominantly in the form of ammonium in the absence of pretreatment. 

(2) Tolerance of seasonal and diurnal variations (especially temperature) in growing 
conditions. 

(3) Colonial or filamentous morphology, or species readily forming clumps enabling 
relatively easy and economical harvesting. 

(4) Be non-toxic and have biochemical composition suitable for feedstock (or high 
levels of valuable cell components such as pigments or lipids). 

Additionally, a species with a weak cell wall is desirable in order to improve digestibility. 
However, naked and thin walled species of algae tend to be more susceptible to predators 
such as rotifers. The green algae are of interest for most of the attributes listed, although 
the majority of species do have fibrous cell walls (Harrison 1986). 
 
Without having an extreme environment that favours a certain species (e.g. high salinity 
or alkalinity), attempts to grow introduced species in HRAP as pure monocultures for 
extended periods of time (many months) will generally fail due to contamination by other 
algae and zooplankton (Borowitzka 1998) However, management of the species consortium 
present appears to be possible as indicated by the few studies which have attempted this. 
For example, selective biomass recirculation has shown at least some promise in effective 
algal species control. Benemann et al (1977) demonstrated the ability to maintain a 
culture of the slow growing filamentous algae Spirulina sp dominating over the faster 
growing single cell Chlorella contaminant. However, more research is needed in order to 
find practical methods of controlling and screening similar sized algal species. Similarly 
Sevrin-Reyssac et al (1998) treating pig manure could maintain a culture dominated by  
Scenedesmus falcatus, Scenedesmus quadricauda  and a lesser amount of Chlorella spp all 
year round.  Recently Park et al (2011) have also shown that by ‘recycling’ the desirable 
species (in this case the colonial green alga Pediastrum) its dominance in the raceway 
wastewater treatment pond could be maintained. Clearly, some degree of species 
management in wastewater treatment ponds is possible, but more work is required to 
determine the extent to which this can be done. 
 
Open algae ponds including HRAPs are susceptible to grazing by herbivorous protozoa and 
zooplankton (e.g. rotifers and cladocerans) which can reduce algal concentration and 
production to low levels within days. Fungal parasitism and viral infection can also 
significantly reduce the algal population and diversity (Park, Craggs et al. 2011). However, 
a limited range of control and management options such as changes in pH are possible 
(Lincoln, Hall et al. 1983, Becker 1994, Zmora and Richmond 2004). 
 
Toxic algae and cyanobacteria may be of concern when culturing in an open system but 
are rarely found in artificial culture systems (Taiganides 1992). However, experience over 
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the last 70 years has shown that toxic algae are not a problem in HRAP systems or in 
managed outdoor algae cultures. 

7.5 ALBAZOD Culture 
 In nature and in an open system such as wastewater treatment ponds microbes live in a 
diverse community of algae, bacteria, zooplankton and detritus. This combined microbial 
biomass is referred to as ALBAZOD (algae-bacteria-zooplankton-detritus). Common genera 
of freshwater algae found at high levels of organic pollutants include Euglena, 
Oscillatoria, Chlamydomonas, Scenedesmus, Chlorella, Pandorina, Nitzschia, Navicula, 
and Stigeoclonium (Palmer 1969). Whether an algal species will thrive or dominate in a 
HRAP is dependent on environmental (temperature, light), operational (pH, nutrient 
composition & concentration, retention time) and biological factors (algal adaption, 
grazers & parasites). 
 
One of the limited number of swine slurry experiments performed at larger scale was done 
by using 320 m2 HRAPs (Sevrin-Reyssac 1998). Scenedesmus spp. dominated with some 
incidental presence of Chlorella sp.  As the biomass was being used as feed for Daphnids, 
the mixture of algae species was not a problem. 
 
Long term experiments conducted in Singapore (Taiganides 1992) during the 1980’s grew 
an ALBAZOD culture dominated by Micractinium, Chlorella and Scenedesmus using large 
pilot plant scale ponds. This work was plagued by frequent culture crashes during heavy 
rains, infestation by predatory species and colonization by other less productive algal 
species. Algal population control proved to be difficult. When operational the reported 
average productivity of the ponds was 18 g m-2 d-1. However, many later studies had much 
more positive results, being able to maintain relatively stable  algae cultures for extended 
periods of over 1 year (de la Noüe, Sevrin-Reyssac et al. 1994, Sevrin-Reyssac 1998, 
Craggs, Sutherland et al. 2012) . For example, de Godos et al (2009) using small mini-
ponds demonstrated the ability to successfully run a poly-culture in HRAP for the 
treatment of 10 and 20 fold diluted piggery waste. As could be expected, the species that 
are highly pollution tolerant were well represented. The diversity of the species in the 
HRAP changed with the seasons, with generally at least 5 species represented. During the 
summer the reported biomass productivity3 ranged from 21 to 28 g m-2 d-1, with a total 
nitrogen removal efficiency of 88%.  

7.6 Biomass harvesting and dewatering 
This section focuses on the harvesting of the algal biomass, but the same methods are 
used for the clarification of water to remove particles other than algae and are relevant 
for the clarification of the effluent after aerobic treatment/anaerobic digestion. 
 
The cost-effective harvesting of the algal (or ALBAZOD) biomass presents a particular 
challenge for all wastewater treatments systems and also for the commercial culture of 
microalgae.  Algae are difficult to remove due to their generally small cell size (<20 µm) 
                                            
 
3 These productivity values include any suspended solids and salts in the ‘biomass’ and are 
therefore an overestimation of the actual algae biomass productivity. 
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and their similar density to water (1.08-1.13 g.mL-1) and the generally dilute nature of the 
culture (often between 0.1 and 1.0 g dry weight biomass.L-1) (Mohn 1988). Many harvesting 
options have been investigated but most are energy intensive, greatly increasing operating 
costs and are only economically feasible for relatively high value products. The available 
harvesting methods are also dependent on the algae species and on the proposed use of 
the harvested biomass and the clarified water. The choice of method(s) to be used 
depends on the actual species to be harvested and the degree to which the harvested 
biomass needs to be dewatered. 
 
In order to separate the solid biomass from the liquid medium, either the microalgae or 
the liquid can be constrained. Liquid constrained methods include flotation, sedimentation 
and centrifugation. The main methods for constraining the algae are filtration and 
screening (Figure 7.3). 

 
Figure 7.3 Hierarchy of algae harvesting and dewatering methods 
 
 
Typical microalgae harvesting and water clarification techniques include centrifugation, 
filtration and gravity sedimentation (Pahl, Lee et al. 2013). A flocculation stage often 
precedes these processes. Centrifugation is the preferred method of biomass separation 
on a small scale but as it is energy intensive it is uneconomical for large scale harvesting, 
although it may be useful for thickening an already harvested algal slurry. Filtration 
technologies are generally only useful for the recovery of relatively large species, such as 
the filamentous Spirulina (Lee 1979). Sedimentation tanks or settling ponds are generally 
used in biomass recovery from sewage based processes (Sardi, Martelli et al. 2006). The 
use of sedimentation along with flocculation is reported to be cost effective due to 
minimal power consumption and the use of gravity for biomass settling.  

7.6.1 Flocculation 
Flocculation (or coagulation) is the aggregation of particles to create larger particles. 
These larger particles (flocs) are easier to separate from the medium and algae 
flocculation can be achieved by various methods.  The algal cell walls carry a negative 
charge that generally prevents aggregation of suspended cells in a culture. By the addition 
of multivalent metal salt or cationic polymer flocculants to the culture, the negative cell 
surface charge can be reduced or neutralized. 



 

97 
 

 
Flocculation may be initiated through the use of inorganic flocculants, organic flocculants 
or by using autoflocculation, bioflocculation, ultrasound and electroflocculation 
procedures. Flocculation systems are very species specific; a flocculent may work well for 
one species but be unsuitable for another species. The degree of flocculation also depends 
on properties of the liquid growth medium including ionic environment, temperature, pH 
and surface shear stress. 
 
Commonly used multivalent metal salts for flocculation include ferric chloride (FeCl3), 
aluminium sulphate (Al2(SO4)3, alum) and ferric sulphate (Fe2(SO4)3). These salts have been 
widely used to flocculate algal biomass in wastewater treatment processes. Alum has 
proved effective for the flocculation of Scenedesmus and Chlorella; however it may 
change the palatability and digestibility of the final algal product. Some studies have 
suggested polyferric sulphate (PFS) is a superior flocculant to the more traditionally used 
metal salts, at least for some algal species (Anabaena, Asterionella). PFS is effective over 
a larger pH range and is said to produce flocs that are easily dewatered (Sardi, Martelli et 
al. 2006). 
 
An alternative to metal salts are cationic polymers (polyelectrolytes), which have been 
used extensively for algae biomass recovery. They may be less effective in comparison 
with metal salts such as alum but can be made from non-toxic products like chitosan 
(Morales, de la Noüe et al. 1985) or cationic starch (Vandamme, Foubert et al. 2010). The 
effectiveness of polyelectrolytes depends on many factors, including the molecular mass 
of the polymer, charge density, dosage, biomass concentration, ionic strength and the pH 
of the culture. Doses of polyelectrolytes between 1 and 10 mg mL-1 usually induce 
flocculation in freshwater algae. Various flocculants were tested on a mixed culture grown 
on pig waste and dominated by Chlorella. Chitosan has proven to be very effective (95-
100% removal) when added at concentrations of 20 mg L-1 (Buelina, Bhattarai et al. 1990). 
However polyelectrolytes are not suitable for marine species, with a high salinity 
inhibiting flocculation. Reports have suggested inhibition at salinity of 5 kg m-3 (salinity of 
seawater is ~37 kg m-3) (Sardi, Martelli et al. 2006). 
 
Godos (Lee 1979) demonstrated that polyelectrolytes at a concentration of 5 – 25 mg L-1 
are as effective for flocculation of Chlorella and Scenedesmus as ferric metal salts at 
concentrations much higher (150-250 mg L-1). The optimal technique comes down to cost, 
as metal salts are generally much cheaper than cationic polymers. 
 
For some species effective flocculation can be achieved without the addition of chemicals 
by autoflocculation (Lavoie and de la Noüe 1987, Yahi, Elmaleh et al. 1994). 
Autoflocculation can be induced under non-ideal cultivating conditions, generally high pH 
in the presence of phosphate and divalent cations. Autoflocculation occurs through the 
precipitation of magnesium and calcium carbonate salts which have a positive surface 
charge and help reduce or negate the surface charge on the algal cell. The performance of 
autoflocculation is difficult to predict and is species dependent.  
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Bioflocculation, usually by the association with bacteria has also been demonstrated, but 
it is hard to see how this can be applied on a large scale (Lee, Lewis et al. 2009) although 
the process is common in wastewater treatment ponds which have a high bacterial load. 

7.6.2 Dissolved Air Flotation 
Dissolved air flotation (DAF) is a technique that uses chemicals to flocculate the algal cells 
and float them to the surface with microscopic air bubbles, with the algae then being 
skimmed off the surface. This technique has seen wide use in sewage treatment plants 
and is easily scalable (Levin, Clendenning et al. 1962, Féris and Rubio 1999). To produce 
microscopic bubbles, a saturation tank is needed to dissolve large quantities of air into the 
water at a higher pressure. The super saturated air-water solution is released suddenly. 
The bubbles then attach themselves to the solid particles and cause them to rise to the 
surface.  
 
Enhancing natural aggregation of cells or flocculation to encourage simple gravity settling 
would be the easiest and most economical way of ensuring high quality treated effluent 
and recovery of algal biomass. Many of the algal species that dominate current 
wastewater treatment HRAPs often form largish colonies (50 - 200µm). It has been 
demonstrated that enhanced aggregation can be achieved through nitrogen limitation and 
CO2 addition; however more research is needed to understand the exact biological 
mechanisms involved. 

7.6.3 Sedimentation 
Gravity separation is most likely the easiest method of solid-liquid separation where 
possible (Moraine, Shelef et al. 1980, Shelef, Sukenik et al. 1984).  Sedimentation 
separates the microalgae medium into a microalgal slurry (with up to 1% solid content) 
and a clear liquid.  Sedimentations main advantages over other separation methods are 
lower operating and design costs; and also a lower requirement for skilled labour.  The 
main disadvantages of sedimentation are low solid content, large space requirement and 
long settling times. Sedimentation is also very species-specific and depends on the cell 
size, density, motility and water turbulence and upwelling.  Due to the low density of 
individual microalgae cells, the microalgae most likely need to be flocculated for 
sedimentation technologies to be effective. The main sedimentation technologies are 
gravity thickeners and lamellar settlers. 

7.6.4 Filtration and screening 
Filamentous micro-algae such as Spirulina are easily removed from their liquid media on 
vibrating, oscillating or cascade screens because their filaments bridge the screen 
openings and the media can drain away to be discharged or returned to the growth system 
(Shimamatsu 2004). Micro screening has been an established technique for removal of 
algae from drinking water for more than 30 years. 
 
Filtration is one of the most common methods for separating solids from a fluid. 
Separation is achieved by constraining the particles. Filtration requires a pressure 
differential and a filter media, and can be operated in continuous or batch modes. An 
advantage of filtration is that most of the devices are ‘off the shelf’ items. The main 
filtration methods that have been proposed for the recovery of microalgae include 
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tangential flow filtration, combined gravity belt thickener and dewatering, rotary press, 
automated filter press, vacuum drum filters, combined screw thickener and dewatering 
and vibrating screens. The main drawbacks of large scale filter use are filter blockages, 
filter fouling and low biomass recovery. Flocculation and filter aids can help ease some of 
these problems. 
 
Finer screens (50 to 100 µm openings) are highly effective for capture of Spirulina, but 
screens with openings greater than 100 µm capture only a small fraction of the filaments. 
Unicellular green algae such as Chlorella and Scenedesmus need much smaller openings. 
Openings of about 5 µm will retain most Chlorella and openings of 20 µm will retain most 
Scenedesmus. However, these screens have a low throughput rate, often less than 10 L m-2 
min-1, and must be continually backwashed to prevent clogging. 
 
Gravity belt filters are generally continuously operated and consist of a fabric mesh (filter 
media) that moves over rollers driven by a variable speed drive. The microalgae will have 
already been flocculated to increase the particle size and dewaterability. Particle 
thickening occurs by trapping the microalgae sludge between two belts and allowing 
gravity to drain off any free water through the fabric mesh. Blades, or ploughs, can be 
installed along the gravity drainage zone to turn over the slurry thereby increasing the 
amount of drainage (Pahl, Lee et al. 2013). Gravity belt thickeners are one of the more 
cost effective mechanical dewatering devices, generally having a relatively low power 
consumption and low capital cost. While the final moisture content can be controlled to 
some extent by varying the drainage time on the belt, the extent of thickening is strongly 
dependent on the floc characteristics and the way that the water is bound to the slurry. 
Belt thickeners are generally designed for a maximum 5-7% solids concentration. 

7.6.5 Centrifugation 
Most microalgae can be harvested by centrifugation. Centrifugal recovery is rapid but is 
also very energy intensive and therefore costly. Centrifugal processes rely on the 
generation of a centrifugal force which acts radially and accelerates the movement and 
separation of particles based on a density difference between the particle and the 
surrounding medium. If the particle is denser then the media than the particle will 
migrate outwards, otherwise it will migrate inwards. Where sedimentation under gravity is 
a slow process, the use of centrifugal force will quicken the settling process, thereby 
increasing throughput and reducing the footprint. Five basic types of centrifuges are used 
on an industrial scale, namely disc stack centrifuges, perforated basket centrifuges, 
imperforated centrifuges, decanters and hydrocyclones. 
 
The decanter or scroll centrifuge is one of the most promising centrifugal devices for the 
recovery of microalgae as they can operate continuously, have high capacity and lower 
maintenance requirements; however the high capital cost and energy demand often limits 
their application to higher valued products. Decanters essentially consist of two concentric 
rotating elements surrounded by a stationary casing or cover. The tapered outer rotating 
element, or ‘bowl’, and the inner element, or ‘screw’, rotate at slightly different speeds. 
Solids entering the decanter settle on the bowl wall and are conveyed along the bowl wall 
to the discharge, while the clarified liquid is discharged at the opposite end. The solids 
concentration on discharge is dependent on the feed properties (particle size, particle-



 

100 
 

fluid density difference) and can be modified by altering the feed flow rate, the rotational 
speeds of the bowl and screw and the bowl length. The maximum discharge concentration 
typically achieved in continuous centrifugation processes are 10-20% solids (Mohn 1988, 
Pahl, Lee et al. 2013). 
 
Hydrocyclones consist of an upper cylindrical section joined to a conical base. Feed is 
injected tangentially through an inlet opening near the top of cylindrical section and the 
particles experience the radial centrifugal force. If the radial centrifugal force is greater 
than the drag force then the particles will be separated from the fluid and leave through 
the conical base, otherwise the particles will be retained and leave through the upper 
outlet. Unlike centrifuges, hydrocyclones are relatively cheap and have no moving parts. 
Hydrocyclones require precision engineering and are somewhat inflexible once installed as 
the separation performance is very sensitive to the fluid and particle dynamics within the 
hydrocyclone. While hydrocyclones have shown some promise for the primary 
concentration of microalgae, their reliability can be poor (Mohn 1980). 
 
The cost, biomass recovery and ease of solids discharge ultimately depends on centrifuge 
design and operational parameters. The sticky nature of some microalgae can make solids 
discharge difficult. Historically, many disc stacked centrifuges and decanters use a liquid 
to support the discharge of collected material, which results in some of the liquid being 
discharged with and diluting the solids. As one of the primary objective of centrifugation 
in the harvesting and dewatering of microalgae is to reduce the water content this 
presents several challenges with conventional designs. A possible new type of suitable 
centrifuge for algae harvesting has been developed by Evodos (http://www.evodos.eu/) 
and is currently being tested by several groups and companies around the world.  
Although centrifugation is a proven technology for the fast and effective means of 
harvesting most microalgae, its use and the high capital and operational costs, must be 
considered in conjunction with the scale and value of the product. Centrifugation as the 
primary step is unlikely to be economic for the harvesting of algae for animal feed. 

7.6.6 Drying 
The algal biomass is subject to rapid deterioration once harvested. In tropical conditions 
deterioration has been reported within 24 hours, producing a foul fishy odour (Taiganides 
1992). This leads to the loss of vital proteins, amino acids, vitamins etc. The harvested 
algae biomass therefore must be used quickly as wet feed, dehydrated for storage, or 
immediately incorporated in pelleted or extruded feed. 
 
Drum drying is widely used when algae biomass is used for feeding trials. The biomass 
reaches temperatures of about  120oC for 10 to 12 seconds, causing a marked 
improvement in digestibility of the product in rats (Harrison 1986), probably because the 
high temperature ‘breaks’ the algae cell walls making the protein content more available 
for digestion. Drum drying had the highest digestibility coefficient for rats when compared 
with sun-dried or sun-dried/cooked algae. Further study indicated that drum-dried algae 
yielded the highest in vitro protein digestibility when compared with fresh and sun-dried 
algae. Also the product from the drum dryer is a dry flake that can be stored easily but 
the major issue with this form of drying is the high energy demand. Spray-drying is an 
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alternative option depending on the quality of the dried product required, but is more 
expensive than drum drying. 

7.7 Water recycling 
Recycling of the growth medium after harvesting of the cells may be desirable as this 
water still contains significant amounts of nutrients. Alternatively the water the algae 
have been grown in can be used for irrigation. Some issues to consider when designing a 
water recycling process are; 

(1) Depending upon the harvesting process used, the recycled medium may be 
enriched in contaminating organisms or cells with undesirable characteristics. 
When returned to the algal culture it may lead to a change in the diversity of the 
biomass.  As an example, when harvesting Spirulina by filtration, short filaments of 
Spirulina as well as  contaminating algae such as Chlorella pass through the filters. 
In time this can result in overgrowth of the pond by the Chlorella or by Spirulina 
with short filaments that cannot be harvested (Belay 1997, Hu 2004). 

(2) If chemical flocculation is used in harvesting, the recycled medium may be 
contaminated with the flocculant. This could result in unwanted flocculation of the 
algae in the cultivation reactor and reduced productivity. 

(3) Cell breakage during pumping and harvesting of the culture can lead to a buildup 
of organic material in the water which can lead to increased bacterial growth. 

(4) Water recycling may also lead to the buildup of growth inhibiting substances either 
released by the algae, a component of the flocculate used (e.g. Al in alum), or a 
minor contaminant in the nutrient source. 

7.8 Biomass product post harvest 

7.8.1 Algae as animal feed 
When evaluated as an animal feedstock, algae are typically first thought of as a source of 
dietary protein (Becker 1988, Becker 2007). The composition of algae biomass can vary 
widely between species and even within species (Table 7.2). Intra-species variability can 
be attributed to nutrient source and growth conditions (Piorreck, Baasch et al. 1984).  
 
The protein content of algae (Table 7.2) can range from a low of about 6% to a high of 74% 
(Harrison 1986). Studies differ with regard to the quality of the protein of algae. In 
general algal protein is an excellent source of lysine and threonine but is low in sulphur-
containing amino acids, i.e. methionine and cystine, for feedstock (Table 7.3). 
Unfortunately there seem to be no data available on the standardised ileal digestibility 
(SID) of algae amino acids. 
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Table 7.2 Approximate proximate composition of microalgae (% of dry weight of alga) (Data 
from various sources) 
Alga Protein Carbohydrates Lipids 
Anabaena cylindrica 43-56 25-30 4-7 
Aphanizomenon flos-aquae 62 23 3 
Chlamydomonas reinhardtii 48 17 21 
Chlorella pyrenoidosa 57 26 2 
Chlorella vulgaris 51-58 12-17 14-22 
Dunaliella salina 57 32 6 
Euglena gracilis 39-61 14-18 14-20 
Porphyridium cruentum 28-39 40-57 9-14 
Scenedesmus obliquus 50-56 10-17 12-14 
Spirogyra sp. 6-20 33-64 11-21 
Arthrospira maxima 60-71 13-16 6-7 
Spirulina platensis 46-63 8-14 4-9 
Synechococcus sp. 63 15 11 
 
 
 
Table 7.3 Average amino acid profile of common algae and other protein sources (g 100 g-1 
protein) (data from various sources) 

Source Ile Leu Val Lys Phe Tyr Met Cys Try Thr Ala Arg Asp Glu Gly His Pro Ser 

Egg 6.6 8.8 7.2 5.3 5.8 4.2 3.2 2.3 1.7 5.0 - 6.2 11.0 12.6 4.2 2.4 4.2 6.9 

Soybean 5.3 7.7 5.3 6.4 5.0 3.7 1.3 1.9 1.4 4.0 5.0 7.4 1.3 19.0 4.5 2.6 5.3 5.8 

Chlorella 3.8 8.8 5.5 8.4 5.0 3.4 2.2 1.4 2.1 4.8 7.9 6.4 9.0 11.6 5.8 2.0 4.8 4.1 

Dunaliella 4.2 11.0 5.8 7.0 5.8 3.7 2.3 1.2 0.7 5.4 7.3 7.3 10.4 12.7 5.5 1.8 3.3 4.6 

Scenedesmus 3.6 7.3 6.0 5.6 4.8 3.2 1.5 0.6 0.3 5.1 9.0 7.1 8.4 10.7 7.1 2.1 3.9 3.8 

Spirulina 6.7 9.8 7.1 4.8 5.3 5.3 2.5 0.9 0.3 6.2 9.5 7.3 11.8 10.3 5.7 2.2 4.2 5.1 

 
 
It is a general pattern that high nutrient concentrations result in higher biomass yields in 
algae cultures, with a high protein content and corresponding lower lipid content (Bai, 
Stündl et al. 2012); high N in the medium invariably results in a high protein content 
(Mostert and Grobbelaar 1981, Fabregas, Herrero et al. 1986). The results of Chinnasamy 
et al. (2010) are typical for an ALBAZOD culture, where the composition of the biomass is 
high in protein (~54%) and low in lipid (~5%) and carbohydrates (~16%).   The input of 
additional CO2 has also been reported to increase the protein content of the biomass 
without reducing the lipid content (Bai, Stündl et al. 2012). 

7.8.2 Lipids, fatty acids, sterols and vitamins 
Algae are however not only sources of protein as they also contain lipids (including lipids 
high in long-chain polyunsaturated fatty acids, sterols, carbohydrates and vitamins.  
Microalgae have long been of interest as sources of fatty acids, especially the long-chain 
polyunsaturated fatty acids such as arachidonic acid, eicosapentaenoic acid and 
docosahexaenoic acid (Borowitzka 1988) and they also produce a very wide range of 
phytosterols (e.g. Patterson, Tsitsatzardis et al. 1994, Marshall, Nichols et al. 2002, 
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Volkman 2003). These potentially can be valuable components of a diet for pigs containing 
algae, over and above the protein content of the algae. 
 
Microalgae are also sources of a range of vitamins, especially Vitamins A, C and B12 (Kraut 
and Rolle 1968, Vandenberg, Brandsen et al. 1991, Cañizares-Villanueva, Domínguez et al. 
1995, Doncheck, Huss et al. 1996). 

7.8.3 Digestibility 
The degree of digestibility of various components of the biomass can be related to the 
ease of degradation of algal cell walls. In fact ruminants are the only mammals that 
possess the necessary cellulase producing microorganisms, which hydrolyse the cellulose 
wall making the protein available. If the biomass is to be fed to pigs, the cell walls of most 
species of microalgae must be ruptured to achieve maximum digestibility of the algae. 
The cell wall can be broken in a number of ways, including thermal shock, enzymatically, 
by acid or chemical reaction or mechanically (Kanel and Guelcher 1998, Doucha and 
Livansky 2008). As the biomass is needed for animal feed, acid or chemical reactions may 
be toxic and therefore not applicable. The most practical methods are generally 
mechanical or thermal. Thermal shock can be achieved with drum drier, spray drier, 
direct cooking, boiling or steam injection. Exposure to very high temperatures causes 
sudden expansion within the rigid walls, leading to rupture and release of cellular 
contents. Table 7.4 gives comparative data on the biological value, digestibility 
coefficient, net protein utilization, and protein efficiency ratio of several algae species 
processed by different methods. 
 
 
Table 7.4 Comparative data on biological value (BV), digestibility coefficient (DC), net protein 
utilization (NPU), and protein efficiency ratio (PER) of differently processed algae based on 
studies with rats (from (Becker 2004)).  DD = drum dried, SD = sun dried; AD = air dried 
Alga Processing BV DC NPU PER 
Casein  87.8 95.1 83.4 2.50 
Egg  94.7 94.2 89.1 - 
Scenedesmus obliquus DD 75.0 88.8 67.3 1.99 
Scenedesmus obliquus SD 72.1 72.5 52.0 1.14 
Scenedesmus obliquus Cooked-SD 71.9 77.1 55.5 1.20 
Chlorella sp. AD 52.9 59.4 31.4 0.84 
Chlorella sp. DD 76.6 89.0 68.0 2.00 
Coelastrum proboscideum DD 76.0 88.0 68.0 2.10 
Spirulina sp. SD 77.6 83.9 65.0 1.78 
Spirulina sp. DD 68.0 75.5 52.7 2.10 
 
 

7.8.4 Algae and Pig Nutrition 
There are a large number of studies of the suitability of microalgae for animal nutrition 
including poultry (Grau and Klein 1957, Malek and Bauer 1965, Lipstein and Hurwitz 1980, 
Lipstein, Hurwitz et al. 1980, Mokady, Yannai et al. 1980, Venkataraman, Somasekaran et 
al. 1994, Toyomitzu, Sato et al. 2001), cattle (Chowdhury, Huque et al. 1995, Kulpys, 
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Paulauskas et al. 2009), sheep (Davis, Sharkey et al. 1975, Holman, Kashani et al. 2012), 
mice and rats (Cheeke, Gasper et al. 1977, Chung, Pond et al. 1978, Nusuya Devi, 
Rajeskaran et al. 1979, Mokady, Yannai et al. 1980), fish (Sandbank and Hepher 1980, 
Elsayed 1994), and pigs. Most studies have focused on algae as a protein source, although 
some have also considered the nutritional value of the lipids, carbohydrates and 
carotenoids (Chew 1993, Inborr, Campbell et al. 1997, Sardi, Martelli et al. 2006, Yang, 
Kim et al. 2006, Bergstrom, Nelssen et al. 2007, Woods and Fearon 2009, Rossi, Pastorelli 
et al. 2010). 
 
Some research has been done on the effects of feeding algae to pigs. Lee (1979) fed pigs 
primarily Micractinium sp and Scenedesmus sp. containing ~59% protein. He found pig 
diets containing 8% algae provided comparable performance to corn-soybean meal fed 
control groups. However when algal biomass was increased to 15% of the diet a reduction 
in average daily weight gain was observed. Similarly trials in Singapore (Taiganides 1992) 
on a relatively small number of pigs (18) indicated that steam-boiled algae could replace 
half of the protein in a pig diet (normally provided by soybean meal) with no significant 
reduction in growth rate. However when 100% of the soybean meal was replaced with 
algae, daily weight gain decreased by approximately 20%. Partial supplementation of 
soybean meal by whole defatted algal meal from unspecified marine microalgae in the 
diet for weanling pigs also showed no adverse effects on the animals (Isaacs, Ronecker et 
al. 2011). Other algae which have been studied in pig nutrition are Chlorella (Kajan, 
Doucha et al. 1991, Kohler, Storandt et al. 2008, Chervanev, Tarasenko et al. 2011, Gamko 
and Ufimtcev 2011), selenium enriched Chlorella (Svoboda, Kotrbacek et al. 2009, 
Svoboda, Saláková et al. 2009, 2010), iodine enriched Chlorella (Kotrback, Doucha et al. 
2004, Banoch, Fajt et al. 2011), Spirulina (Yap, Wu et al. 1982, Grinstead, Tokach et al. 
1998), Scenedesmus (Witt, Schroder et al. 1962, Sobczak and Szlichcinska 1964, Malek and 
Bauer 1965, Mandel and Travnicek 1965, Witt, Schroder et al. 1967), Cu, Fe and Zn 
enriched Spirulina (Saeid, Chojnacka et al. 2012, Saeid, Chojnacka et al. 2013), and the 
carotenoid astaxanthin from Haematococcus (Yang, Kim et al. 2006, Bergstrom, Nelssen et 
al. 2007, 2009). In no cases did the algae have a detrimental effect, but generally were 
found to be a possible alternative protein source or to benefit production or fertility or 
meat quality (see Table 7.5). 
 
Mixtures of wastewater grown Chlorella and Scenedesmus have also been used by Hintz 
and Heitman (1967), completely substituting fish meal for algae as the protein source in a 
pig. Algae made up 13.5% of the growing pigs diet with the rest predominately consisting 
of barley. Although the pigs fed algae had a reduced growth rate, no significant 
differences in feed conversion efficiency were observed when the algae were 
supplemented with B-vitamins, particularly B12.  
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Table 7.5. Summary of studies on the effects of various microalgae on the growth and health of 
pigs. 
Alga Parameter Summary of Results References 
Spirulina    
 Growth Crossbred weanling pigs fed dried Spirulina at  levels 

of 1.5 and 3% of diet had higher growth rates 
compared to the control group 
 

(Hugh, Dominy 
et al. 1985) 

  Twelve-day old early-weaned pigs received a diet 
containing the alga Spirulina maxima providing 25% 
of dietary protein, or 12% meal in feed to 21 days 
old, replacing skim milk, then 8% in feed replacing 
soybean oilmeal until 42 day old. Females received 
feed with 5% algae meal from 25 kg bodyweight 
until they completed 2 pregnancies and lactations. 
The apparent protein digestibility of the algae 
protein was 6.1% lower compared to skim milk 
(using Cr2O3 as a marker) , but growth was 
satisfactory, and the same in all groups, suggesting 
that metabolic utilization of alga feed was better 
than that of the control diet, especially from 12 to 21 
days old, and compensated for its lower apparent 
digestibility. Algae meal given to females did not 
affect their age or bodyweight at puberty. In their 
1st pregnancy those given algae gained less than 
controls but they had more young and heavier 
litters. In their 2nd pregnancy the young were 
slightly fewer and heavier than those of controls. 
Lipid content of milk was not affected.  
 

(Fevrier and 
Seve 1975) 

  One-half of soybean meal (33 % of total dietary 
protein) in a corn-soybean meal/dried skim milk 
starter diet with algal proteins (Spirulina maxima, 
Spirulina platensis). The trial was performed with 
Yorkshire pigs weaned to a dry diet at 4 to 8 days of 
age. There was no significant difference between 
control and algal diets during the 15- and 26-day trial 
periods in growth, diarrhoea, loss of appetite, or 
toxicity 
 

(Yap, Wu et al. 
1982) 

  Weanling pigs fed Spirulina pelleted diets had 
decreased average daily gain (ADG), while those 
receiving Spirulina in meal diets had improved ADG 
 

(Grinstead, 
Tokach et al. 
1998, 2000) 

  ADG in pigs fed Spirulina levels of 2% of diet was 
greater than in the control group, during days 14–28 
post-weaning 
 

(Grinstead, 
Tokach et al. 
1998, 2000) 

  Pigs fed Spirulina levels of 14% of diet had similar 
growth as those fed skim milk powder. Increasing 
Spirulina levels in pig diets (0.5%, 1% and 2% diet) 
showed only a numerical increase in ADG 

(Grinstead, 
Tokach et al. 
1998) 

    
  Fattening pigs fed 1.5 g day-1 Spirulina platensis 

biomass every day in addition to the common ration. 
The fresh biomass of microalgae had 75% moisture 

(Simkus, 
Martinavicius 
et al. 2008, 
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and was preserved by molasses in the ratio 1:5. The 
daily weight gain of pigs was by 5.2% (P>0.05) higher 
than the control group. The carcass yield in the 
experimental group increased by 3.38% (P>0.05). S. 
platensis also improved the digestibility of ration 
nutritive substances. Protein digestion in the 
experimental group of pigs was 4.1% (P<0.05) higher 
than in the control group. The dry matter 
digestibility increased by 2.4%, organic matter - by 
1.1%, fiber - by 1.4% ( P>0.05) 

Shimkus, 
Shimkiene et 
al. 2009) 

  Dewormed (Dectomax® or Ivomec®) piglets (Big 
White Polish/Polish White Zwisloucha, dams × 
Hampshire/Pietrain) (20.9±2.2 kg) were fed diets in 
which the requirement for Cu(II) was covered by S. 
maxima biomass enriched with copper during algae 
culture and the requirement for Fe was covered by 
S. maxima enriched with iron  (25.5 %) and 74.5 % 
with inorganic salt and the requirement for Zn was 
covered by S. maxima enriched with zinc ((17.3 %) 
and by inorganic salt (82.7%).  There were no 
statistically significant differences between the 
average daily and periodic weight gain, daily and 
periodic feed collection, as well as feed conversion 
ratio. There were no statistically significant 
differences between the amount of N excreted in 
faeces and urine, when considering the retention of 
N, both in relation to the consumed N, and relative N 
digested which was at a similar level. In the 
experimental group in comparison to the control 
group, 17.05 % (P<0.05) lower low-density 
lipoprotein cholesterol and 9.43 % (P<0.05) total 
cholesterol were observed. Additionally, an increase 
of 13 % (P<0.05) of parameter a* of and a 34 % 
(P<0.05) reduction of the natural leakage were 
found. 
 

(Saeid, 
Chojnacka et 
al. 2012, Saeid, 
Chojnacka et 
al. 2013) 

 Fertility Fertility of Boars fed BioR (an extract of Spirulina) at 
1.5 mL day-1 had increased ejaculate volume and 
spermatozoa mobility compared to a control group 

(Granaci 2007) 

Scenedesmus    

 Growth From 35 to 110 kg German Improved Landrace pigs 
were given rations with protein from 25% of the 
protein fishmeal or fishmeal and 75% of the protein 
S. obliquus or soya and barley was 84 to 91.5% of the 
rations and was increased with liveweight; digestible 
crude protein was 11.6 to 14%, slightly lower in the 
ration with alga than in the others. Daily gains in 
liveweight were not significantly different. Feed 
conversion was significantly better with algae. 
 

(Witt, Schroder 
et al. 1962) 

  From 35 to 110 kg live weight 10 German Improved 
Landrace pigs, fed individually, were given 77.5% 
barley and 22.5% protein concentrate of fishmeal 
and soya meal (16:74) and 10% minerals, vitamins 
and trace elements. An experimental group had 

(Witt and 
Schroder 1967) 
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76.5% barley, 21.5% Scenedesmus obliquus and 2% 
minerals 2.0%. The 2 feeds contained, per kg, 709 
and 650 g total digestible nutrients (TDN) and 140 
and 129 g protein. From 40 to 110 kg live weight 
average daily weight gains were 738 g without and 
776 g with algae. With algae the weight of internal 
fat and areas of eye muscle and fat between the 
13th and 14th ribs were slightly, but not 
significantly, greater than without. 
 

  Pigs in 4 groups of 10 received basal rations of 
barley, maize and yeast supplemented with 
fishmeal, soya bean meal, fishmeal and soya bean 
meal supplying protein 1: 3 or Scenedesmus obliquus 
and soya bean meal supplying protein 1: 3. All 
groups had similar amounts of digestible protein and 
all but the pigs given fishmeal had mineral 
supplements. Weight gain from 40 to 110 kg and 
carcass quality were similar in the groups. Fishmeal 
and the mixture with algae had a significant positive 
effect on the ripening process of the meat 

(Witt, Schroder 
et al. 1967) 

  Scenedesmus was used as part of the protein source 
from weaning to slaughter. No differences were 
observed compared to use of yeast (Torula) or lysine 
 

(Malek and 
Bauer 1965) 

  For 3 weeks 14 day old crossbred pigs were given a 
liquid diet of 160g dried whole milk and 20g ground 
hulled oats per litre, vitamins and minerals, or with 
60 g dried milk replaced by 35 g dried Scenedesmus 
with olive oil and glucose. Then for 3 weeks they 
were given a dry feed of 30% dried whole milk, 37% 
ground hulled oats, 30% barley meal, vitamins and 
minerals or with 14% dried algae to replace that 
amount of the dried skimmed milk. The pigs with the 
algae ration had reduced weight gain. Between 17 
and 24 days of age digestibility of protein was about 
18% and of dry matter about 6% lower with alga in 
the diet 

(Mandel and 
Travnicek 
1965) 

Chlorella    

 Growth Piglets given Chlorella in the feed for 44 days from 
15 days old until complete weaning gained about 8% 
more and utilised feed about 4.5% better than 
piglets given no algae. 

(Obrezanov, 
Frolova et al. 
1973) 

  One-half of soybean meal (33 % of total dietary 
protein) in a corn-soybean meal/dried skim milk 
starter diet with algal proteins (Chlorella). The trial 
was performed with Yorkshire pigs weaned to a dry 
diet at 4 to 8 days of age. There was no significant 
difference between control and algal diets during 
the 15- and 26-day trial periods in growth, diarrhoea, 
loss of appetite, or toxicity. 
 

(Yap, Wu et al. 
1982) 

  Fresh Chlorella suspensions given to sows for 53 
days at 13 g dry weight per head daily had no 

(Kajan, Doucha 
et al. 1991) 
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adverse effect on health and significantly increased 
the concentration of vitamin C in blood. 

  96 growing pigs ((Landrace x Yorkshire) x Duroc; BW 
= 26.58±1.41 kg) were used in a 6-wk feeding trail to 
evaluate the effects of 1% or 2% fermented  
Chlorella (FC) supplementation on growth 
performance, nutrient digestibility, blood 
characteristics, faecal microbial and faecal noxious 
gas content in growing pigs. 1% FC diets led to a 
higher average daily gain (ADG) and dry matter (DM) 
digestibility. Dietary FC treatment led to a higher 
Lactobacillus concentration and lower E. coli 
concentration, whereas the antibiotic 
supplementation only decreased the E. coli 
concentration. Pigs fed FC or PC diet had reduced 
faecal NH3 and H2S content compared with those fed 
the control diet. 

(Yan, Lim et al. 
2012) 

 Reproduction Chlorella suspensions with a basal feed mixture were 
given to sows 1 month before or after successful 
mating to weaning of the offspring at 6.5 g DM/head 
daily; control sows received the basal KPK feed 
mixture alone. For the test and control groups, litter 
size at weaning was 8.53 and 7.81, and 7.90 and 7.60 
before and after successful mating. Average body 
weight of the young at weaning was 4.59 and 4.50, 
and 5.91 and 5.04 kg, correspondingly. 
 

(Kajan, Doucha 
et al. 1991) 

  The supplemental feeding of dried Chlorella vulgaris 
to breeding sows and piglets did not significantly 
affect feed intake, reproductive performance and 
productive performance. However, the number of 
liveborn piglets per litter was 0.5 times higher and 
total birth weight of live piglets in each litter 
increased by ~1 kg in the supplemented groups. 
Faecal nitrogen excretion was significantly reduced 
from 2.7 to 2.3% in sows after 2 weeks and was 2.0% 
after 4 weeks of algae feeding. Supplementation did 
not have any effect on live weight gain. 
 

(Kohler, 
Storandt et al. 
2008) 

  Experimental group pigs were fed with rations that 
contained 500 mL pig-1 day-1 of a Chlorella 
suspension (including both C. vulgaris IFR-111 and C. 
vulgaris BJN) for a 30 day period. Control group pigs 
received the same rations but without the addition 
of Chlorella suspension. The survival rate of pigs in 
the experimental group was 98.05%, compared with 
90.7% for the control group. 
 

(Chervanev, 
Tarasenko et 
al. 2011) 

  Weaner pigs were fed diets containing Chlorella 
vulgaris during the productive period. Productivity 
and profits increased 20.4 and 31.6%, respectively, 
after feeding the microalgae. 

(Gamko and 
Ufimtcev 2011) 

Sewage-grown algae   
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 Growth Gilts were fed algae at 6 and 10% of ration (stage 1 
total protein 14%), and 2.5 and 4.8% (stage 2, total 
protein 12%) replacing meat & bone meal and 
cottonseed meal. No significant differences in 
growth were observed although the protein 
digestibility of the algae was lower than that of other 
protein sources. 

(Hintz and 
Heitman 1965) 

  In two trials with 48 pigs it was found that when 
algae (a mixture of mainly Chlorella and 
Scenedesmus grown on sewage) supplemented with 
B-vitamins replaced fish meal on an equal-nitrogen 
basis in a diet based on barley and fish meal there 
was no decrease in rate of gain or feed conversion 
efficiency. When vitamin B12 was omitted from the 
algal diet, there was a decrease in rate of gain. There 
were no consistent differences in carcass 
characteristics between pigs fed on the algal diets 
and those fed on diets containing fish meal. 
Digestibility studies indicated that algae are low in 
digestible energy, but their protein is 70% digestible. 

(Hintz and 
Heitman 1967) 

Schizochytrium sp. 
(Docosahexaenoic acid) 

  

 Meat quality The dietary treatment did not affect either the 
growth or slaughtering parameters of pigs. No 
significant differences were observed with respect to 
pH values, meat colour, loin composition and the 
iodine number of subcutaneous fat. Pigs on MA diets 
showed a significant improvement in DHA levels 
both in loin and in subcutaneous fat. 

(Sardi, Martelli 
et al. 2006) 

Haematococcus pluvialis 
(astaxanthin) 

  

 Reproduction Using sows over 2 consecutive parities mean litter 
weight at 21 d of age was increased for sows fed 5 
ppm astaxanthin in the form of Haematococcus 
powder for 35 d pre-farrowing through lactation and 
21 d after weaning. During the second parity, the 
wean-to-service interval was reduced for sows fed 
astaxanthin. 

(Inborr, 
Campbell et al. 
1997) 

 
 
Although algae biomass can be effective in replacing part of the diet of pigs several 
factors need to be taken into account when assessing the findings summarised in Table 
7.5.  For example, it is important to consider the formulation of the experimental diet and 
the feed component that the algae are replacing, or whether the algae are provided in 
addition to the normal diet (e.g., Chervanev, Tarasenko et al. 2011). The form in which 
the algae are supplied also affects the outcomes. For example, Grinstead et al (1998, 
2000) observed differences in growth depending on whether the Spirulina was added to 
pelletised diets or to meal diets. From days 0 to 14 after weaning, adding Spirulina to 
pelleted diets numerically tended to decrease ADG (Spirulina x feed processing, p < 0.10), 
whereas adding Spirulina to meal diets tended to improve ADG. From days 14 to 28 or days 
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0 to 28 after weaning, no differences in ADG, ADFI, or F/G were observed. They concluded 
that the response to Spirulina was inconsistent and occurred only with meal diets.  
 
It is known that different methods of drying the algae as well as other methods of pre-
processing the algae biomass affect digestibility, protein value etc. (see section on 
digestibility above and Table 7.4 and (Komaki, Yamashita et al. 1998), as well as the 
content of lipids, carotenoids and vitamins (Subbulakshmi, Becker et al. 1976, Ryckebosch, 
Muylaert et al. 2011), this can have important effects on the outcome of feeding trials. 
However, almost all trials have focused only on the protein content, rather than the 
complete composition of the algae supplied. 

7.8.5 Algae to improve meat quality 
Other researchers have used algal biomass to supplement a pig’s diet for a specific 
nutrient and improve the nutritional qualities of the pork. Sardi et al (2006) did not 
observe any palatability problems when feeding pigs alga with high docosahexaenoic acid 
(DHA) levels . A significant increase of DHA in loin and subcutaneous fat was observed. 
Similarly, Meadus et al (2010) found that bacon could be enriched in DHA by feeding DHA-
rich algae biomass to pigs, however, problems of off-odours and off-flavours were 
reported in the bacon from the taste panel survey. Macroalgal biomass also has been 
successfully used to supplement iodine in a pig diet using a seaweed (He, Hollwich et al. 
2002). Significant increases to the iodine content of various pork tissues were recorded, 
with the end goal being able to help control iodine deficiency disorders in man. It was 
found that swine with iodine supplementation had a higher daily weight gain than control 
groups. Furthermore, it was shown that the algae used (Laminaria digitata, a brown 
seaweed) was as good a dietary supplement or even better than inorganic iodine salts.  
Studies have also shown that addition of astaxanthin to the diet of finishing pigs can 
enhance meat quality. For example Yang et al. (2006) found that 1.5 and 3.0 ppm 
astaxanthin incorporated into the diet of finishing pigs had no significant effect on 
production performance, but that there was an effect on dressing percentage, backfat 
thickness and loin muscle area with increasing dietary astaxanthin level. Bergstom et al 
(2009), found that when adding the astaxanthin-rich alga Haematococcus  pluvialis to the 
diet  that  pigs fed increasing astaxanthin had decreased average (P < 0.03) and 10th rib (P 
< 0.06) backfat depth compared with control pigs. Pigs fed 5 or 10 ppm astaxanthin 
tended to have the lowest (quadratic; P < 0.10) 10th rib fat depth. Pigs fed increasing 
astaxanthin tended to have increased (quadratic; P < 0.10) standardized fat-free lean and 
percentage of fat-free lean, and pigs fed 5 or 10 ppm were the leanest. The loin muscle of 
pigs fed astaxanthin tended to have lower L* and b* (P < 0.06 and P < 0.08, respectively), 
indicating a darker colour.  

7.8.6 Safety 
The safety of a number of algae in animals and human diets has been extensively 
investigated and many are approved for use by regulatory authorities. Algae which have 
been studied include Chlorella (Janczyk, Wolf et al. 2005, Day, Brinkmann et al. 2009), 
Scenedesmus (Pabst, Payer et al. 1978, Venkataraman, Becker et al. 1980), Dunaliella 
salina (Mokady, Abramovici et al. 1989), Haematococcus pluvialis (Spiller and Dewell 
2003), Spirulina (Chamorro, Salazar et al. 1985, Salazar, Martı́nez et al. 1998, Chamorro 
and Salazar 1999, Marles, Barrett et al. 2011), several thraustrochytrid algae (Ryan, Zeller 
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et al. 2010), and sewage grown algae (Yannai, Mokady et al. 1978). The safety of DHA-rich 
biomass of Schizochytrium sp. has also been tested on piglets (Abril, Garrett et al. 2003). 
Clearly most microalgae present no safety issues when used in animal feeds or for human 
nutrition. However, algal biomass grown on piggery effluent (treated or untreated) does 
present a potential risk of pathogen transfer. This aspect is treated in detail in Chapter 9. 

7.9 Sources of microalgae for pig and other animal nutrition 
Although a significant proportion of the microalgae commercially produced are used for 
animal nutrition (Becker 2007), mainly in aquaculture, the high cost of microalgae 
restricts their wide use in animal feeds where cheaper alternatives are available. 
However, a number of relatively recent developments mean that the more widespread use 
of microalgae in animal feeds, including pig feeds, may be achievable. The main drivers 
for this are the nascent algae biofuels industry, which once developed will be producing 
extremely large quantities of defatted, protein rich algal biomass, the production of algal 
biomass as part of a process of CO2 capture and, most importantly algae biomass produced 
in the biological treatment of waste waters.  Algae production using wastewater nutrients 
(either directly by growing the algae on raw wastewaters or by growing the algae on 
nutrient (N and P) rich treated wastewaters also reduces the carbon footprint of algae 
production since non-wastewater sources of nitrogen and phosphorous contribute 
significantly to the carbon footprint of microalgae production (Wood and Cowie 2004, 
Borowitzka and Moheimani 2013). Figure 7.4 illustrates diagrammatically the main options 
for producing microalgae for pig or other animal feeds. 
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Figure 7.4 Three possible scenarios for producing microalgae for use as pig or other animal 
feeds. Left Hand Column: 'Clean' production using agriculture-grade fertilizers; Center Column: 
Use of algae to treat piggery wastes in a high rate algae pond system (HRAP) and using the algae 
biomass directly as a feed; Right Hand Column: Treatment of the piggery wastes in one of 
several types of wastewater treatment systems (WWT) such as anaerobic lagoons or high rate 
algae ponds or a combination of these and then using the nutrient-rich effluent from these as a 
nutrient source in the production of algae for animal feed. 
 
 
The first scenario (shown in the left hand column of Figure 7.4) is the ‘clean’ production 
of algal biomass to be used for animal feed and represents current practice. However, 
given the high cost of algal biomass this is unlikely to be applicable to using algae as a 
supplement to pig feeds. 
 
The second scenario (centre column of Figure 7.4) envisages using efficient high-rate algae 
ponds for the treatment of the piggery wastewaters and then harvesting the algae 
(actually the ALBAZOD) and using this as a feed ingredient for the pigs or, possibly for 
other animal species. It has the advantage of efficient wastewater treatment while also 
producing an animal feedstock with an overall reduction in the total greenhouse gasses 
produced. The potential disadvantages are that as control of the algae species 

Algae Culture 
System 

Nutrients (N, 
P, CO

2
) 

Harvest 
System 

Harvest 
System 

HRAP WWT System 

Clarifyer 

Algae Culture 
System 

Harvest 
System 

Nutrients (N, 
P, CO

2
) 

Nutrients (N, 
P, CO

2
) 

 

Solids 

Algae 
Biomass 

Process & 
Formulate Feed 

Algae 
Biomass 

Process & 
Formulate Feed 

Algae Biomass 

Process & 
Formulate Feed 



 

113 
 

composition is limited, the nutritional quality of the feedstock produced will be variable. 
The ALBAZOD biomass produced can however be used as a fertilizer, fermented to produce 
methane, or possibly as a feedstock for biofuel production. 
 
The third scenario (right-hand column Figure 7.4) allows the production of a higher quality 
algae feedstock by separating the wastewater treatment step from the algae growing step 
using the nutrients contained in the wastewater. Here the nutrient-rich effluent from the 
wastewater treatment step is used to supply the key nutrients to the algae culture. The 
key advantage of this scenario is that one will be able to grow a particular species of algae 
selected for properties such as high productivity under the local climatic conditions, 
tolerance of high ammonia concentrations, ease of harvesting and appropriate nutritional 
value. No work has been done to screen and select such microalgae species and strains. 
Overall, such a process is more likely to be economical and able to produce a higher 
quality of algae suitable as an animal feed supplement.  

7.10 Alternative piggery wastewater treatment and biomass 
production systems  

The above has considered microalgae in wastewater treatment and as a source of 
nutrients in pig or other animal feeds.  There are two other, much less studied processes 
for the same applications: the use of algae turfs (Algae-scrubber technology) and the use 
of a combination of photosynthetic bacteria and microalgae. 

7.10.1 Algae Turf Scrubber System (see Chapter 8) 

7.10.2 Photosynthetic bacteria-algae system 
This patented system was developed by Wexler and Startari (2002) for treating animal 
wastes, especially piggery wastes. The process is in two stages in a helical tubular 
photobioreactor (Biocoil): (1) the first stage treats the  raw wastes using a consortium of 
photosynthetic purple non-sulphur bacteria to reduce BOD, and (2) the second stage uses 
algae (e.g. Chlorella) to reduce the nutrient content of the waste stream. Table 7.6 
summarises the results of a small-scale system operated in North Carolina and indicates 
that this system is outstanding in treating piggery wastewaters. Both the bacterial biomass 
harvested after the first stage and the Chlorella biomass harvested after the second stage 
can be used in animal feeds (Startari pers. com. - results of small-scale trials with 
chickens and fish). An advantage of this system is that it can potentially be scaled to 
various size piggeries as the Biocoil reactor is a modular unit which scales well 
(unpublished results). 
 
 
Table 7.6 Removal efficiencies of pilot-scale 2-stage photosynthetic bacteria-algae piggery 
waste process predated in North Carolina, USA (Wexler and Startari 2002). 
 Raw Piggery 

Waste (mg L-1) 
Stage 1 effluent 
(mg L-1) 

Stage 2 effluent 
(mg L-1) 

% Removal 

TOC 9,400 650 85 99.0 
BOD, 5 day 19,000 450 25 99.8 
NH3-N 1,980 138 15.8 99.2 
Total P-P 212 66.3 16.2 92.3 
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7.11 Algae grown on wastewaters as biofuel or bioenergy feedstock 
The concept of using wastewater streams as a source of nutrients to grow microalgae is 
not new, nor is the possible use of this biomass to produce biofuels. Oswald and Golueke 
(1960) were the first to propose the large scale production of algae for biofuels using 
wastewater nutrients. So far, the process, although technically feasible, has not proven to 
be economical. However, considering the extremely high research and development 
efforts under way, it is possible that an economic process will be developed in the future. 
It is, however, very likely that such a process would only be economically viable in very 
large piggeries because of the economies of scale. 
 
Biofuel conversion of wastewater-grown algae biomass generally involves one or 
combination of the following routes (Craggs, Sutherland et al. 2012, 2013): 

(1) Anaerobic digestion of harvested algae biomass to produce methane 
(2) Extraction and transesterification of algae lipid triglycerides to produce biodiesel 

(Fon Sing, Isdepsky et al. 2013). 
(3) Fermentation of algal carbohydrates to ethanol or butanol 
(4) Gasification or other thermocritical conversions of algae, i.e. supercritical water 

reaction to convert wet biomass to crude bio-oil (De Boer, Moheimani et al. 2012) 

Unless the algae biomass has a high lipid content (~40%), the optimum strategy would 
appear to be fermentation of the biomass to produce methane. Alternatively, 
hydrothermal liquefaction could be used to convert the algae biomass to fuel (Brown, 
Duan et al. 2010, Vardon, Sharma et al. 2011). Using either method would mean that no 
biomass is available to use as animal feed, however some of the effluent after treatment 
could be used as a nutrient source for further algae culture (Biller, Ross et al. 2012) to 
produce a feed supplement and further reduce the nutrient content of the effluent. The 
economics of such a process will be greatly affected by the scale of production of the 
algae biomass and would, most likely, only be applicable to the largest piggeries. Local 
climate at the location of the piggery would also affect the productivity of the algae 
system (see Figure 7.2). 
 
Alternatively, the lipids can be extracted from the algae to produce biodiesel. The 
methods of lipid extraction and processing to fuel have been reviewed by (Lee, Jun et al. 
2010). Depending on the degree of solvent contamination the remaining protein-rich, but 
lipid-poor, biomass could potentially still be used as an animal feed. 

7.12 Conclusions 
Microalgae are suitable as a constituent of pig feeds and can also play an important role in 
treating piggery wastewaters.  Several different scenarios have been presented above, 
with the most attractive in terms of potential economic and greenhouse gas impact being 
Scenario 3. This would provide a means of treating the piggery wastewater as well as 
recovering the nutrients contained therein in the form of algae biomass which could be 
used in pig feed or in other animal feed. However, both laboratory and field trials are 
required to develop the best process and establish the economic feasibility and 
environmental benefits of this process. 
Key aspects which require study are: 
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1. Identification of the best algae species for pig nutrition and reliable growth on 
effluent after anaerobic/aerobic and HRAP  treatment of the piggery wastewaters 
(Option 3 above) 

2. Optimisation of the growth conditions and determination of the long-term (at least 
12 months) productivities, followed by economic assessment and greenhouse gas 
modeling of Option 3. 

3. Feeding trials to determine the suitability of the algal biomass produced above in 
pig diets [possibly also trials with other species if pathogen transfer is considered 
to be an issue].  

4. Identification and evaluation of potential alternate sources of algae for use in pig 
feeds, such as defatted microalgae from biofuel or similar production. 
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 INTEGRATED PIGGERY WASTEWATER TREATMENT AND 8
MICROALGAL BIOMASS PRODUCTION.  

       Prof Howard Fallowfield 
       Health and Environment Group, School of the Environment, Flinders University 

8.1 Microalgae, biomass production and piggery wastewater 
treatment.  

The major processes occurring within an algal – bacterial system for the treatment of 
wastewaters are shown in Figure 8.1. Successful wastewater treatment and biomass 
production depends upon establishing an equilibrium between algal oxygen production and 
bacterial oxygen consumption, this together with the relative composition of the biomass, 
may be controlled via the organic carbon loading rate (Cromar and Fallowfield, 1997).  
Mineralisation of organic carbon provides inorganic carbon for algal photosynthesis this, 
together with the close physical association of algae and bacteria within flocs, reduces the 
potential for carbon dioxide limitation on algal photosynthesis (Schiefer and Caldwell, 
1982). In addition to the mineralisation of organic carbon the maintenance of aerobic 
conditions within an HRAP also favour nitrification (Cromar et al, 1996). The biomass 
produced in wastewater is a complex mixture of algae-bacteria-zooplankton and detritus 
resulting in the term ALBAZOD being proposed by Carl Soeder in the 1980’s. The 
development of separation techniques (Cromar and Fallowfield, 1992) enabled 
quantification and determination of the influence of operational and environmental 
parameters on the relative composition of the biomass (Cromar et al, 1992).  The high 
levels of dissolved oxygen and pH as a consequence of algal culture, together mixing 
through surface layers exposed to high levels of UV irradiation, lead to high rates of 
disinfection (Fallowfield et al, 1996). 
 

 
Figure 8.1 The major process occurring within an algal – bacterial wastewater treatment system 
(Fallowfield & Garrett, 1985c). 
 
 
Laboratory work in the USA (Barlow et al., 1975 and Boersma et al, 1975), Ireland (Wilson 
and Houghton, 1974), Canada (Waygood et al, 1980) and Germany (Baumgarten, et al., 
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1999) showed that algal growth could be substantial in the diluted liquid phase of pig 
slurry. Subsequent work (Garrett & Allen, 1976; Garrett et al , 1976, Allen and Garrett, 
1977 and Garrett et al, 1978) selected Chlorella vulgaris as a candidate species, which 
was nutritionally valuable and that algal culture adversely affected the survival of 
bacterial pathogens.  More recently Gonzalez, et al (1997) and Travieso, et al., (2006a & 
b) have similarly conducted laboratory based research to determine the performance of 
Chlorella cultures grown on diluted pig slurry.  Fallowfield & Garrett, (1985a) conducted a 
study in Northern Ireland with the objective of establishing an energy budget for the 
growth of algal biomass in high rate algal ponds on pig slurry liquid phase (Figure 8.2; 
Plate 8.1).  The raw slurry was pre-treated by rotary press screen separation, polymer 
flocculation and sedimentation, however, the decanted liquid phase required 1:9 dilution 
with water to enable algal growth (Table 8.1).  
 

 
Figure 8.2 Pilot plant facility in Northern Ireland for treatment of pig slurry by mass outdoor 
culture of microalgae: (1) stirred reception pit, (2) submerged slurry pump, (3) rotary pressed 
screen separator, (4) flocculation & sedimentation tank, (5) slurry dilution and feed tank, (6) 
diaphragm metering pump and (7) two, 11 m2 paddlewheel mixed, high rate algal ponds.  
 
Plate 8.1 HRAPs with paddlewheel (Fallowfield & Garrett, 1985a).   
 
 
Table 8.1Effect of pre-treatment on the composition of pig slurry used for algal culture in 
Northern Ireland (Fallowfield & Garrett, 1985a) 

Mean BOD5 in the influent was 1117 mg BOD5 L-1 

 

 
The hydraulic retention time varied between 12.8 d (autumn) and 4.4 d summer at pond 
operating depths of 0.2 m. The mean long term productivity, over the limited 153 d 
growing season in Northern Ireland, corrected for incoming solids, was 18.1 g DM m-2 d-1 
equivalent to 26.7 T ha-1; the gross dry matter output (not corrected for incoming solids) 

 Total Solids 
(g 100g-1) 

Total Phosphorus 
(mg L-1) 

Total Nitrogen 
(mg L-1) 

Raw slurry 7.09 93.4 5162.5 

Press screened 5.32 81.24 4533.6 

Polymer flocculated 1.53 70.72 3184.5 

1:9 diluted 0.22 18.79 137.2 

Figure 
8.2 Plate 8.1 
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was estimated at 41.5 T ha-1 over 153 days.  Groeneweg et al (1980) growing Scenedesmus 
spp. and Coelastrum sp. in even more dilute pig slurry in Germany reported algal 
productivities between 2.5 and 14.0 g DM m-2 d-1.  Other measured productivities in 
piggery wastewaters include; De Pauw et al, (1978) reported mean productivities of 12 g 
DM m-2 d-1 for Scenedesmus acutus grown in filtered diluted pig slurry, Boersma et al 
(1975) 22 g DM m-2 d-1 in Oregon, 30 g DM m-2 d-1 in Florida (Lincoln & Hill, 1980) and 25 g 
DM m-2 d-1 in Singapore (Lee & Dodd, 1980). 
 
The HRAP system in Northern Ireland (Fallowfield & Garrett, 1985a) was also an efficient 
wastewater treatment system removing 98% of the incoming BOD5, 42 – 89% of the 
phosphorous and 54 -98% of the nitrogen. Initial laboratory studies by Garrett et al (1978) 
suggested 1:1 dilution of slurry was suitable for algal growth, however, the 1:9 dilution of 
slurry liquid phase necessary to achieve outdoor culture increased the estimated area 
required to treat effluent from 100 pigs from 10m2 to 100m2. Under Australian conditions, 
heavy dilution will require large amounts of fresh water, which is often in short supply.  It 
also could make the HRAP pond area so large as to be too costly to construct. Clearly 
dilution is to be avoided. The proposed option is to pre-treat anaerobically digested 
effluent by one of two methods aerobic pre-treatment or biological filtration. 
 
The composition of raw pig slurry requires it be pre-treated prior to photosynthetic 
treatment and ALBAZOD production in high rate algal ponds.  In Scotland raw pig slurry 
was aerobically pre-treated and diluted (1:4; Table 8.2) before being continuously fed to 
2, 13m2 HRAPs (Figure 8.3, Plate 6.2; Svoboda and Fallowfield, 1989). The closed, 
insulated, aerobic reactor oxidised both organic carbon (BOD5) and ammonia under 
controlled conditions of dissolved oxygen and retention time. Importantly, this pre-treated 
liquid phase required less dilution to enable algal growth than the previous study in 
Northern Ireland. The heat released via aerobic metabolism was recovered and generally 
used for space heating within the weaner house, however, it was also used intermittently 
to heat outdoor algal cultures predominantly in daylight hours. The experiment 
demonstrated the difficulty in maintaining elevated temperatures when providing 
supplementary heat to outdoor HRAPs with high surface area : volume ratios. The greatest 
mean monthly temperature difference between ambient and heated HRAP was 4⁰C, this 
resulted in the only significant increase in productivity (17.9 g DM m-2 d-1) of the heated 
pond compared with 11.6 g DM m-2 d-1 for the ambient temperature pond. However, the 
long term dry matter productivities over the four months operation were the same, 13.9 g 
DM m-2 d-1, as was the wastewater treatment performance (Table 8.2) for both ambient 
and heated ponds (Svoboda and Fallowfield, 1989). The potential for integration of 
aerobic and photosynthetic treatment of animal slurries was reviewed by Fallowfield et al. 
(1992). 
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Figure 8.3 Treatment of pig slurry: aerobic reactor integrated with a high rate algal pond (Plate 
8.2) at Scottish Agricultural Colleges, Auchincruive, Scotland (Fallowfield et al, 1992). 
 
 
Table 8.2 Composition and percentage removals, following treatment in ambient and 
supplementary heated HRAPs, of aerobically pre-treated pig slurry liquid phase diluted 1:4 for 
culture of algal biomass in HRAPs operated in Scotland. 

 
 
Batch-fed experiments of 7-9 days duration, were also conducted using aerobically 
pretreated slurry liquid phase diluted 1:5 with tap water to determine the influence of 
operational (depth, 0.12 – 0.34m) and climatic variables on wastewater treatment by 
HRAPs (Fallowfield et al , 1999). The ponds were loaded at a constant loading rate of 6.24 
g BOD5 m-2 d-1. Despite being sightly more dilute than the previous study on 1:4 diluted, 
aerobically pretreated slurry the analyses for all parameters except COD were higher 
(Table 8.3). This was because of the re-release of BOD and nutrients from the biomass 
from aerobic treatment during prolonged storage prior to use in the HRAPs. This suggests 
that integration of treatment systems has to be carefully considered to ensure that flow 
rates and retention times are matched to avoid prolonged storage of previously stabilised 
slurry which results in the release of nutrients from the particulate phase into the soluble 
phase.   

 Total 
Phosphorous 

Total 
Nitrogen 

COD 
 

BOD5 
 

Aerobically pretreated, 1:4 
diluted pig slurry liquid phase  
(mg L-1).  

318 179 2,025 207 

Ambient culture 
% removal 

37.6 52.5 22.6 54.1 

Heated culture 
% removal 

34.0 41.5 14.3 54.2 

Figure 8.3 
 

Plate 8.2 
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Table 8.3 Composition and percentage removals, following batch-fed treatment of aerobically 
pre-treated pig slurry liquid phase diluted 1:5 in outdoor 13m2 HRAPs, operated in Scotland 
(Fallowfield et al., 1999).  

 
 
The results of the study (Fallowfield et al., 1999) showed that biomass production 
decreased with increasing pond depth and was positively influenced by incident irradiance 
and day length in northern latitudes where the range is 8.917 h November - July. Nitrogen 
and phosphorous removal was positively influenced by biomass (Figure 8.4) concentration 
and temperature but not by pH suggesting volatilisation of ammonia was not a significant 
removal pathway. Nitrogen removal was constant at chlorophyll a concentrations > 4 mg L-

1 suggesting that there was no advantage in operating ponds above this value since 
increased light attenuation by the algal biomass reduced growth and nitrogen uptake.  
 
 

 
Figure 8.4 Relationship between nitrogen removal (%) and chlorophyll a concentration in a 
batch-fed HRAP treating 1:5 diluted aerobically pre-treated pig slurry (Fallowfield et al., 1999).   
 
 
Hartig et al (1988) determined an optimum value for the microalgal areal density (or 
standing crop; g m-2) of a pond above which productivity and by inference nutrient 
removal decreased due to increased light attenuation by the biomass (self-shading). 
Mihalyfalvy et al (1998) suggested strategies to improve mixing and flow patterns within 
HRAPs which may potentially increase productivity and nutrient removal. Ammonium 
nitrogen concentration was inversely correlated with biomass and operational pond depth. 
Nitrification occurred and increased throughout the season and it was concluded that the 
pH of the HRAP was the result of an equilibrium between photosynthesis (alkalization) and 
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Phosphorus 

Total 
Nitrogen 

 

COD 
 

BOD5 
 

Aerobically pretreated, 1:5 
diluted pig slurry liquid phase 
(mg L-1).  

658 3110 1,980 11,160 

Areal loading rate  (g m-2 d-1) 0.45 2.12 13.22 6.24 
Removal (%) 53.9 71.1 78.6 96 
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nitrification (acidification) a similar conclusion was subsequently reached González et al.  
(2008). 
 
The data from the ponds operated in Scotland contributed to models of operation and 
performance of HRAPs for wastewater treatment (Martin & Fallowfield, 1989; Fallowfield 
& Martin, 1988; Kroon, et al., 1989 and Cromar, 1994). The models were subsequently 
validated using independent data sets obtained from HRAPs operated in France 
(Fallowfield, et al., 1992). Two, hydrojet mixed (no details) 40m x 8m x 0.8 (~240m2) 
HRAPs inoculated with S. quadricauda and S. falcatus were included by De la Noue, et al., 
(1994) in the treatment train investigating Northern Hemisphere winter operation of an 
integrated algae >daphnid> fish (Carp) system with aim of reducing winter storage 
volumes.  Raw slurry, ‘decanted twice’ for 2 months, comprising  5.0 -6.5 g BOD5L-1; 14 g 
COD L-1, 2.1 – 2.4 g NH4-N L-1, 1.6 g P2O5 L-1, was diluted up to a 100 fold. The system was 
batch fed and loading ceased when NH4-N concentrations exceeded 10mg NH4-N L-1 within 
the HRAP.  Algal production only occurred at air temperatures > 10⁰C. They concluded 
that temperature was the limiting factor having provided no light data. Groeneweg and 
Schluter (1980) also considered culture of rotifers on piggery waste for use in aquaculture.  
de Godos, et al., (2009) reported the performance of relatively small (1.54 m2; 0.464 m3), 
paddlewheel mixed,  HRAPs operated at a depth of 0.3 m in Spain, at a THRT of 10 d. The 
HRAP was followed by a sedimentation vessel (3 L) from which samples were obtained 
twice per week for analysis.  Measurements of pH, DO and temperature were merely taken 
twice per week with no collection time noted. The ponds were operated from January – 
October. Continuous on line monitoring of pH, DO or temperature is an absolute 
requirement for these systems given the large diurnal variation in these parameters. The 
HRAPs were fed rotary screened (0.15 mm), sedimented (5 d) and diluted with tap water 
(10 and 20 fold) pig slurry liquid phase. The dilution was to increase light attenuation and 
decrease ammonia inhibition. The COD loading rate (526 – 4346 mg COD L-1) was increased 
spring to summer, interestingly the ammonium concentration did not change by the same 
magnitude as the COD and did not reflect relative dilution within season, for instance, in 
the spring period there were no differences in concentration between 10 and 20 fold 
diluted slurry. No pH values were presented in the paper to enable assessment of the 
potential for ammonia inhibition of photosynthesis. Similarly, there were no total or 
suspended solids values for the inlet slurry with the result that the biomass production is 
probably optimistic since no correction was (or can) be applied for input solids. Biomass 
uptake was considered the main ammonium removal mechanism, although the argument 
presented against volatilisation was weak. No phosphorous removal data was presented 
though it was noted as being about 10% with precipitation suggested as the main 
mechanism. The results (Table 8.4) in terms of percentage removal of nutrient and algal 
species composition largely confirm those of others (Fallowfield & Garrett, 1985a,  
Fallowfield et al., 1992 and Groeneweg et al., 1980) obtained earlier on larger HRAPs 
treating higher strength slurry. de Godos, et al., (2012) provide one of the first reports on 
the removal by HRAPs of veterinary antibiotics from synthetic wastewater. The HRAPs 
(0.07m2) were illuminated (PAR; 10 Wm-2) and inoculated with Chlorella vulgaris and 
operated at a 7 d THRT. After establishing a steady state over 46 days in the absence of 
tetracycline one pond was supplied with wastewater supplemented with 2 mg L-1 
tetracycline. Tetracycline removal was constant at 69% from day 62. The algal biomass 
deflocculated in the presence of the antibiotic and the increase in surface area was 
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inferred as the mechanism for an associated increase in tetracycline removal. Batch assays 
suggested that adsorption and photodegradation of the antibiotic were the main removal 
mechanisms and that photodegradation may be inhibited by light attenuation in these 
turbid systems. 
 
Uniquely, Patil, et al., (2010) used denaturing gradient gel electrophoresis (DGGE) to 
identify microbial community composition in a somewhat ill-defined system integrating 
anaerobic digestion of pig slurry with algal growth. The population comprises 
Proteobacteria and β –Proteobacteria; and not surprisingly Archae organisms typically 
associated with methanogenesis. Ferrero, et al., (2012) also used DGGE and allied 
techniques to characterise bacterial communities in the HRAPs well described by de 
Godos, et al., (2009). The Phyla comprised; Verrucomicrobium (54%); Firmicutes and 
Proteobacteria (Gammaproteobacteria) which were the most dominant with Chlamydiae; 
Deinococcus-Thermus also represented. Interestingly Lysobacter, which are capable of 
lysing cells of cyanobacteria (Fallowfield & Daft, 1987) were also identified. 
 
Overall there is a substantial body of literature which demonstrates the effectiveness of 
HRAPs for the integrated treatment of, and biomass production from, animal wastes albeit 
diluted to varying degrees. Furthermore, HRAPs have been integrated with aerobic 
treatment and operated at pilot scale on a piggery.  Pond and lagoons are familiar 
technology to the pork industry since the majority of producers currently use lagoons for 
wastewater treatment and biogas production. HRAPs may be seen as a more efficient 
variant of current technology offering improved treatment and ‘added value’ biomass 
production; the research challenge is to manage the issues associated with light 
attenuation and ammonia toxicity which adversely affect algal growth, without using 
dilution. 
Table 8.4 Performance of small HRAPs (1.54 m2) operated in Spain, fed screened, 10 and 20 
fold diluted pig slurry (adapted from de Godos, et al., 2009).  
 Low COD 

Jan - May 
Mid COD 
Jun - Aug 

High COD 

Slurry 
dilution 

1/20 1/10 1/20 1/10 1/20 1/10 

Input 
COD 
(mgL-1) 

526± 949±199 1221±294 2418±481 2316±813 4346±1848 

Input 
NH4

+ 
(mgL-1) 

59±22 60±24 112±31 214±53 133±16 264±31 

COD 
% Rem 

57±11 67±15 76±11 76±11 48±30 46±33 

TKN 
% Rem 

76±12 79±12 88±6 88±6 68±23 48±49 

NH4
+ 

% Rem 
92±22 99±39 96 96 97±4 82±14 

Biomass 
mg VSS 
L-1 

360 304 555-1000 625-1180 1156 1315 
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Green algae have featured large in research relating to algal growth and piggery 
wastewater treatment, however, the use of the prokaryotic cyanobacteria (blue-green 
algae) has also been considered to a lesser extent. Gantar et al., (1991) compared the 
performance of Spirulina platensis and Scenedesmus quadricauda grown in laboratory 
culture on 10 – 50% diluted pig slurry. S. platensis was outcompeted by other naturally 
occurring algal populations (predominantly Chlorella sp.) after 11d culture in 50% slurry, 
further, it was concluded that addition of NaHCO3 to the wastewater was ‘crucial’ for the 
growth of S. platensis.  Olguin et al., (2001) investigated the effect of low light and 
nitrogen deficiency on the chemical composition of Spirulina sp. grown somewhat 
impractically in a mixture of 2% anaerobically digested pig slurry in sea-water from the 
Gulf of Mexico.  1kg of hog manure from a single pig was the subject of a study by 
Canazares-Villanueva et al., (1994) on the use of Phormidium for wastewater treatment. 
The manure was initially anaerobically digested in an upflow anaerobic sludge blanket 
reactor followed by dilution at 10, 25 and 50% manure. Indoor batch cultivation and in 
measuring cyclinders and a variant of an HRAP, illumination was a relatively low 25 µmol 
m-2 s-1 at 25⁰C. It was concluded that growth of Phormidium was good under light limited 
conditions. It was also claimed that the organism’s growth was good at ‘high’ ammonium 
concentration (203 mgL-1) but these are within range used by other workers (e.g. de 
Godos, et al., 2009) for outdoor cultures. The authors also recognised that dilution of the 
slurry was not the solution to the ammonium problem.    

8.1.1 Photobioreactors  
Interest in the use of algae for the treatment of piggery wastewater and the recovery of 
resources and energy has had a recent resurgence particularly in Spain. Much of the 
research has followed the pattern of the research from the 1970’s and 80’s; using 
laboratory based culture systems. Much of the Spanish research has focused on laboratory 
scale, attached growth photobioreactors (PBRs) for the treatment of diluted pig slurry. 
The research is considered below for completeness although, practical, field scale 
application of the technology is considered highly unlikely. 
 
Gonzalez, et al., (2008a) report on research conducted using an attached growth, 4.5 L 
PBR inoculated with Chlorella sorokiniana plus a bacteria consortium from activated 
sludge treating swine manure. The slurry used was coagulated with polyacrylamide settled 
for 1 h then diluted (not specified) to 180 mg NH4-N L-1, 15 mg L-1 P, 2000mg COD L-1 ; 
which was circulated through the PBR at flow velocities of 0.4 – 0.01 m s-1 with a THRT of 
10 d. The PBR was continuously illuminated (10,000 lux, 30⁰C). Overflow from the PBR was 
into a ‘settler’ which calculation suggests had an additional 1.5 d THRT from which 
samples were ‘periodically’ withdrawn from top for analysis. The higher fluid velocity led 
to poorer treatment performance due to sloughing of the attached growth. The changes of 
pH within the reactor were ascribed to nitrification and little consideration was given to 
the impact of photosynthesis on the pH or the DO equilibrium within the PBR, furthermore 
the management of gaseous exchange within the reactor was also poorly documented. 
Notwithstanding the impracticable nature and small scale of the system high nutrient 
removals were reported although the removal mechanisms were not considered in detail. 
Gonazalez et al., (2008b) continued work on the PBR using intensively pre-treated slurry, 
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liquid phase, neat to 8 fold diluted to compare the performance of an algal bacterial 
inoculum (C. sorokiniana with a mixed algal-bacterial inoculum and one sourced from an 
activated sludge plant. This laboratory study was conducted in artificially illuminated 
(4500 Lux), open and closed vessels (500 -1250 mL) This study provides little new 
information; most results were reported for 4 and 8 fold diluted slurry, biodegradation 
was inhibited at the higher slurry concentrations and it was noted that most of the total 
organic carbon removed was volatile fatty acids.  As might be expected the algal-bacterial 
systems performed better. Ammonium removal by C. sorokiniana was the same in both in 
light and dark incubated cultures suggesting volatilisation was the main removal process. 
The authors also somewhat erroneously claim that nitrification is seldom reported in such 
systems (see Cromar et al., 1996). In essence their research confirmed the issues 
associated with light attenuation and high ammonium concentrations.  
 
De Godos et al (2009a) assessed the potential for nutrient and carbon removal of an 
attached growth (algae and bacteria), 7.5 L tubular PBR (Gonzalez, et al., 2008a) 
artificially illuminated (10000 lux) indoors. The slurry was pre-treated by centrifugation 
(6,000 rpm, 4⁰C) prior to dilution of the liquid phase (neat – 8 fold). All nutrient and 
carbon removal processes decreased as slurry concentration increased.  The results show 
that NH4-N removal was independent of loading rate suggesting volatilisation, not 
considered by the authors, was the main process contributing to ammonium removal rates, 
furthermore, the dissolved oxygen content decreased from 10mg DO L-1 for 4-fold diluted 
slurry to zero when neat and 2-fold diluted slurry was used suggesting no algal 
photosynthesis was occurring in the biofilm attached to the PBR walls. While this is a novel 
approach to the application of PBR there are potentially more efficient and cost effective 
attached growth systems which could be considered rather than applying PBRs in this 
configuration.  Molinuevo-Salces, et al., (2010) compared the performance of the 
PBR (De Godos et al, 2009) with another PBR, an open vessel of similar 6L working volume 
mixed on a magnetic stirrer, both artificially illuminated (12,000 lux) and operated at 30 – 
35 ⁰C at a theoretical hydraulic retention time (THRT) of 8.5 d. The anaerobically digested 
slurry (THRT 25d) was pre-treated by centrifugation and diluted “to the desired loading 
rate” prior to the culture systems being inoculated with Oocystis sp. and Scenedesmus sp. 
and, for reasons which are not entirely clear, with an aerobic population of bacteria from 
a sequencing batch reactor. The closed PBR was as previously reported (De Godos et al, 
2009) was operated as an attached growth system which is not considered further here. In 
the open beaker PBR algal dry matter yields (0.051 - 0.332 g DM L-1 d-1) increased with 
increasing NH4-H loading (131 -496 mg NH4-N L-1) up to 689 mg NH4-N L-1 when they 
declined. Similarly, the pH (8.6 to 7.6) and DO concentrations (12 – ~2 mg DO L-1) 
decreased with increasing ammonium load suggesting algal photosynthesis was also 
decreasing. Volatilisation was considered the main ammonium removal mechanism at low 
loading rates (higher pH) whereas, increasing nitrification, coupled with denitrification in 
anaerobic flocs, was considered a significant removal mechanism at high ammonium 
loading rates despite DO concentrations of ~7 mg DO L-1 . The algal species composition of 
the open system at the end of the experiment had diversified to include Chlorella sp., 
Protoderma sp. with the inoculated Oocystis sp. 
 
Gonzalez-Fernandez et al., (2011) considered ‘ponds’, which were vessels 17 cm (w) x 27 
cm (l) x 11 cm (h) of 3 L working volume – and consequently of little practical significance 
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to piggery scale systems. Vessels incubated indoors were mixed by magnetic stirrers and 
artificially illuminated (5600 Lux; 30 ⁰C). Outdoor incubated vessels were operated under 
ambient conditions (9 h light; 16⁰C) in Valladolid, Spain. Two slurry sources were used, 
fresh and anaerobically digested (15 d THRT) and both effluents were centrifuged (4000 
rpm) and diluted to achieve two NH4-N volumetric loading rates,   31 mg and 53 NH4-N L-1 

d-1.  Generally, the indoor system algal VSS production and nitrogen removal rates were 
higher than those for the outdoor system and also higher in systems supplied fresh slurry 
rather than anaerobically digested slurry. This difference was presumed due to a larger 
pool of degradable organic carbon in fresh slurry from which CO2 could be derived.   
Outdoor systems showed no increase in algae in response to increased ammonium loading 
whereas artificially illuminated, indoor ponds increased VSS with increased NH4-N.  
Nitrogen removal was considered to be mainly via biomass uptake and denitrification, 
however, the conclusions regarding nitrogen removal mechanisms are confounded by lack 
of on-line data for DO, temperature and pH and lack of consideration of their diurnal 
changes and the consequent impact on the nitrogen cycle. Gonzalez-Fernandez,et al 
(2010) compared the performance of these small open and closed PBRs with regard to 
organic matter utilisation, composition of the PBR biofilm and photosynthetic efficiencies 
which were reported as 8.6% and 9.3% for the open and closed pond respectively, both of 
which are unrealistically high. de Godos, et al (2009b)  determined nutrient removal of 
the attached growth PBR operated on neat, 2,4, and 8 fold diluted centrifuged slurry 
liquid phase using the reactor and conditions described by de Godos et al (2009a).  Slurry 
composition following pre-treatment was 1247mg TOC L-1, 1290 mg IC L-1,  656  mg NH4-N 
L-1, 117 PO4-P L-1. The loading was changed every 21 d commencing with the most dilute 
slurry. Nutrient removal by the attached biofilm formed by a C. sorokiniana and swine 
activated sludge bacteria consortium largely declined with increasing slurry concentration 
as did the relative removal of NH4-N by biomass accumulation rather than nitrification - 
denitrification.  
 
Martin et al., (1985) in a laboratory study considered growth of algae on aerobically pre-
treated slurry. Raw slurry was stored for 6 months at 4⁰C and the supernatant decanted. 
Two batches of the raw slurry were used with the following composition -  12 – 13 g BOD5 
L-1; 13 and 22 g TS L-1, 3.1 and 4.3 g NH4-N L-1; 0.17 and 1.3 g P L-1. This was used at 1% 
and 5% concentration in distilled water or secondary treated urban wastewater and batch 
aerated at a THRT of 2 and 8 days respectively. Subsequent indoor cultures of 
Scenedesmus sp. were irradiated at 15000 lux at 20⁰C, however, no irradiance data was 
supplied for comparable outdoor cultures, furthermore, the manipulation of the 
aerobically treated material prior to algal culture was unclear. Ammonia was volatilised 
from the aerobic systems at both 2 and 8 d THRT. The authors concluded that 99% dilution 
of slurry was impractical and recognised that light attenuation and ammonia toxicity at 
elevated pH were both significant problems for algal growth. They proposed that light 
attenuation be overcome by centrifugation and ammonia toxicity by using hyper-
concentrated algal cultures without describing a proposed mechanism for the latter.   
 
Photobioreactors require large capital expenditure, require significant expertise to 
operate since they are technically complex and consequently are currently unsuited to on 
farm operation. 
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8.1.2 Algal turf scrubbers (ATS). 
Algal turf scrubbers normally consist of an inclined plane down which wastewater flows, 
support material on the plane, usually mesh, supports the growth of attached algal 
biomass. Kebede-Westhead, et al., (2006) reported the performance of a laboratory scale 
ATS loaded at 0.24, 0.40, 0.62, 1.23 L-1 m-2 d-1 equivalent to 0.27 – 1.39 g TN m-2 d-1 and 
0.08 -0.42 g TP m-2 d-1 recycling a bulk volume of 250L of raw pig slurry continuously at 55 
L min-1. The attached population was dominated by filamentous green algae, Microspora 
willeneana; Ulothrix ozonata; Rhizoclonium hieroglyphicum and Oedogonium sp which 
was harvested every 6 – 8 days using a wet/dry vacuum cleaner.    The biomass 
productivity was variable with a maximum of 9.4 g DM m-2 d-1 at 0.40 L-1 m-2 d-1. 
Concentration of both total nitrogen and phosphorous was1 mg L-1 in the recirculating 
effluent and showed little change up to 0.62 L-1 m-2 d-1, however, at higher loadings  (1.23 
L-1 m-2 d-1 )  total nitrogen  increased to 2 mg L-1 and total phosphorous to  8 mg L-1  in the 
effluent. 90% input N and 68-76% input P was recovered from the algal biomass.  
 
Pizarro, et al., (2006) provided an economic assessment of an ATS albeit for the treatment 
of dairy manure effluent.  Major capital costs were land preparation, liner material and 
installation and engineering fees. Operational costs were energy (pumping), biomass 
drying and repayment of capital investment. A hypothetical case study for a 1000 cow 
farm identified the best configuration was to initially anaerobically digest the manure, 
resulting in heat which could be used to dry biomass. Yearly operational costs per cow, kg 
N-1 or kg P-1 removed or kg DW-1 produced were US$454, 6.20, 31.10 & 0.70 respectively; 
without anaerobic digestion costs were 36% higher. The authors noted that long term 
annual profits for dairy farms in Maryland were ca. US$ 500/cow. 
 
Mulbry, et al., (2008b) continued research on ATS to pilot scale and constructed two 
inclined beds with a landfill liner and 6mm mesh for the scrubber. The ATS was fed raw 
and anaerobically digested dairy manure. One ATS was also supplemented with pH 
controlled, CO2 supplementation. Grazing by chironomid larvae was controlled by B. 
thuringiensis toxin (Aquabact-xt, Becker microbial Products). The algal biomass was 
harvested every 4 -12 days. The systems were operated for 270 d/yr from 2003 – 2006.The 
study reported no difference in biomass productivity between ATS fed raw or 
anaerobically digested effluent nor was any benefit from CO2 supplementation observed.  
High algal productivities in Spring (20g m-2 d-1) were not maintained throughout the year; 
water temperature and grazing by snails were considered major factors affecting 
productivity. Biomass productivity was related to loading rates increasing with nitrogen 
loading from 2.4 g DM m-2d-1 at 0.3 g TN m-2d-1 to 25 g DM m-2d-1 at 2.5mg TN m-2d-1. Not 
surprisingly, the nitrogen and phosphorous content of the biomass was also related to TN 
load and algae removed 70  –  90% of input N & P at loading rates < 1.0 mg TN m-2d-1.  The 
metals content of the biomass was below regulatory limits at recommended amendment 
rates for fertilisers.  The pilot system enabled a revised costing based upon an ATS at 1g 
TN m-2d-1 and a ‘conservative’ 10 g DM m-2d-1/270 d/yr equivalent to 27T DM ha-1 yr-1. The 
operational costs were US$778 /cow; US$10.70 TN kg-1 or US$53.30 TP kg-1 removed and 
US$1.31 kg algal DM-1 which were all higher than those estimated by Pizarro, et al., 
(2006). The authors considered these acceptable when compared with other options of 
protecting Chesapeake Bay where $19 kgN-1 removed was used as an estimated upgrade 
cost for wastewater treatment plants. ATSs require large surface areas and are expensive 
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to construct and are unlikely to be employed as on farm treatment systems. More 
recently, Higgins and Kendall (2012) reported a life cycle and economic assessment of an 
ATS for the treatment of dairy effluent. Whilst acknowledging that the ATS reduced the 
eutrophicaton potential via nutrient removal and GHG emissions of dairy effluents they 
estimated costs of US$1.42 m3 treated noting that the ATS would only be cost effective if 
subsidies equivalent to US$3.83 kg-1 N and US$9.57 kg-1 P were available through ‘nutrient 
trading’ programs.  

8.1.3 Immobilised algae 
Jimenez-Perez, et al., (2004) isolated Scenedesmus intermedius and a Nanochlorpsis sp. 
from pig manure and compared the nutrient uptake from defined algal growth medium, 
which was largely similar, of free cells and cells immobilised in alginate. Interestingly they 
noted that the rates were higher for these species isolated from manure than for those 
obtained from culture collections; providing support for allowing natural populations of 
algae to develop in pig slurry treatment systems. Perez-Matinez, et al., (2010) essentially 
repeated the work of Jimenez-Perez, et al., (2004) but compared the performance of free 
and immobilised benthic species of algae isolated from pig manure. While of academic 
interest immobilised cell technology is complex and difficult to manage and is highly 
unlikely to be a technology suitable for on farm operation for the treatment of pig slurry.  

8.2 Energy, Feed and Fertiliser Production from algal biomass 
grown on piggery wastewater 

8.2.1 Energy 
Following the ‘oil crisis’ of the 1970’s the potential for algal biomass energy production 
had been considered by a number of researchers (Benemann et al, 1977; Oswald, 1976 and 
Keenan, 1977). This interest arises from the high dry matter productivities associated with 
the mass culture of microalgae (Table 8.5).  
 
 
Table 8.5 Algal biomass production in pig slurry 
 

Author g DM m-2 d-1 
Boersma et al, 1975 22 
De Pauw et al, 1978 12 
Groeneweg et al., 1980 2.5 - 14.0 
Lincoln & Hill, 1980 30 
Lee & Dodd, 1980 25 
Fallowfield & Garrett, 1985a 18.1 
Svoboda and Fallowfield, 
1989 

13.9 

 
 
Uniquely, the Northern Ireland pilot plant (Fallowfield & Garrett, 1985a) was used to 
produce an energy budget for mass algal culture on the 1:9 diluted pig slurry liquid phase 
(Fallowfield & Garrett, 1985b). In the temperate conditions of Northern Ireland the energy 
budget was produced for the growing season (153 days). The budget (Figure 8.5) was 
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based on measured algal productivities (at a realistic 2.3% photo-efficiency) yielding a 
measured biomass energy content of 21.17 kJ g-1. 
  
The following assumptions were made, sedimentation recovered 80% of the biomass, 60% 
of the biomass energy was converted to methane and the efficiency of energy conversion 
from methane to electricity was 25%. The budget suggested that an electrical energy yield 
of 400MJ ha-1 d-1 (110 kWh ha-1 d-1), a 0.3% incident solar energy conversion, was 
achievable. Since that budget the efficiency of conversion of methane to electricity has 
risen to about 40% which, if applied to the 1985 budget, would increase the electricity 
generation to 176 kWh ha-1 d-1.  These yields were similar to estimates made in the 1970’s 
by Oswald (1976) and Keenan (1977). It was estimated that 60kWh was required for mixing 
the HRAP to treat 1000m3 d-1. Microalgal photosynthetic oxygen production with the HRAP 
is also extremely energy efficient capable of providing 20kg O2 kWh-1 applied for 
paddlewheel mixing (Fallowfield & Garrett, 1985c).   
 

 
Figure 8.5 An energy budget for algal biomass production on 1:9 diluted separated piggery 
slurry liquid phase in Northern Ireland over a 153 day growing season, Fallowfield & Garrett 
(1985b) 
 

8.2.2 Feed  
Unicellular green algae as a source of protein has long been proposed (Geoghegan, 1951), 
however, their potential has been limited by the low digestibility of most of the species 
studied (Waslien, 1975). A comparison of the proximate composition (Table 8.6), 
digestibility and the outcome of rat feeding trials (Table 8.7) of algae axenically cultured 
with mixed population biomass grown outdoors on pig slurry (Fallowfield and Garrett, 
1985a) was reported by Strain, et al., (1986).   
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Table 8.6 The chemical composition of laboratory culture of Chlorella vulgaris and biomass 
grown on 1:9 diluted pig slurry, Strain, et al., (1986). 

 Laboratory culture 
(g 100g-1 DM) 

Pig slurry grown biomass 
(g 100g-1 DM) 

Moisture 1.7 8.12 
Ash 1.6 16.85 
Crude protein 52.2 54.4 
Crude fibre 0.4 3.13 
N-free extract 37.9 13.88 
Total protein 41.2 46.18 
Total lipids 23.4 11.74 
Phosphorous 1.1 2.42 
K 0.7 ND 
Mg 0.7 ND 
Chlorophylls 4.5 1.1 

 
 
The total lipid content was higher in the laboratory grown C. vulgaris, it comprised 58.7% 
polar lipids, 21.8 % triglycerides with the balance in the form of wax esters. C18:2 and 
C18:3 fatty acids predominated with only trace amounts >C18. There was more 
polyunsaturated fatty acid in the C.vulgaris biomass. The sulphur amino acid content was 
greater in the slurry grown biomass, notwithstanding, both biomasses were sulphur amino 
acid limiting. 
 
 
Table 8.7 Protein evaluation of laboratory culture of C. vulgaris with pig slurry grown biomass 
by rat bioassay (after Strain, et al., 1986) 
Protein source N-digestibility Net protein utilisation 
Laboratory grown C. vulgaris 0.817± 0.025 0.485± 0.039 
Casein diet 0.939 ±0.016 0.647 ±0.034 
Pig slurry grown biomass 
(ALBAZOD) 

0.545± 0.021 0.365± 0.033 

Casein diet 0.968 ±0.013 0.608 ±0.075 
 
 
The N digestibility of the C. vulgaris cells was considered high when compared with those 
reported for other green algae, in contrast the slurry grown biomass was ‘surprisingly’ low 
(Table 8.7). No abnormal development of internal organs was noted in animals after 10 
days growth on the algal diets (Strain, et al., 1986). 
 
Kebede-Westhead, et al., (2006)  determined the elemental composition (mg kg-1) of algal 
biomass grown in an ATS fed raw pig slurry, which was Cu 75-200 (2.1 mg L-1 slurry); Zn 
470 – 1080 (8.8); Pb 6.2 – 3.8 (0.036); Cd 0.3 - 0.53 (0.009); Al 290 -  750 (7.33).  The 
maximum tolerable dietary levels for dairy cow feed (mg kg-1). They also noted that little 
is known about bioavailability of the metals in the algal biomass, which in any event would 
likely only be a small percentage of the feed. Canazares-Villanueva et al., (1995) 
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considered the chemical composition of Phormidium grown in the laboratory in 50% 
diluted, aerobically pretreated slurry. 
 
An issue which has not been adequately researched is the survival and transfer of 
pathogens from the slurry to any biomass grown on slurry fed and fed back to pigs. This is 
a major concern for pig health. Feeding the biomass to other domesticated animals e.g. 
chickens may break the this potential cycle for pathogen transfer and pig exposure.  

8.2.3 Fertiliser 
Mulbry, et al., (2008a) used the ATS described by Mulbry, et al., (2008b) to determine the 
influence of operation on biomass fatty acids. At nitrogen loading rates of 0.24, 0.62 & 1.3 
g TN m-2d-1  algal dry matter productivities m-2 d-1 (and fatty acid content) were 6.8 
(1.1%), 9.2 (FA 0.9%) and 10.7 (FA0.7% )respectively, the average swine manure loading 
rate of 0.57 g TN m-2d-1 resulted in a remarkably low, 0.83% FA content. They identified no 
consistent relationship between fatty acid content or productivity with either loading 
rate, manure type (raw or anaerobically digested) or whether CO2 supplemented or not. 
No fatty acid above C18 was detected.  They also noted that the percentage of fatty acid 
was low for the Rhizoclonium sp which dominated ATS compared with unicellular or 
colonial greens, but that there were no other data available for ATS with which to 
compare their results. They also observed that the estimates costs at US$130 kg FA-1 was 
unacceptably high.  Mulbry, et al., (2005) conducted experiments using algal biomass 
grown on an ATS fed anaerobically digested dairy manure to determine its’ value as a slow 
release fertiliser. Results of experiments incubating soils (25⁰C) amended with algal 
biomass demonstrated that 3% of algal N was available at day 0 rising to 33% after 21d 
incubation. The growth of cucumber and corn seedlings on algal N were equivalent to that 
of fertilizer amended potting composts. Subsequently, Mulbry, et al., (2007) using ATS’s 
operated indoors and outdoors on raw and anaerobically digested dairy and swine manure 
showed that 5% of the algal TN was available at day 0 and after 21 and 63 days mineralised 
N increased to 25 and 36% of TN. 40% of the phosphorous was available throughout 63 d 
incubation.  Results from plant growth experiments showed that 17 day-old corn (Zea 
mays L.) seedlings grown in algae-amended potting mixes were equivalent to those grown 
with comparable levels of fertilizer-amended potting mixes with respect to shoot dry 
weight and nutrient content. There were no differences in the fertilizer value of different 
batches of algae at the low rate fertiliser amendment (~ 47 kg of available N ha-1). 
However, at the high rate amendment (~ 93 kg of available N ha-1) shoot biomass, and 
shoot N and P contents were greatest for treatments containing algae grown using indoor 
laboratory scale ATS units and least for treatments with algae grown outdoors using pilot 
scale ATS units. 
 
The use of slurry grown biomass for fertiliser amendment is worthy of further 
consideration and the benefit of organic carbon addition to Australian soils, GHG 
abatement and financial implications regarding the Carbon Farming Initiative should be 
explored.  
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8.3 Technical challenges and research needs 

8.3.1 Piggery wastewater composition and the influence on the growth of 
microalgae. 

The composition of pig slurry emerging from a piggery can be predicted using PigBal. The 
slurry is rich in nutrients, however, the high total solids and ammonia content present 
major challenges for algal culture.  
 
Ammonia inhibition 
The ammonium equilibrium: 

NH4
+      →     NH3 + H+……………..………………………………………Equation 8.1 

 
The ammonium ion is the predominant form at neutral or slightly basic pH, however, it 
dissociates (NH4

+ pKa is 9.25)  to ammonia at alkaline pH values similar to those normally 
present in mass microalgal cultures.  The ammonia (NH3) is toxic to microalgae and its 
presence significantly reduces microalgal photosynthesis and growth.  Azov & Goldman 
(1982) used Scenedesmus obliquus  a species green alga of a genera which commonly 
occurs in mass algal cultures in wastewater to investigate the impact of ammonia toxicity 
on photosyntheis. Figure 8.6 clearly shows the relationship between pH and temperature 
on the ammonia equilibrium. Over the temperature range 10 - 25⁰C photosynthesis was 
inbited by 10%  at values > pH 8.5 (>10 mg NH3 L-1), increasing to 90%  inhibition of 
photosynthesis  at > pH9.0 at an NH3 concentration >20 mgL-1.  
 
  

 
Figure 8.6 Change in free ammonia concentration with pH and temperature (NH4

+ + NH3 = 50mg 
L-1). Photosynthetic inhibition of 10%   (       ),  50% (       ) and 90% (         ) in Scenedesmus 
obliquus (Azov & Goldman, 1982). 
 
 
In the study by Fallowfield & Garrett, (1985a) in Northern Ireland, the total nitrogen was 
predominantly in the form of ammonia, however, the pH range was 7.2-7.9 with a mean of 
pH 7.6, which was similar to that reported by other workers culturing algae in dilute pig 
slurry ( De Pauw et al, 1978 & Groenweg et al., 1980). However, while the study using 
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batch-fed, 1:5 aerobically pretreated slurry (Fallowfield et al, 1999) while a similar mean 
pH 7.9 was recorded the range was much greater (7.0 – 9.2) than that of the Northern 
Ireland study. This may have been due to the batch culture configuration. The near 
neutral mean pH in both studies would have reduced the inhibition of algal growth by the 
dissociation of ammonium to phytotoxic ammonia. Hill and Lincoln (1981) concluded that 
in pig slurry the major pH buffering system was HPO4

2-/H2PO4
- rather than carbon dioxide / 

bicarbonate / carbonate which, together with the large organic carbon pool available for 
mineralisation to CO2, may reduce the effect of carbon dioxide uptake by photosynthesis 
upon the culture pH in pig slurry. 
 
Total solids and light attenuation. 
The solids content  of the wastewater has a major influence on abiotic absorption of light 
with depth adversely affecting the availability of light to microalgae for photosynthesis. 
The light compensation value is the irradiance at which the rate of oxygen production by 
photosyntheis balances the rate of oxygen consumption (in the dark) by microalgal cells. 
Net photosynthesis only occurs at irradiances greater than the compensation value. Figure 
8.7 shows the results of a study ( Fallowfield & Garrett, 1985a) comparing the attenuation 
with depth of photosynthetically actve radiation (PAR 400-700nm) by tap water, 1:9 
diluted separated, flocculated slurry liquid phase with and without Chlorella cells.  The 
light compensation value was exceeded throughout the tank depth by both optically clear 
tapwater and the 1:9 diluted slurry indicating that net photosynthesis of microalgae was 
possible throughout the culture depth in 1:9 slurry. However, the microalgae also 
contribute to attenuation, (‘self- shading’), which results in only half of the culture depth 
being at irradiances above the light compensation value. The problems associated with 
high suspended solids content of pig slurry have been noted by other workers (Boersma et 
al , 1975 and Groeneweg et al, 1980).  This demonstrates the importance of operational 
parameters including mixing and managing algal cell densities via retention times in an 
HRAP.   
 
 

 
Figure 8.7 Light attenuation in a mixed vessel containing tap water (□), 1:9 diluted slurry liquid 
phase (○) and 1:9 diluted slurry liquid phase with 2.5 x 106 Chlorella cells mL-1 (●). The hatched 
band indicates the light compensation point for Chlorella vulgaris (5 Wm-2) net photosynthesis 
occurs at irradiances greater than this value.  
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It is clear that raw pig slurry requires significant pre-treatment to enable its use for the 
growth of microalgae.  
 
The majority of Australian pork producers (83%) currently use a series of anaerobic and 
facultative lagoons to treat their piggery wastewaters, furthermore, GHG abatement is 
encouraging implementation of covered anaerobic lagoons (CAL) for methane capture and 
subsequent utilisation. There is a high degree of variability in the quality of the effluent 
emerging from CALs dependent upon retention times, ambient temperatures, pond depth 
etc.  Data is available from two CALs operating in Australia – Bears Lagoon in Victoria 
(Table 8.8) and Grantham in Queensland (Table 8.9). The TS emerging from the CALs vary 
by an order of magnitude (Bears, 6608 mg TS L-1; Grantham, 370 mg TS L-1) with the longer 
retention time allowing greater settling of solids at Grantham resulting in the better 
quality effluent. Similarly for ammonium were Bears CAL produces effluent with the 
higher mean content ammonium (1184 mg NH4-N L-1) when compared with Grantham CAL 
(725 mg NH4-N L-1). The outlet COD levels are also remarkably high in the Bears Lagoon 
pond effluent; no values are available for Grantham. 
 
 
Table 8.8 Bear’s Lagoon: Fully Covered Anaerobic Lagoon (CAL) Inlet & Outlet parameters 
operating from June 2008 to May 2009.  Pond Volume 17.9 ML, Depth 7.48 m, median daily 
inflow 493 kL/day from 23,000 SPU’s, Theoretical Hydraulic Retention Time (THRT) 36 days.  
Mean Water Temp @ 3.5 m = 20.8°C (RIRDC_Birchall 2010) 

 

Inlet 
TS 

(mg/L) 

Outlet 
TS 

(mg/L) 

Inlet 
VS 

(mg/L) 

Outlet 
VS 

(mg/L) 

Inlet 
COD 

(mg/L) 

Outlet 
COD 

(mg/L) 

Inlet 
TKN 

(mg/L) 

Outlet 
TKN 

(mg/L) 

Inlet 
NH4 

(mg/L) 

Outlet 
NH4 

(mg/L) 
Mean 13231 6608 9063 3310 15086 4636 1327 1336 725 1211 

SD 4984 4007 4357 2997 4079 4046 267 360 118 390 

Median 12600 4780 8249 2000 15200 3050 1316 1279 719 1095 
Number 
(n) 

63 36 63 36 54 30 64 36 68 38 

 
 
Table 8.9 Grantham: partially (50%) covered anaerobic lagoon Inlet & Outlet parameters 
operating from Dec 2008 to Dec 2010.  Pond Volume 1.7 ML, Depth 2.1 m (1.8 m effective), 
servicing 1,400 SPU’s.  Theoretical Hydraulic Retention Time (THRT) 130 days.  Outlet pH 7.4 – 
8.0  Mean Water Temp @ 1.8 m = 21.4°C (RIRDC_Skerman 2012) 

 

Inlet 
TS 

(mg/L) 

Outlet 
TS 

(mg/L) 

Inlet VS 
(mg/L) 

Outlet 
VS 

(mg/L) 

Inlet 
COD 

(mg/L) 

Outlet 
COD 

(mg/L) 

Inlet 
TKN 

(mg/L) 

Outlet 
TKN 

(mg/L) 

Inlet 
NH4 

(mg/L) 

Outlet 
NH4 

(mg/L) 
Mean 3300 370 2400 130 N/A N/A 2271 1297 1184 953 

Max. 4970 490 3560 180 N/A N/A 2908 1958 1873 1465 

Min. 1890 290 1190 90 N/A N/A 1803 762 844 674 
Numbe
r (n) 

39 40 39 40 N/A N/A 17 17 19 17 
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Nevertheless, it can be seen that if the effluent from a CAL is to be used as influent for a 
HRAP influent the ammonia and TS levels remain high in the Grantham CAL pond effluent 
even after a THRT 130 d.  All of these parameters indicate that water exiting from an 
anaerobic pond treatment will require some further processing before being suitable as 
feed stock for a HRAP to maximise the growth potential of mass algal culture systems on 
piggery wastewaters. 
 
Figure 8.8 shows three potential strategies for minimising the TS and colour and oxidising 
the ammonia to nitrate in piggery effluent prior to feeding to an HRAP. Figure 8.8 (1) 
envisages raw slurry treatment, in the absence of CAL pre-treatment, by a closed aerobic 
reactor operated at retention times and dissolved oxygen concentrations which optimise 
conversion of ammonia to nitrate. The heat from the oxidation of organic carbon and 
ammonium is recovered and used for space heating or hot water. The CO2 from the reactor 
headspace is recovered by algae in the HRAP. The aerobic treatment also increases 
flocculation, and the solids may be removed via a solid separation system e.g. belt press, 
(Figure 8.8 (1) & Figure 8.8 (2)). The life cycle assessment (LCA, Chapter 10) suggests this 
is the least beneficial option in terms of CO2 equivalents. 
 
Figure 8.8 (2) proposes pre-treatment by existing CAL or in an engineered anaerobic 
reactor, followed by treatment in a closed aerobic reactor operated to maximise 
nitrification. In this mode less energy for aeration would be required since much of the 
organic carbon will have been mineralised in the anaerobic system, most of the supplied 
oxygen being used for nitrification.  Once again heat might be recovered to offset 
electrical energy used for aeration. CO2 would be used by algae growing in the HRAP. This 
will likely improve algal production on effluent since the pool of readily degradable 
organic carbon for conversion to inorganic carbon for photosynthesis may be depleted 
(Gonzalez-Fernandez et al (2011).The LCA shows that this configuration occurs only a 
small penalty compared with using only a CAL to treat the effluent but has the benefit, by 
oxidising ammonia to nitrate, of enabling algal biomass production which could be used to 
generate further methane and resultant electricity.  The LCA (Chapter 10) suggests that 
this option has the potential to abate over 100kg CO2- e 60kg HSCW. Figure 8.8(3) 
incorporates solids separation (and research would be required to determine if it was 
necessary) post CAL treatment, followed by biological filtration to oxidise the ammonia. 
Biological filtration utilises microbial biofilms which naturally develop on inert support 
material (Akker, et al., 2011). Their performance is influenced by the biofilters surface 
area, the substrate mass (ammonium and BOD) and hydraulic (m3 h-1) loading rates and 
efficiency of oxygen transfer (Akker, et al., 2010b). If the biofilter is passively aerated 
energy is only required to pump effluent onto the biofilter, however, it is likely much less 
energy is required when compared to an aerobic reactor. Biofilters are used extensively by 
water utilities for water and wastewater treatment (Akker, et al., 2008 and Akker, 2010a), 
however, the BOD5 and NH4-N loads applied are lower than those expected post-CAL. This 
provides a unique opportunity to conduct research with the objective of optimising 
biofilter performance on CAL effluent and integrating the biofilter with an HRAP. Since 
little is known regarding the performance of biological filtration of anaerobically digested 
pig slurry this technology was not included in the LCA.  
  



 

147 
 

Figure 8.8 Conditioning piggery slurry for algal growth – integrated treatment options 
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8.4 Research needs: 
• Infrastructure investment to enable pilot, on-farm research on the integration of 

anaerobic treatment (covered lagoons and/or engineered vessels) with aerobic or 
biofiltration technologies, to manage both light attenuation by solids and ammonia 
toxicity, with HRAPs to enhance wastewater treatment (nutrient and pathogen 
removal) for reuse and enable growth and biomass production of microalgae for 
fuel and fertiliser.  

• Development of cost effective methods of recovering the CO2 from aerobic 
treatment for algal culture in high rate algal ponds.  

• Determination of the impact on algal productivity of supplementary heating of 
HRAPs using recovered heat from energy generation from CH4 or aerobic treatment.  

• Life cycle assessment of integrated anaerobic-aerobic-high rate algal pond systems 
using performance data from pilot scale operation.  
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 PATHOGENS IN PIGGERY WASTE AND THEIR REMOVAL 9
DURING WASTEWATER TREATMENT 

       Dr Natalie Bolton 
       Health & Environment Group, School of the Environment, Flinders University. 
 
The risk of exposure of animals and humans to pathogens present in waste streams needs 
to be managed in any resource recovery enterprise. The reuse of treated piggery 
wastewater for flushing and wash down of housing, for agricultural irrigation or for the 
growth and exploitation of algae for energy and animal feed all have the potential to 
disperse pathogens, exposing both animals and humans in the environment. This chapter 
reviews those risks and their potential management. 

9.1 Introduction 
Disease in the pork production industry causes decreases in productivity and increases 
production costs. The nature of intensive pig farming (i.e. hundreds to thousands of 
animals housed in a relatively small and enclosed space) makes for favourable disease 
spread. Pathogens infecting pigs are numerous and include bacteria, viruses, protozoa and 
helminths (Straw, Zimmerman et al. 2006). Table 9.1 summarises the major pathogens 
commonly present in pigs. Australia is free from many of these, including the devastating 
foot and mouth disease and swine influenza as indicated in Table 9.1; however pigs are 
susceptible to infection via humans with the common influenza virus. Many pig pathogens 
are zoonotic (able to cause infection and disease in humans); these are also indicated in 
Table 9.1. In addition to this, recently Meng (2012) published a review on the emergence 
and re-emergence of viral pathogens in pigs (Table 9.2). The pig disease and zoonotic 
potential of many of these viruses are currently unknown and as such represent an 
unknown risk to the Australian pork industry. 

9.2 Disease prevention and management 
In order to prevent disease, management of the piggery environmental and the immune 
status of the pigs is crucial. This includes providing a low stress, comfortable environment 
for the pigs, providing immunity with vaccination if appropriate and managing disease with 
antimicrobials. A detailed review of the factors relating to disease prevention and 
management is beyond the scope of this review, however, the environmental stressors 
known to predispose pigs to disease are summarised in Table 9.3. 

9.2.1 Antimicrobials 
The benefit of antimicrobial use in the pig industry is threatened by the emergence of 
antimicrobial resistance in pig specific pathogens such as enterotoxigenic E. coli (ETEC). 
However, the development of resistance in other zoonotic pathogens such as Salmonella 
spp., E. coli and Enterococcus spp. is also a problem and a potential risk to human health 
from the pig industry (reviewed by (van den Bogaard and Stobberingh 2000)). In a recent 
national industry survey on antimicrobial use in the Australian pig industry, Jordan et al. 
(2009) found that the majority of antimicrobial use by respondents was for pathogens with 
a low importance to public health (based on the impact that acquired drug resistance 
would have on human health). This survey had a response rate representing 51% of the 
large Australian pig herds. The study also reported that 25% of pig producers had used the 
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antimicrobial cetiofur in the previous 12 months from the date of the survey. Cetiofur is 
the antimicrobial for ETEC infection which suggests that ETEC may be a significant 
problem in the Australian pig industry, although information on the prevalence of use 
within each facility was not reported. The result of this survey further highlights the 
current need to reduce antimicrobial use within the Australian pig industry and instead 
reduce and control disease via best practice environmental and waste management. 
 
The high usage of antimicrobials also has implications for slurry treatment processes. 
Antimicrobials are excreted in pig faeces and are present within wastewater treatment 
systems including anaerobic ponds at notable concentrations (Meyer et al. 2003 cited in 
(Loftin, Henny et al. 2005)). Research on the effect of antimicrobials on the performance 
of anaerobic digestion by pond systems, has shown that antimicrobials can decrease 
treatment performance and inhibit the production of methane by up to 65% over 336h, 
even at low concentrations (Loftin, Henny et al. 2005). The history of antimicrobial use 
within a piggery influences the extent of the observed inhibition of treatment 
performance and methane production, with the introduction of new antimicrobials 
eliciting a greater inhibitory effect (Loftin, Henny et al. 2005). Reduction of antimicrobials 
occurs during anaerobic treatment (Álvarez, Otero et al. 2010). The removal of the 
antimicrobials oxytetracycline (OTC) and chlortetracycline (CTC) was assessed during 
anaerobic digestion of pig slurry (Álvarez, Otero et al. 2010). After 21 days the total 
concentration of both compounds had decreased. Concentrations in both the liquid and 
solid phase were measured, with antimicrobials within the solid phase persisting 
throughout the 21 day treatment period with little to no appreciable reduction observed 
(Álvarez, Otero et al. 2010).  
 

9.2.2 Waste management 
Hygiene issues / poor sanitation as summarised in Table 9.3 is one of the most direct 
causes of disease. Waste management is an important process as it removes what is the 
source of many diseases (the pig waste itself). From Table 9.1 it can be seen that many 
pig pathogens are excreted in the faeces or urine of infected pigs. Even those pathogens 
that are not excreted via this route may be shed in high numbers in other ways and be 
present in piggery waste. As such, like all animal waste, pig waste contains high numbers 
of many micro-organisms, both pathogenic and nonpathogenic. As well as pathogens, 
piggery waste contains large amount of nutrients and organic matter and must be treated 
before disposal. 83% of Australian pork producers treat this piggery waste (slurry) in 
multiple ponds (see Chapter 4) (APL 2010). Environmental disposal of treated piggery 
waste is dictated by environmental regulation. In Australia 71% of pork producers treating 
solid waste and 61% treating liquid waste are spreading on land as fertiliser (APL 2010). 
Due to the high nutrient and organic load of the treated slurry it is not suitable to 
discharge into environmental waters (Tucker, McGahan et al. 2010). Effluent from 
treatment systems in reused within the shed for 78% of total production within the 
Australian pig industry (APL 2010), with 22% of large producers reusing this effluent as 
wash down water. Use as flush water accounts for the remaining reuse within the shed. A 
potential additional use of treated waste water is for growing algae in ponds for pig feed. 
However, it is hypothesized that use as a feed source would provide animal and human 
pathogen exposure routes leading to a recycling and persistence of pathogens and disease 
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within the farms pig population. A pig and human health risk likely also exists for the 
current practice of reusing treated effluent in sheds. 
 
Table 9.1 Summary of some of the most important pathogens of pigs 
Pathogen Disease caused Route of shedding 

and transmission 
Present in 
Australia? 

Zoonotic? 

Viruses     
Porcine circovirus 
(PCV2) 

Porcine circovirus 
associated disease / 
contributes to 
postweaning 
multisystemic 
wasting syndrome 
(PMWS) 

Oronasal YES NO 

Coronavirus 
(transmissible 
gastroenteritis 
virus) 

Transmissible 
gastroenteritis  

Faecal-oral YES YES 

Rotavirus Diarrheal disease Faecal-oral YES 
(ubiquitous) 

YES 

Parvovirus Reproductive 
disease 

Oronasal YES NO 

Hepatitis E virus subclinical Faecal-oral YES YES 
Swine influenza 
virus 

Swine influenza Nasopharyngeal NO YES 

Foot and mouth 
disease virus 

Foot and mouth 
disease 

Many 
 

NO NO 

Bacteria     
E. coli Diarreah Faecal-oral YES YES 
Lawsonia 
intracellularis 

Proliferative 
enteropathy 

Faecal-oral YES NO 

Salmonella Salmonellosis / 
enterocolitis 

Faecal-oral YES YES 

Brachyspira 
hyodysentreiae 

Swine dysentery Faecal-oral YES NO 

Leptospira Reproductive 
disease 

Urine-mucous 
membranes 

YES YES 

Actinobacillus 
pleuropneumoniae 

Respiratory disease Droplets/aerosol YES NO 

Parasites     
Ascaris suum Depresses weight 

gain 
Faecal-oral YES YES 
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Table 9.2 Summary of emerging and re-emerging pig viruses 

 
 
 
Recently, evidence of a significant link between ammonia and the airborne concentration 
of commensal bacteria within pig sheds on pig health was published (Murphy, Cargill et al. 
2012). Pig slurry contains high levels of ammonia which is removed via denitrification 
during aerobic treatment processes (Chapter 6). In their study, Murphy et al. (2012) 
observed a synergistic relationship between high ammonia concentration and high levels of 
alpha haemolytic cocci (a commensal organism) on weight gain and other health 
predictors. This study was completed as part of a PhD thesis which also reported on the 
effect of recycling effluent as flush water in sheds with partially slatted floors (Murphy 
2011). Using recycled effluent as flush water raised the in-shed airborne concentration of 
total culturable bacteria and ammonia to a level significantly higher than when potable 
water was used for flushing. The levels remained elevated for over 2 hours post flush. 
Although this was a short study and health predictors were not measured, similar studies 
which investigated effects of effluent pit depth and ventilation on ammonia and bacteria 
concentrations, observed that similar levels had a significant effect on pig daily growth 
rate and other health predictors. This suggests that recycling effluent in shed may have a 
significant effect on pig health and consequently on the economic performance of the pig 
industry. Based on the research of Murphy (2011) and from discussions with Peter 
McKenzie (pers. comm 2012), an attempt to assign a cost on production for recycling 
conventionally treated effluent in shed has been made (Table 9.4). Assumptions include 
litters per year for a 2000 sow farrow-finisher unit; the number of piglets per litter; cost 
of feed; pig sale price; % mortalities and additional growth time to finish. Based on these 
figures, the total annual loss in profits is $684,000 for a 2000 sow unit. This figure does not 
account for other expenses including vet bills, antimicrobials, and the cost of outbreak 
scenarios. In addition, this analysis does not take into account costs associated with both 
occupational and consumer exposure. 
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Table 9.3 Environmental stressors associated with pig production that contribute to disease 
Environmental Stressor Health outcome Management 
Temperature fluctuations Increased sensitivity to 

pathogens 
Enhanced respiratory 
problems 

Provide a stable ambient 
temperature  

high temperatures Increased mortality Manage housing temperature 
Dust (primarily feed and 
faecal in origin) 

Respiratory irritation and 
disease in pigs and animals 

Ventilation, filtration and 
source control 

Space (overcrowding) Depressed immune response 
/ Rapid disease transmission 

Housing design 

Social Fighting and stress resulting 
in depressed immune 
response 

Housing design 

Hygiene / poor sanitation Disease • Biosecurity practices 
• Quarantine 
• All in-all out approach 
• Preventing presence of 

disease carriers (birds, 
bats, rodents, cats etc) 

• Regular and appropriate 
waste removal 

 
 
Table 9.4 Annual production losses from sub-clinical respiratory disease in a 2000 sow, farrow-
finish unit. 

ASSUMPTIONS
Sow Numbers 2000
Litters/year 1.8
Piglets/litter 10
Feed Costs ($/wk) 2
Pig Sale Price ($/hd) 200

Mortalities fom s/c resp dis (%) 5
Additional growth time (wks) 4

LOST INCOME
Mortalities/yr 1800
Lost Sales ($) 360,000$ 

ADDITIONAL EXPENDITURE
Extra Feed required to finish 288,000$ 
Feed costs to pigs that die 36,000$    

TOTAL LOSSES (per annum) 684,000$  
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For comparison, the cost of installing a high rate algal pond system for improved effluent 
treatment is approximately $200,000. The benefit-cost ratio of recycling effluent in shed 
from a high rate algal pond is expected to be high. 
 
A major part of this chapter will review the pathogen removal efficiencies of currently 
available slurry treatment options, including anaerobic digestion, aerobic treatment, 
aerobic and anaerobic ponds and high rate algal ponds. The aim is to obtain information 
on the likely quality of treated slurry effluent and consequently determine the most 
suitable, high value and low risk options for the reuse of piggery slurry treated by the 
reviewed systems. However, there are also additional considerations with regards to 
pathogen transport and fate. On and off farm pathogen transport pathways will now be 
introduced for pig pathogens. 

9.3 Exposure Pathways 
Table 9.1 describes the transmission route of the pig pathogens listed, but does not 
illustrate the pathogen exposure and transport routes. This information is displayed in 
Figure 9.1, which presents an overview of all important transport and exposure routes of 
pig pathogens on and off farm with consideration to pigs, workers, the public, pork 
consumers and the environment. 
 
Environmental exposure to pathogens is entirely via pig waste, whereas human exposure 
can be via a number of pathways depending on circumstance. Piggery workers may be 
exposed to pathogens via direct contact with the pigs, from exposure to pig waste or via 
reuse of the treated effluent. The public are only likely to be exposed via contamination 
of the environment (including crops, soil and environmental waters) by treated pig waste. 
In addition to this, although risk mitigation strategies are in place though the abattoir 
inspection system, pork consumers may be at risk of pathogen exposure from the 
consumption of contaminated pork, in particular originating from subclinically diseased 
pigs that may not be identified during ante and post-mortem inspection 
procedures.Strictly speaking, this is not a direct pathway as the pigs are transported to an 
abattoir for butchering and may be contaminated after arrival. However, diseased pigs 
could bring infection to the abattoir from the farm and as such it is an exposure pathway 
worth considering. The pathways of interest for this review are those stemming from the 
treated effluent and include all but pathogen transport from feed and animal carriers. The 
fate of pathogens in pig waste treatment systems and the transport of pig pathogens in 
the environment is considered for each pathogen. 

9.4 Microbiological content of piggery waste and survival within the 
environment 

The initial concentration of pathogens and other micro-organisms in untreated pig waste 
will depend firstly on dilution. Pigs housed on a slatted or concrete floor have their waste 
removed with water (dilution) whereas the waste from pigs housed on bedding will be 
removed physically for treatment and contain little liquid. The greater the amount of 
water used, the lower the solids and pathogen content of the waste to be treated.  
Table 9.5 presents the ranges of concentration of pig pathogens and indicator micro-
organisms in piggery slurry. From an Australian perspective, little information exists on 
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the microbiological quality of pig slurry and manure (Chinivasagam, Thomas et al. 2004). 
In fact, little published information on pathogen numbers is pig slurry exists at all (Table 
9.5).  
 
 
 
 
 
 

 
 
Figure 9.1 Potential pig pathogen transport pathways. Green represents the environment and 
red the potential for human/pig infection 
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Table 9.5 Indicative range of pathogen and indicator concentration present in pig slurry 
Micro-organism Measured 

concentration 
range (100 ml-1) 

References 

E. coli 106 - 108 CFU* 
(Jones, Bew et al. 1976, Hill and Sobsey 1998, 
Chinivasagam, Thomas et al. 2004, Sobsey 
and Hill 2008, Cunault, Pourcher et al. 2011) 

Salmonella spp. 
92 - 103 MPN# 
104 CFU 

(Chinivasagam et al. 2004, Jones et al. 1976, 
Sobsey and Hill 2008) 

Enterococci 107 CFU (Hill and Sobsey 1998, Sobsey and Hill 2008) 

Somatic coliphage 107 PFU 
(Sobsey and Hill 2008, Hill and Sobsey 1998, 
Cunault et al. 2011) 

F specific coliphage 104 - 105 PFU+ 
(Sobsey and Hill 2008, Hill and Sobsey 1998, 
Cunault et al. 2011) 

Clostridium 107 (Cunault et al. 2011) 
E. coli O157 103 CFU g-1 (Hutchison, Walters et al. 2005) 
Lawsonia intracellularis 
 

103 – 108 g-1 
(Pedersen, Pedersen et al. 2012) 

*colony forming units 
#most probable number 
+plaque forming units 
 
 
Although faecal numbers have not been quantified for some pathogens, previous studies 
have investigated the presence and/or prevalence of many of these pathogens in pig 
manure and have measured their survival in the environment. A brief summary of what is 
currently known is reported below for each pathogen. 
 
Porcine circovirus (PCV2) 
PCV2 is a nonenveloped, circular stranded DNA virus. It is one of the most economically 
important viruses of pigs (Meng 2012) and has 3 known genotypes (PCV2a, PCV2b and 
PCV2c) (Segalés, Olvera et al. 2008). PCV2 vaccination is effective (Meng 2012), but may 
not occur in all pig production facilities. Yang et al. (2003) detected PCV2 via PCR in the 
faeces of 2 out of 9 pigs with diarrhoea and 16 out of 20 pigs without diarrhoea from 
commercial pig herds. Recently, Viancelli et al. (2012) isolated PCV2 from 60% of effluent 
samples from 2 pig waste treatment systems in Mexico. Using qPCR the number of genome 
copies (gc) detected in the raw waste was 106 uL-1. After 6 months treatment in an 
anaerobic digester and pond system (anaerobic, facultative and maturation ponds) 20 ml 
samples collected contained between 0 and approximately 5.5 x 102 gc µL-1. Infectivity 
was confirmed in cell culture; however the results of this are not quantitative. No 
information on the environmental stability of PCV2 is available; however, it is heat (70° C) 
and chemical resistant (Allan and Ellis 2000). These studies suggest that infective PCV2 is 
present in pig slurry and persists during treatment and in the environment. 
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Coronavirus (TGEV) 
TGEV is an enveloped ssRNA virus. TGEV is shed in the faeces of infected pigs; however all 
enveloped viruses are sensitive to environmental stressors and as such their persistence in 
the environment under conditions of heat and sunlight is short (Saif and Sestak 2006). 
 
Rotavirus 
Rotaviruses are responsible for the majority of acute viral gastroenteritis cases in young 
pigs (particularly rotaviruses of group A). The prevalence of rotavirus A in pig manure 
samples determined by PCR was found to be 64% of 61 samples collected (Costantini, 
Azevedo et al. 2007). This same study observed persistence of rotavirus A through a 
treatment system comprising a conventional 3 pond system. However, rotavirus A was not 
detected after a digestion step in a separate system. Rotaviruses are ubiquitous in the 
environment (Yuan, Stevenson et al. 2006) and persist in manure, air, soil and water and 
can easily spread to geographical points outside the farm (Ziemer, Bonner et al. 2010). 
 
Hepatitis E virus (HEV) 
Hepatitis E virus causes subclinical infection in pigs. As such, the virus appears to have 
little importance in regards to pig health. However, as HEV is zoonotic, the real risk lies in 
the potential for human infection. Infectious HEV is present is the manure of infected 
pigs, and in piggery wastewater and ponds, but at unknown concentrations (Halbur, 
Kasorndorkbua et al. 2001, Kasorndorkbua, Opriessnig et al. 2005). Furthermore, its 
persistence in the environment is unknown (Ziemer et al. 2010). 
 
Parvovirus 
Porcine parvovirus is a nonenveloped, ssDNA virus. Parvovirus does not appear to be shed 
faecally by infected pigs. However, it is thought to persist in high numbers within the pen 
environment (Mengeling 2006). Parvovirus is heat resistant, with spiked parvovirus 
persisting after 60 min at 70° C in biowaste (Sahlström, Bagge et al. 2008). 
 
E. coli 
The various strains within the species E. coli are genetically diverse and as such variances 
in their responses to various environmental stressors possibly occur. Many studies have 
investigated the survival of E. coli under varying environmental conditions (Barcina, Arana 
et al. 1986, Flint 1987, Curtis, Mara et al. 1992, Davies-Colley, Donnison et al. 1997, 
Turner 2002). However, most studies focus on non-pathogenic E. coli. 
 
Of the pathogenic E. coli, O157:H7 appears to have been the only serotype that has had its 
environmental survival investigated (reviewed in Guan & Holley (2003)). Enterotoxigenic  
E. coli is the main E. coli pig pathogen; however, the serogroup O157 is also associated 
with neonatal diarrhoea (Fairbrother and Gyles 2006). 
 
Wang and Doyle (1998) found that the greatest survival of E. coli O157:H7 was in filtered, 
autoclaved municipal water and the least in lake water. Overall, survival was greater at 
8°C than 25°C. E coli O157:H7 persisted for at least 91 d at 8°C, but was not detectable 
within 49 to 84 d at 25°C. In addition to this it was demonstrated that E. coli O157:H7 can 
enter a viable but nonculturable (VBNC) state in water (Wang and Doyle 1998), which 
poses a significant problem for monitoring and detection. The survival of E. coli O157:H7 
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in soil has also been investigated. The pathogen was found to survive for at least 8 w in 
moist soil at 25°C (Mubiru, Coyne et al. 2000). Under fluctuating environmental 
temperatures (−6.5 to 19.6°C), the organism persists for up to 99 d (Bolton, Byrne et al. 
1999). In non-aerated sheep manure exposed to fluctuating environmental conditions, E. 
coli O157:H7 survived for more than 1 yr (Kudva, Blanch et al. 1998). E. coli O157:H7 has 
been observed to survive for 4 months and 47 days in aerated sheep manure and cow 
manure stored in piles and held in the natural environment respectively. Under controlled 
laboratory conditions, the pathogen survived for 100 d in sheep manure incubated at 4 or 
10°C. Wang et al. (1996) also reported E. coli O157:H7 survived for 70 d at 5°C, 56 d at 
22°C, and 49 d at 37°C. The prevalence of E. coli O157:H7 in the environment has been 
reported as 0.9% of 1483 samples of various Canadian surface waters (Johnson, Thomas et 
al. 2003). 
 
Salmonella 
Salmonella is a genus of Gram-negative, motile, non–spore-forming, facultatively 
anaerobic bacilli. Compared to other pig pathogens, a significant amount of investigation 
has been done on Salmonella in pork production and as such numbers of Salmonella spp. in 
pig manure have been quantified (Jones et al. 1975; Chinivasagam et al. 2004; Sobsey and 
Hill 2008). Many serotypes of salmonella exist and most have a broad host range. The 
zoonotic serovar S. typhimurium is the most common isolated in human infection. 
However, it is not commonly isolated from Australian pigs. S. derby and S. london 
accounted for 15.2 and 10.6 % respectively of the salmonella serotypes isolated from pig 
carcasses between 2000 and 2006 in Australia (Hamilton, Smith et al. 2007). In water, 
Salmonella spp. were observed to be more resistant to sunlight than E. coli, but less 
resistant to heat when compared with E. coli at temperatures over 47°C (Berney, 
Weilenmann et al. 2006). However, at 37°C no effect on inactivation was observed over a 
5 h period. Salmonella spp. have also been found to persist in soil spread with 
contaminated pig manure for up to 14 days (Baloda, Christensen et al. 2001). 
 
Lawsonia intracellularis 
Lawsonia intracellularis is a Gram negative intracellular bacterial pathogen. From a 
sample of 204 pigs, 54% of faecal samples were positive for Lawsonia intracellularis 
(Lindecrona, Jensen et al. 2002). In other studies 5-30% of faecal samples were positive. 
The number was correlated with number of sows per pen (McOrist and Gebhart 2006). The 
survival of Lawsonia intracellularis in the environment as well as its transport through 
wastewater treatment systems is unknown 
 
Brachyspira hyodysenteriae 
Brachyspira hyodysenteriae is a Gram negative anaerobic spirochete. 5.2% of 464 pigs from 
42 herds in Korea were positive for B. hyodysenteriae (Suh and Song 2005). Two studies 
have investigated the survival of B. hyodysenteriae in the environment. At 10°C survival of 
B. hyodysenteriae was found to be 10, 78 and 112 days in soil, soil mixed with 10% faeces, 
and in pig faeces, respectively (Boye, Baloda et al. 2001). Chia & Taylor (1978) showed 
that B. hyodysenteriae survived for 48 days in dysenteric faeces held between 0 and 10°C, 
although it only survived for 7 days at 25°C, and less than 24 h at 37°C. 
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Leptospira 
Leptospira are motile, aerobic, motile, Gram-negative spirochetes. Leptospira are highly 
susceptible to adverse environments such as unfavourable pH (>8.0 or <6.5) and high 
temperatures (above 40°C). In addition they also appear to be sensitive to UVA irradiance 
experiencing rapid inactivation in the first 24h at environmental irradiances of UVA (Wong-
ekkabut, Chadsuthi et al. 2009). Variations in sensitivity were also observed between 
serotypes (Chadsuthi, Wong-ekkabut et al. 2010). However, Leptospira was observed to 
survive for 110 days in distilled water at 20°C in the dark (Trueba, Zapata et al. 2004) and 
has previously been isolated from recreational waters (Diesch and McCulloch 1966), 
suggesting it has some persistence in the environment.  
 
Actinobacillus pleuropneumoniae 
A. pleuropneumoniae is a small, Gram-negative, encapsulated rod shaped bacteria. 
Survival of the organism in the environment is considered to be of short duration. 
However, when protected with mucus or other organic matter, it can survive for several 
days (even weeks) and it can survive in clean water for periods of up to 30 days at 4°C 
(Gottschalk and Taylor 2006). A. pleuropneumoniae does not appear to be shed in pig 
faeces. The survival of A. pleuropneumoniae in the wider environment is uncertain. 
 
Ascaris suum 
Ascaris suum is a helminth with prevalence in pig herds of between 6 and 86% (Ziemer et 
al. 2010). A. suum is relatively resistant to environmental stressors as reviewed by Ziemer 
et al. (2010). Anaerobic conditions favour survival with 80% of eggs retaining viability after 
12 weeks of anaerobic storage. When applied to pasture as manure, a 90% reduction in egg 
viability on dry, sunny land compared with a 10% loss on wet, shaded land was observed. 
This observation appeared to be predominantly due to moisture content rather than the 
sunlight (Gaasenbeek and Borgsteede 1998). Tharaldsen and Helle (1989) found that a 
temperature of 37°C for 31 days was adequate for complete inactivation of Ascaris eggs. 
 
Protozoa 
Cryptosporidium is a genus of protozoa. No published studies have examined the 
concentration of cryptosporidium in pig manure. However, unpublished data was 
referenced by Thursron-Enriquez et al. (2005) reporting 20 to 90 oocycts g-1 of pond 
wastewater. A prevalence of cryptosporidium of 22% of 289 post-weaned pigs in 4 
piggeries was reported in an Australian study (Johnson, Buddle et al. 2008). Oocysts are 
stable at environmental temperatures and have the potential to contaminate water 
bodies. They can be inactivated by temperatures over 55°C in water and wastes (Barbee 
1997 cited in (Sobsey, Khatib et al. 2006)), as well as by sunlight and desiccation 
(Robertson, Campbell et al. 1992). Thurston-Enriquez et al. (2005) recovered 106 oocysts 
in runoff waters after pond wastewaters were applied to soil followed by simulated 
rainfall. 
 
Giardia species are flagellated protozoan. An Australian study reported a prevalence of 
Giardia of 31% of 289 pig faecal samples from four of the six major pig producers in WA 
(Armson, Yang et al. 2009). Survival in the environment is significant at environmental 
temperatures in water (2 to 3 months at temperatures less than 10°C). At 21°C oocysts 
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can remain viable for up to a month; however at 54°C complete inactivation occurs in 
water. 
 
Prions 
Prions are infectious misfolded proteins. Probably the most familiar prion is that causing 
bovine spongiform encephalopathy or mad cow disease. Prions will not likely to be present 
in the waste stream of pigs as they are concentrated within the brain and spinal cord of 
infected animals and are not excreted. However, if a prion type pathogen that could be 
excreted emerged within the pig industry it is unlikely that conventional wastewater 
treatment would remove or inactivate this pathogen. It has been shown that prions persist 
when subjected to thermophilic anaerobic and aerobic treatment, pasteurisation, boiling, 
radiation, autoclaving and temperatures up to 800°C (Bohm, Husnsinger et al. 2008, Elving 
2009). 

9.4.1 Survival in soil 
Run off from soil can occur after rain events and contaminate water environments. Soil 
moisture is a major factor determining bacterial survival. Greater survival is often 
associated with moist soils, thus rainfall is a factor that favours bacterial survival. Factors 
affecting pathogen transport in soil was extensively reviewed by Mawdsley et al. (1995) 
and are presented in Table 9.6 (References cited in Mawdsley et al. 1995). 
 
Goyal and Gerba (1979) investigated the adsorption of viruses to soils. They found that the 
extent of viral adsorption varied greatly depending on both soil type and virus properties. 
In soils containing treated sewage, organic matter competed for viral binding sites. In 
general, the extent of adsorption was in the order of poliovirus > rotavirus SA-11 > 
echovirus. The adsorption of pathogens to soils will affect transport and survival in the 
environment. During treatment of piggery effluent, the sedimentation or flocculation of 
suspended solids will remove micro-organisms from the water column to an extent 
dependent on adsorption. Sobsey and Cooper (1973) observed that virus adsorption to 
solids was proportional to the concentration of solids within pond effluent. Olsen (1988) 
observed the removal of pathogens from the solid and liquid components of pig manure. 
Inoculated S. typhimurium, E. coli and Str. faecalis were reduced by 0.1-0.8 log10, while 
indigenous coliforms and the total indigenous flora were reduced up to 1.5 log10 following 
sedimentation. 
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Table 9.6 Factors affecting pathogen transport in soils (Mawdsley et al. 1995) 

 
 

9.5 Pathogen removal in wastewater treatment systems 

The transport and reduction of many pig pathogens has been investigated in various 
conventional wastewater treatment systems including ponds, anaerobic digesters and 
aerobic treatment systems. A summary of the pathogen removal performance of these 
systems is presented in Table 9.7. Psychrophilic, mesophilic and thermophilic processes 
have been considered individually for each treatment type due to the inactivation ability 
of heat. Studied indicator organisms have also been included in Table 9.7 to assess their 
stability or removal during treatment in comparison with the investigated pathogens. 
Within the literature, quantitative inactivation data was available for the indicators E. 
coli, faecal coliforms, enterococci, faecal streptococci, F specific RNA phages, F2 phage, 
PhiX174 and somatic phage. Data on pathogens could be found for Salmonella spp., bovine 
parvovirus, echovirus 1, hepatitis A virus, poliovirus type 1, rotavirus, swine vesicular 
disease, Giardia lamblia, African swine fever virus, porcine parvovirus, swine influenza 
virus, Ascaris suum and Clostridium perfringens. Due to the limited number of studies on 
piggery wastewater treatment, some of the reported data is derived from municipal 
wastewater treatment plants. Waste type has previously been shown to have significant 
effects on the inactivation of pathogens (Deng and Cliver 1992). In addition, the majority 
of studies included have used inoculated pathogens for their measurements of pathogen 
indicator rates. Non-indigenous micro-organisms are reported to be inactivated faster in 
treatment systems and as such data gathered using inoculated micro-organisms likely 
overestimates the treatment efficiencies in piggery waste treatment systems (Berg and 
Berman 1980). 



 

166 
 

 
Table 9.7 Summary of the available published data on rates of Inactivation of pathogens in psychrophilic, mesophilic and thermophilic aerobic and 
anaerobic treatment systems. 

ANAEROBIC DIGESTION (MESOPHILIC) 
Waste type Organism Temp (°C) K (d-1) Organism 

source 
Notes Reference 

 INDICATORS      
Pig slurry E. coli 20 0.59* indigenous  (Munch, Errebo 

Larsen et al. 
1987) 

Pig slurry E. coli 35 0.50 Inoculated 1% dry 
matter 

(Olsen 1988) 

Municipal sewage Fecal coliforms 35 0.09* Indigenous 20 day RT (Berg and Berman 
1980) 

Municipal sewage Total coliforms 35 0.1* Indigenous 20 day RT (Berg and Berman 
1980) 

Pig slurry Faecal 
streptococci 

20 0.14* indigenous  (Munch et al. 
1987) 

Municipal sewage Faecal 
streptococci 

35 0.06* Indigenous 20 day RT (Berg and Berman 
1980) 

Pig slurry Streptococcus 
faecalis 

35 0.38 Inoculated 1% dry 
matter 

(Olsen 1988) 

In situ treatment of 
sewage 

F2 
bacteriophage 

35 0.90 Inoculated  (Spillmann, Traub 
et al. 1987) 

 SALMONELLA      
Pig slurry S typhimurium 17 (mean) 0.16* Inoculated  (Mannion, Lynch 

et al. 2007) 
Pig slurry S typhimurium 35 0.31 Inoculated 1% dry 

matter 
(Olsen 1988) 
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Pig slurry Salmonella 25 0.05 - 0.12 Inoculated T90 8-19  (Arrus, Holley et 
al. 2006) 

Pig slurry Salmonella 37 0.74 - 1.17 Inoculated T90 0.85-
1.36 

(Arrus, Holley et 
al. 2006) 

 VIRUSES      
In situ treatment of 
sewage 

Bovine 
parvovirus 
HADEN 

35 0.94 inoculated  (Spillman et al. 
1987) 

Sludge from WWTP Echovirus 1 31.4 0.53 Inoculated  (Scheuerman, 
Farrah et al. 1991) 

Pig slurry/ septic tank 
effluent (80:20) 

Hepatitis A 15 0.020 Inoculated T90 17.1 (Deng and Cliver 
1995) 

Pig slurry/ septic tank 
effluent (80:20) 

Hepatitis A 22 0.058 Inoculated T90 17.1 (Deng and Cliver 
1995) 

Pig slurry/ septic tank 
effluent (80:20) 

Poliovirus type 
1 

14.4 0.033 Inoculated  (Deng and Cliver 
1992) 

Pig slurry/ septic tank 
effluent (80:20) 

Poliovirus type 
1 

20.8 0.054 Inoculated  (Deng and Cliver 
1992) 

Sludge from WWTP Poliovirus type 
1 

32.4 0.33 Inoculated  (Scheuerman 
1991) 

Activated sludge form 
WWTP 

Rotavirus sa-11 26 1.9 Inoculated  (Knowlton and 
Ward 1987) 

Sludge from WWTP Rotavirus SA-11 34 0.52 Inoculated  (Scheuerman 
1991) 

In situ treatment of 
sewage 

Rotavirus WA 35 0.31 Inoculated  (Spillman  et al. 
1987) 

Municipal sewage Viruses (BGM 
cell isolates) 

35 0.06* Indigenous 20 day RT (Berg and Berman 
1980) 

Pig slurry Swine vesicular 22 persists Inoculated  (Turner, Williams 
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disease et al. 1998) 

 PROTOZOA      
Pig slurry/ septic tank 
effluent (80:20) 

Giardia lamblia 15 0.035 Inoculated T90 29 (Deng and Cliver 
1992) 

Pig slurry/ septic tank 
effluent (80:20) 

Giardia lamblia 22 0.235 Inoculated T90 4.3 
 

(Deng and Cliver 
1992) 

ANAEROBIC DIGESTION (THERMOPHILIC) 
Waste type Organism Temp K (d-1) Organism 

source 
Notes Ref 

 INDICATORS      
Cattle manure Enterococcus 

sp. 
49 1.54 Inoculated T90 15.7 h  (Elving 2009) 

Cattle manure Enterococcus 
sp. 

52 8.93 Inoculated T90 2.7 h (Elving 2009) 

Cattle manure Enterococcus 
sp. 

55 12.2 Inoculated T90 2 h (Elving 2009) 

In situ treatment of 
sewage 

F2 
bacteriophage 

55 1.19 h-1 Inoculated  (Spillman  et al. 
1987) 

Municipal sewage Faecal 
coliforms 

49 0.2* Indigenous 20 day RT (Berg and Berman 
1980) 

Municipal sewage Faecal 
streptococci 

49 0.2* Indigenous 20 day RT (Berg and Berman 
1980) 

Cattle manure PhiX174 49 1.00 Inoculated T90 23.9 (Elving 2009) 
Cattle manure PhiX174 52 0.89 Inoculated T90 27 (Elving 2009) 
Cattle manure PhiX174 55 2.59 Inoculated T90 9.3 hr (Elving 2009) 
Municipal sewage Total coliforms 49 0.3* Indigenous 20 day RT (Berg & Berman 

1980) 

 SALMONELLA      
Cattle manure  Salmonella 49 1.58 Inoculated T90 15.1 (Elving 2009) 
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senftenberg 
w775 

Cattle manure Salmonella 
senftenberg 
w775 

52 14.7 Inoculated T90 1.6 (Elving 2009) 

Cattle manure Salmonella 
senftenberg 
w775 

55 23.1 Inoculated T90 1 h (Elving 2009) 

 VIRUSES      
Pig slurry African swine 

fever virus 
56 Immediate 

inactivation 
Inoculated  (Turner et al. 

1998) 
In situ treatment of 
sewage 

Bovine 
parvovirus 
HADEN 

55 0.213 h-1 Inoculated  (Spillman  et al. 
1987) 

WWTP sludge Poliovirus type 
1 

51.1 3.7 h-1 Inoculated  (Popat, Yates et 
al. 2010) 

WWTP sludge Poliovirus type 
1 

53.3 4.1 h-1 Inoculated  (Popat et al. 
2010) 

WWTP sludge Poliovirus type 
1 

55.5 4.5 h-1 Inoculated  (Popat et al. 
2010) 

Cattle manure Porcine 
parvovirus 

49 1.87 Inoculated  (Elving 2009) 

Cattle manure Porcine 
parvovirus 

52 2.38 inoculated  (Elving 2009) 

Cattle manure Porcine 
parvovirus 

55 2.02 Inoculated  (Elving 2009) 

Pig slurry Porcine 
parvovirus 10^6 

35 21 weeks 
total 

Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Porcine 
parvovirus 10^6 

40 9 weeks total Inoculated  (Bøtner and 
Belsham 2012) 
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Pig slurry Porcine 
parvovirus 10^6 

45 >19 days total Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Porcine 
parvovirus 10^6 

50 5 days total Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Porcine 
parvovirus 10^6 

55 8 days total Inoculated  (Bøtner and 
Belsham 2012) 

In situ treatment of 
sewage 

Rotavirus WA 
(inoculated) 

55 >8.5 h-1 Inoculated  (Spillman  et al. 
1987) 

Pig slurry swine influenza 
virus 10^5.8 

5 9 weeks total Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Swine influenza 
virus 10^5.8 

20 15 days total Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Swine influenza 
virus 10^5.8 

35 >24 hr total Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Swine influenza 
virus 10^5.8 

40 24 hr total Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Swine influenza 
virus 10^5.8 

45 2.5 hr total Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Swine influenza 
virus 10^5.8 

55 1 hr total Inoculated  (Bøtner and 
Belsham 2012) 

Pig slurry Swine vesicular 
disease 

56 1858 Inoculated  (Turner et al. 
1998) 

Pig slurry Swine vesicular 
disease 

60 Immediate 
inactivation 

Inoculated  (Turner et al. 
1998) 

Municipal sewage  Viruses (BGM 
cell isolates) 
(indigenous) 

49 0.1* Indigenous 20 day RT (Berg and Berman 
1980) 

 HELMINTHS      
WWTP sludge Ascaris suum 51.1 1.8 h-1 Inoculated  (Popat et al. 

2010) 
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WWTP sludge Ascaris suum 53.3 2.1 h-1 Inoculated  (Popat et al. 
2010) 

WWTP sludge Ascaris suum 55.5 3.1 h-1 Inoculated  (Popat et al. 
2010) 

ANAEROBIC DIGESTION (PSYCHROPHILIC) 
Waste type Organism Temp K (d-1) Organism 

source 
Notes Ref 

Pig slurry E. coli 4-10 0.067-0.038* Indigenous T90 15-26 
days 

(Cote, Masse et 
al. 2006) 

Pig slurry E. coli 7 0.14* indigenous  (Munch et al. 1987 
Pig slurry/ septic tank 
effluent (80:20) 

Giardia lamblia 5 0.006 Inoculated T90 156 (Deng and Cliver 
1992a) 

Pig slurry salmonella 4 0.017 - 0.046 Inoculated T90 22-48 (Arrus et al. 2006) 
Pig Slurry Salmonella 4-10 Max 88 days 

persistence 
Indigenous  (Cote, Masse et 

al. 2006) 

AEROBIC TREATMENT (MESOPHILIC) 
Waste type Organism Temp K (d-1) Organism 

source 
Notes Ref 

Pig slurry E. coli 20 0.63* indigenous  (Munch et al. 
1987) 

Pig slurry Faecal 
streptococci 

20 0.20* indigenous  (Munch et al. 
1987) 

Sludge from WWTP  Echovirus 1 24.6 0.5 Inoculated  (Scheuerman 
1991) 

Sludge from WWTP  Poliovirus type 
1 

28.9 0.77 Inoculated  (Scheuerman 
1991) 

Sludge from WWTP  Rotavirus SA-11 28 0.43 Inoculated  (Scheuerman 
1991) 

Pig slurry C. perfringens 50 0.34* Inoculated  (Juteau, Tremblay 
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et al. 2004) 
Pig slurry Salmonella 

typhimurium 
0-25-4 0.16* Inoculated  (Heinonen, 

Niskanen et al. 
1998) 

AEROBIC TREATMENT (THERMOPHILIC) 
Waste type Organism Temp K (d-1) Organism 

source 
Notes Ref 

In situ treatment of 
sewage 

F2 
bacteriophage 

60 3.5 h-1 Inoculated  (Spillman et al. 
1987) 

In situ treatment of 
sewage 

Bovine 
parvovirus 
HADEN 

60 0.35 h-1 Inoculated  (Spillm)an  et al. 
1987) 

In situ treatment of 
sewage 

Rotavirus WA 60 0.75 min-1 Inoculated  (Spillman  et al. 
1987) 

AEROBIC TREATMENT (PSYCHROPHILIC) 
Waste type Organism Temp K (d-1) Organism 

source 
Notes Ref 

Pig slurry E. coli 7 0.56* indigenous  (Munch et al. 
1987) 

WWTP sludge Echovirus 1 5 0.18 Inoculated  (Scheuerman 
1991) 

WWTP sludge Poliovirus type 
1  

5.5 0.21 Inoculated  (Scheuerman 
1991) 

WWTP sludge Rotavirus SA-11 3.3 0.44 Inoculated  (Scheuerman 
1991) 

Pig slurry S. typhimurium 10.7 
(mean) 

0.13* Inoculated  (Mannion et al. 
2007) 
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PONDS (ANAEROBIC) 
Waste type Organism Temp K (d-1) Organism 

source 
Notes Ref 

Pig slurry fed 270 day 
HRT 

E. coli n.d 0.008* (Total 
2.1)  

Indigenous  (Hill and Sobsey 
1998) 

(primary/secondary) 
14-19 month HRT 

E. coli n.d 1.8/1.8 total 
reduction 

Indigenous Average of 4 
piggeries 

(Sobsey and Hill 
2008) 

Pig slurry fed 270 day 
HRT 

Enterococci n.d 0.007* (Total 
1.9)  

Indigenous  (Hill and Sobsey 
1998) 

 (primary/secondary) 
14-19 month HRT 

Enterococci n.d 2/1.8 total 
reduction  

Indigenous Average of 4 
piggeries 

(Sobsey and Hill 
2008) 

Pig slurry fed 270 day 
HRT 

F specific 
phage 

n.d 0.004* (Total 
1.1)  

Indigenous  (Hill and Sobsey 
1998) 

(primary/secondary) 
14-19 month HRT 

F specific 
phage 

n.d 1.6/1.6 total 
reduction 

Indigenous Average of 4 
piggeries 

(Sobsey and Hill 
2008) 

 (primary/secondary) 
14-19 month HRT 

Somatic 
coliphage 

n.d 1.6/1.2 total 
reduction 

Indigenous Average of 4 
piggeries 

(Sobsey and Hill 
2008) 

Pig slurry fed 270 day 
HRT 

Somatic 
coliphage 

n.d 0.009* (Total 
2.3)  

Indigenous  (Hill and Sobsey 
1998) 

 (primary/secondary) 
14-19 month HRT 

C. perfringens n.d 1/0.4 total 
reduction 

Indigenous Average of 4 
piggeries 

(Sobsey and Hill 
2008) 

Pig slurry fed 270 day 
HRT 

C. perfringens n.d 0.007* (Total 
1.9) 

Indigenous  (Hill and Sobsey 
1998) 

 (primary/secondary) 
14-19 month HRT 

Salmonella 
1000 MPN in 
effluent 

n.d 1/1.5 total 
reduction 

 indigenous Average of 4 
piggeries 

(Sobsey and Hill 
2008) 
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PONDS (AEROBIC) 
Waste type Organism Temp K (d-1) Organism 

source 
Notes Ref 

Primary  pond influent poliovirus 25 0.74 - 1.16 Inoculated Illuminated 
15w 

Sobsey and 
Cooper (1973) 

IN SERIES TREATMENTS 

AD + AT 
Waste type Organism Temp K (d-1) Organism 

source 
Notes Ref 

Piggery slurry E. coli n.d 3.1 total indigenous  (Pourcher et al. 
2007) 

Piggery slurry Enterococci n.d 1.4 total Indigenous  (Pourcher et al. 
2007) 

Piggery slurry C. perfringens n.d 1.2 total Indigenous  (Pourcher et al. 
2007) 

Piggery slurry Salmonella n.d 0.2 total indigenous  (Pourcher et al. 
2007) 

* K approximated from available data 
  n.d no data 
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9.5.1 Anaerobic ponds 
Ponds are the current standard in the Australian pig industry with 78% of production using 
this form of slurry treatment (APL 2010). After a 14-19 month hydraulic retention time 
(HRT), pathogen numbers in anaerobic pond effluent were 101, 104, 105, 105 and 102 for 
Salmonella, bacterial indicators, C. perfringens, somatic coliphage and F-specific 
coliphage respectively (Sobsey and Hill 2008). A significant removal can be achieved in 
anaerobic ponds, with ponds in series achieving greater reduction compared with single 
ponds, however the HRT is very long and pathogens persist in the effluent (Hill 2001 cited 
in Sobsey et al. 2006, Sobsey and Hill 2008). 

9.5.2 Aerobic ponds 
When comparing aerobic and anaerobic storage of manure generally, inactivation of 
micro-organisms is significantly faster in aerated systems (Munch et al. 1987; Scheuerman 
et al. 1991). Strauch and Fleischle (1979) monitored the presence of Salmonella spp. in pig 
waste oxidation ditches. Temperatures reached up to 33°C, however, Salmonella spp. still 
persisted after 24 days. There is a lack of data within the literature on the treatment of 
pig waste and consequent removal of pathogens in aerobic pond systems. Pathogen 
inactivation data comes from studies of ponds treating municipal wastewater. Pond 
treatment efficiency of municipal wastewater with regards to micro-organism 
removal/inactivation has been attributed to such factors as pond depth, retention time, 
wind speed, pond configuration (length: width), pH, dissolved oxygen (DO), sunlight, 
temperature, predation, attachment to settleable solids, algal toxin production and the 
action of certain chemicals such as ammonia and sulphide (Oragui 2003, Stott 2003, Bitton 
2005, Davies-Colley 2005). The removal of micro-organisms in many pond systems has been 
investigated with varying removal rates reported (K d-1) between studies (Table 9.8). 
 
 
Table 9.8 Inactivation rates of a range of pathogens and indicator micro-organisms from 
municipal wastewater treated in conventional pond systems. 

Micro-
organisms 

Country Reference Total log10 
removal 

K d-1 

Faecal Coliforms Spain (García, Soto et al. 
2008) 

3.20 0.16 

 N/A (Oragui and Mara 1996) 1.60 0.07 
 New Zealand (Lewis, Austin et al. 

1986) 
3.00 0.05 

 Tanzania (Yhdego 1992) 1.04 0.13 
 Kenya (Grimason, Wiandt et 

al. 1996) 
0.98 0.33 

 Morocco (Mandi, Ouazzani et al. 
1994) 

2.40 0.34 

 South Africa (Jagals and Lues 1996) 4.00 1.03 
 Thailand (Polprasert, 

Dissanayake et al. 
1983) 

0.92 0.05 

E. coli Spain (Reinoso, Torres et al. 1.50 0.02 
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2008) 
Giardia Spain (Reinoso, Torres et al. 

2008) 
0.90 0.01 

Cryptosporidium Spain (Reinoso, Torres et al. 
2008) 

0.62 0.008 

C. perfringens Spain (García, Soto et al. 
2008) 

1.46 0.07 

 Spain (Reinoso, Torres et al. 
2008) 

0.67 0.008 

Viruses India (Rao, Lakhe et al. 
1981) 

1.30 – 
1.40 

0.08 – 
0.52 

Enterovirus New Zealand (Lewis, Austin et al. 
1986) 

0.90 0.001 

Rotavirus N/A (Oragui & Mara 1996) 3.50 0.14 
Coliphages Spain (Reinoso, Torres et al. 

2008) 
0.33 0.004 

 

9.5.3 High Rate Algal Ponds (HRAPs) 
No published data is available on the removal of pathogens from pig wastes treated in 
HRAPs. Results of current research at Flinders University have shown HRAPs to provide 
significantly superior removal of E. coli when compared to conventional ponds. This is 
illustrated in Figure 9.2 which presents a box plot of the mean total E. coli removal by a 
maturation HRAP (6 days HRT) and a comparable maturation pond (36 day HRT). This 
figure shows that comparable or enhanced micro-organism inactivation performance is 
achieved in a 6th of the time in a HRAP compared with a maturation pond. 

 
Figure 9.2 Total E. coli Log reduction over 6 and 36 days treatment in a maturation HRAP and 
WSP respectively. 
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9.5.4 Anaerobic digestion 
Temperature is reported as the main factor causing pathogen inactivation during 
anaerobic digestion (Munch et al. 1987, Spillman et al. 1987, Scheuerman et al. 1991). 
This is clearly seen in Table 9.7 where psychrophilic and mesophilic anaerobic digestion 
cause only minimum inactivation compared with thermophilic anaerobic digestion. It 
appears that at temperatures above 50°C, significant removal rates are achieved for most 
pathogens (Table 9.7). Some viruses such as bovine parvovirus are known for their heat 
stability and are not appreciably inactivated even under thermophilic conditions (Spillman 
et al. 1987). However, it appears that the porcine parvovirus does not share this degree of 
heat stability (Elving 2009).  

9.5.5 Aerobic treatment 
From Table 9.7 it can be seen that rapid inactivation of micro-organisms occurs during 
aerobic treatment, particularly at thermophilic temperatures. Few studies in the 
published literature have compared the pathogen inactivation efficiency of aerobic 
treatment and anaerobic digestion (Munch et al. 1987; Spillman et al. 1987). However the 
results of these studies show that aerobic treatment is superior in its inactivation ability. 
This appears to be especially true at thermophilic temperatures. At mesophilic 
temperatures, a smaller difference is apparent in inactivation rate between the systems 
(Munch et al. 1987). Salmonella typhimurium in pig slurry was completely inactivated by 
between 10 and 26 days of aerobic treatment within psychrophilic to mesophilic 
temperature ranges (Heinonen et al. 1998). This time period is also within the range of 
Salmonella survival during mesophilic anaerobic digestion (Mannion et al. 2007). Similar 
comparisons can also be made between other data reported in Table 9.7. 

9.5.6 Other influences on inactivation 
Besides temperature and oxygen (Munch et al. 1987; Scheuerman et al. 1991), during 
piggery waste treatment processes other stressors and variables present in pig slurry or 
during the treatment process can influence pathogen inactivation rates. These are 
ammonia (Burge, Cramer et al. 1983, Wekerle and Albrecht 1983), bacteria (Deng and 
Cliver 1995), algae (Sobsey and Cooper 1973), pH, anionic detergents (Ward and Ashley 
1980, Popat, Yates et al. 2010), solids content (Jones 1976) and origin of waste (Deng & 
Cliver 1992b). 
 
The presence of anionic detergents in wastes has been reported to have a protective 
effect on the inactivation of poliovirus type 1 (Popat et al. 2010) and rotavirus (Ward and 
Ashley 1980). The effect of ammonia and anionic detergents are both mediated by pH. 
Anionic detergents will elicit the greatest effect at a pH around neutral whereas ammonia 
is only able to cause inactivation in its non-ionic form at a pH > 8. pH changes occur as a 
result of microbial activity during treatment. Wekerle and Albrecht (1983) suggest that 
during thermophilic aerobic treatment over pH 8, ammonia evolution rather than 
temperature or pH is the predominant cause of virus inactivation and that if levels of 70 to 
80 mg 100 mL-1 of ammonia could be reached that pig slurry could be considered free of 
infectious enteroviruses. Burge et al. (1983) also observed an increasing sensitivity to 
ammonia at higher temperatures. They found poliovirus to be more sensitive to ammonia 
than the bacteriophage F2 and speculate that all double stranded DNA viruses may be 
particularly resistant to the effects of ammonia. 
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Survival of Salmonella in cattle slurry was enhanced when the solids content was 5% or 
more (Jones 1976). Salmonella persisted in slurry for up to 142 days at 5% solids content 
compared with 93 days at 1%. The concentration of solids in pig slurry will depend on 
dilution factors. 
 
Pathogen inactivation appears to occur significantly faster in pig slurry than in septic tank 
effluent (STE). At 25°C G. lamblia was inactivated 4 times faster in pig slurry than in STE 
(Deng and Cliver 1992). In a subsequent study, Deng and Cliver (1995) reported similar 
results for hepatitis A virus. To determine the location of the substance enhancing 
inactivation, a 20:80 mix of STE and pig slurry was autoclaved and filtered. At 25°C, 
inactivation in the filtrate and slurry mix were similar (0.12 d-1 and 0.10 d-1) whereas only 
a very small amount occurred in the autoclaved slurry mix (0.007 d-1). At 37°C inactivation 
in the filtrate and slurry mix was again similar (0.15 d-1 and 0.14 d-1) and inactivation in 
the autoclaved slurry mix was significantly higher than at 25°C (0.11 d-1). In another study 
in pond effluent, Sobsey and Cooper (1973) observed significantly enhanced survival of 
poliovirus in autoclaved pond effluent (k=0.17 d-1) compared with pond effluent containing 
algae and bacteria (k=1.07 d-1). Deng and Cliver (1995) confirmed that the presence of 
certain bacterial species present in manure can inactivate hepatitis A virus. These 
included Bacillus spp. and Enterococcus faecium. These studies suggest that microbial 
activity of the indigenous flora in the pig slurry may have a significant effect on 
inactivation.  

9.6 Conclusions 

The vast majority of data presented here was collected internationally. Very few 
published studies on the prevalence and numbers of pathogens in Australian pigs are 
available. According to the literature, thermophilic aerobic treatment will produce the 
fastest rates of pathogen and other micro-organism inactivation. Thermophilic anaerobic 
treatment also produces appreciable inactivation, however, most pathogens are fairly 
resistant to mesophilic and psychrophilic anaerobic digestion and aerobic treatment and it 
appears that many if not all pathogens originating in a pig slurry will persist throughout 
these treatment processes. Consequently, with one treatment system many pathogens will 
be released to the environment or be recycled through sheds with reuse of the resulting 
treated effluent as flush or wash down water. In the case of feeding an algae mixture from 
pond effluent to pigs, the risk is very much unknown. With conventional pond systems, it 
is very likely that pathogens would be present; however a HRAP may provide significant 
activation and a low risk end product for feed.  
 
The available data on pathogen removal is variable and more studies with indigenous 
pathogens are required. The lack of quantitative detection methods that show viability are 
lacking for some pathogens. Overall, the survival in the environment and during 
wastewater treatment of most of the pathogens identified as important in the pig 
industry, including those identified by Meng (2012) is unknown. Some of these will likely 
not be present in the pig slurry or be inactivated very quickly i.e. transmissible 
gastroenteritis virus and Brachyspira hyodysenteriae due to their environmental 
sensitivity. The fate of PCV2 (one of the most economically important pathogens in the pig 
industry) in the environment or during treatment is unknown. This is true also for HEV, a 
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zoonotic pathogen of great important to public health, Actinobacillus pleuropneumoniae 
and Lawsonia intracellularis. It is unknown how Leptospira sp. is inactivated during 
wastewater treatment, but given that it has been isolated from surface waters it is likely 
environmentally stable. Rotavirus is an environmentally ubiquitous zoonotic pathogen; 
however compared with other pathogens (such as Salmonella) it appears to be more 
sensitive to anaerobic digestion and aerobic treatment. Parvovirus is not excreted in pig 
faeces; however, it is possible that it could make its way into the pig slurry. Published 
data on the survival of inoculated virus suggests that indigenous parvovirus will have 
enhanced heat stability compared to other pathogens and as such an assessment of its 
presence in pig slurry is warranted. The published literature is also devoid of data relating 
to the environmental survival of enterotoxigenic E. coli (ETEC). Given that this appears to 
be a problem in Australian pig herds, it is imperative that its presence in wastewater 
treatment effluent and reuse waters is determined. Contrary to this, the survival of 
Salmonella sp. has been quite well studied during wastewater treatment processes. 
However the assessment of indigenous Salmonella survival in pig wastewater treatment is 
warranted. 
 
HRAPs have the potential to offer excellent removal of pathogens as a treatment step in 
the treatment of pig slurry during pig production; however the removal of pig pathogens 
by these systems is very much unknown and must be assessed. Overall, the best quality 
effluent will likely be produced through a well thought out treatment train consisting of a 
variety of effluent treatment processes. 
 
A risk assessment for the reuse of treated pig slurry in shed or as an algae containing feed 
is urgently required for the small and large Australian pig producers. A substantial amount 
of data is required to inform this process. The immediate research needs and knowledge 
gaps to be filled are outlined below. 

9.7 Knowledge gaps 
• The removal / inactivation of PCV2, HEV, porcine parvovirus, ETEC, Salmonella sp., 

and selected bacterial pathogens as well as potential representative indicator 
micro-organisms in a HRAP. 

• The performance of integrated treatment technologies in providing cost effective 
reductions in pathogens. 

• Occupational health risks from exposure to zoonotic pig pathogens and ammonia. 
• Effects on pig health and production efficiency of reusing treated pig effluent from 

a HRAP as flush / wash down water or as an algal feed source. 
• The effect of using wash down and flushing water from different sources (HRAP vs 

pond vs potable water) on occupational and pig health and consequently on the 
economic performance of pig production. 
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 STREAMLINED LCA OF ALGAE FOR ENERGY PROJECT FOR 10
PORK CRC 
Dr Tim Grant and Dr David Batten 

      Life Cycle Strategies Pty Ltd and Temaplan Pty Ltd 
 
The purpose of the streamlined LCA was get a first order view of the major impact areas 
of the algae treatment chain and highlight a selection of possible assessment options and 
pathways. The LCA used expert judgment on piggery waste processing treatments and 
existing background models on waste water treatment, algae ponds, operation and 
utilisation and anaerobic digestion which were available in the LCA tool SimaPro and 
public literature. These estimates contain significant level of uncertainty, likely to be 
between 20 and 50%. For this reason any results should be treated with caution.  

10.1.1 Functional unit 
The functional unit is the common basis for calculation in the LCA. The principal function 
of piggery effluent use in algae ponds is the treatment of piggery effluent. All additional 
products and processes are secondary to the treatment function. For this reason the 
functional unit is the “treatment of effluent from one 60kg HSCW.”  In the “Executive 
Overview” at the start of this report, the functional unit has been converted to 1 kg 
HSCW.  This is so the reader can readily relate to the Pork CRC aim of reducing CO2 
emissions from 6-8 kg CO2e per kg HSCW to 1 kg CO2e per kg HSCW for 5% of Australian 
pork production. 

10.1.2 Included processes and system boundary 
The LCA begins with the outflow of effluent from the piggery into the treatment ponds. 
The LCA then included all processing and production of by-products. The LCA uses system 
expansion to credit the treatment system with avoided production of the displaced 
material or activities.  

10.2 Scenarios assessed 
The scenarios assessed (Table 10.1) were chosen to provide a broad view of options and 
the effects of additional product steps and utilisation approaches on the greenhouse gas 
emissions. Note that each option is modelled with very simplistic approach and the results 
provide indicative directional information and for the greenhouse gas impacts only.  It 
should also be noted that at the moment the Federal government Carbon Farming 
Initiative (CFI) tacitly accepts that Covered Anaerobic Lagoons (CALs) harvest 100% of the 
methane produced in the lagoon.  The realistic view is that about 70% of the methane 
produced in a CAL is harvested.  This latter view is the one that the writing group decided 
to use in developing this report. 
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Table 10.1 Scenarios assessed in streamlined LCA. 
No. Primary Treatment Secondary 

treatment 
Algae Treatment Product credits 

1 Aerobic treatment None None None 
2 Aerobic treatment None High rate algal pond, harvest and 

thicken for animal feed. 
Barley feed 

3 Aerobic treatment – with heat 
recovery 

None High rate algal pond, harvest and 
thicken for animal feed.  

Barley feed, natural gas energy 

4 Aerobic treatment – with heat 
recovery 

None High rate algal pond, harvest and 
anaerobic digestion of algae slurry. 

Coal based electricity, natural gas 
energy 

5 Anaerobic no gas collection None None None 
6 Anaerobic no gas collection None High rate algal pond, harvest and 

thicken for animal feed. 
Barley feed 

7 Anaerobic with biogas flaring None High rate algal pond, harvest and 
thicken for animal feed. 

Barley feed 

8 Anaerobic with biogas 
production 

None High rate algal pond, harvest and 
thicken for animal feed. 

Barley feed, coal based electricity 

9 Anaerobic with biogas 
production 

None High rate algal pond, harvest and 
anaerobic digestion of algae slurry. 

Coal based electricity 

10 Anaerobic with biogas 
production 

Aerobic 
treatment 

High rate algal pond, harvest and 
thicken for animal feed. 

Barley feed, coal based electricity 

11 Anaerobic with biogas 
production 

Aerobic 
treatment 

High rate algal pond, harvest and 
anaerobic digestion of algae slurry. 

Coal based electricity 
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10.3 Inventory 
A life cycle assessment model has been constructed to examine the scenarios described in 
the previous section. This model is based on a series of parameters and assumptions, many 
of which have had to be estimated from expert opinion or generic data sources. A more 
thorough analysis needs to be undertaken to refine these parameters and test their 
sensitivity to the total greenhouse emissions. Therefore it is important that the results 
here are taken as guidance of the important elements of the system, but not to give firm 
directions as to which are the most beneficial pathways. Figure 10.2 lists the parameters 
and assumptions along with the data sources used. 
 
 
Table 10.2 Assumptions and parameters used in streamlined LCA. 
Parameter Unit Value 

used 
Comment/ Source 

Effluent data    
Manure solids kg/SPU/day 0.7 Expert opinion 
Effluent BOD at entrance to first 
processing step 

mg/l 5000 Expert opinion 

Initial N at release from the plant % 
solids 

Fraction 0.081 PigBal modelling 

Initial P at release from the plant % 
solids 

Fraction 0.025 PigBal modelling 

Initial K at release from the plant % 
solids 

Fraction 0.022 PigBal modelling 

Initial C at release from the plant % 
solids 

Fraction 0.5 Estimate 

Initial solids content assumed Fraction 0.01 Expert opinion 
Fraction VS in solids from initial 
waste water 

Fraction 0.788 PigBal modelling 

Aerobic reactor treatment    
Nitrogen reduction in aerobic pond Fraction 0.1 N is reduced therefore by 80% 
Carbon reduction in aerobic pond Fraction 0.25 Expert opinion 
Energy for Aeration kWh/kg O2 1 Expert opinion 
Heat recovered from aerobic process MJ/kg VS 45 Expert opinion 
Anaerobic treatment parameters    
Solids content in Anaerobic 
treatment 

Fraction 0.096  

Methane generation in Anaerobic 
treatment 

kg per kg 
VS 

0.19  0.42 for constructed closed 
reactor  

Methane recovery in anaerobic 
treatment 

Fraction 0.7 0.95 assumed for constructed 
reactor 

Algae Pond parameters    
Algae N by mass  Fraction 0.01  
Algae P by mass  Fraction 0.08  
Algae C by mass  Fraction 0.5  
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Parameter Unit Value 
used 

Comment/ Source 

Algae growth rate DM 
g/m2/day 

15  

Life of pond Years 20  
Algae concentration in pond g/l 0.25  
Algae harvest and utilisation    
Harvest energy kWh/m3 0  
Harvest flocculation - polyelectrolyte kg/m3 0.01 Possible option is to have self-

flocculating algae 
Dewatering Energy kWh/m3 1.2  
Solids content after dewatering Fraction 0.33  
Algae as feed offset Barley 1:1  
Anaerobic treatment of Algae    
Solids content in Anaerobic 
treatment 

Fraction 0.05  

Volatile solids in Algae Fraction 0.6 Masters Thesis by Rajib Biswas 
Methane generation in Anaerobic 
treatment 

kg per kg 
VS 

0.2 Masters Thesis by Rajib Biswas 

Methane recovery in anaerobic 
treatment 

Fraction 0.95 Assumption 

Other data    
Pumping head between ponds m 3 Assumption height plus back 

pressure 
 
 

10.4 Results  

10.4.1 Summary of impacts of scenarios tested 
 
Figure 10.1 and Table 10.3 Results of 9 scenarios – net greenhouse gas results from 
effluent treatment for 1 60kg HSC in kg of CO2e present the net greenhouse gas emission 
for the waste treatment process for piggery waste using 11 different scenarios. The results 
are broken down by contributing process in Figure 10.2 
 
Scenario 1 is a simple aerobic treatment. The impacts are derived from energy used to 
aerate the pond and from a small amount of methane. 
 
Scenario 2 adds a high rate algae pond to the aerobic treatment. This pond has 
greenhouse impacts of approximately 20kg of CO2e made up of 10kg CO2e for running the 
pond and 10kg CO2e for harvesting and thickening the algae production. The credit 
provided from avoiding feed production is 21kg of CO2 e making the overall balance of the 
algae pond almost neutral. 
 
Scenario 3 adds heat recovery from the aerobic treatment which provides a credit of 11kg 
of CO2e for avoided energy from natural gas. 
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Scenario 4 is the same as scenario 3 in terms of an aerobic pond with heat recovery and a 
high rate algal pond however the algae is harvested and sent to anaerobic digestion 
process. This produces biogas which can be used for electricity production and some heat 
recovery. The benefits from electricity production are assumed to offset based load 
electricity generation which is taken as an average of Australian coal based electricity 
supply with an emission factor of 1.19kg CO2e per kWh. This results in a credit of 65kg 
CO2e for electricity and 6 kg CO2 e for heat recovery from the electricity combustion 
process. 
 
Scenarios 5 through to 11 all involve anaerobic digestion of the piggery effluent in a 
lagoon. In Scenario 5 and 6, there is no methane collection and 17.6 kg of methane are 
emitted, resulting in a greenhouse gas equivalent of 370kg CO2e. In Scenario 6, the high 
rate algae pond is added to produce algae to be used as feed. Like the aerobic pond 
scenario, the algae production breaks even on a greenhouse gas basis with mixing, 
harvesting and thickening being offset by the avoided feed credit from the use of the 
algae. Scenario 7 captures and flares 70% of the methane vastly reducing the greenhouse 
gas emissions, however the remainder 30% which is emitted still dominates the greenhouse 
gas profile of all the anaerobic lagoon treatment options. 
 
In Scenario 8 the captured biogas is used for power generation. This provides an avoided 
electricity credit which is much larger than the avoided feed credit (Scenario 7), which 
says more about the high impacts of Australia’s electricity than it does about the impacts 
of the offset feed. However, even with this the net results of the biogas is negative, with 
the 30% methane emissions (resulting in 115kg CO2e) outweighing the benefits from 
electricity and heat offsets (60kg CO2e). At this level of leakage, there is no incentive to 
maximise methane production as each unit of energy offset is accompanied by almost 
twice the level of emissions from methane losses. The algae pond continues to break even 
on a greenhouse basis between production and harvest and the use as feed. 
 
Scenario 9 is the same as scenario 8 except the Algae are used for a second anaerobic 
digestion step. Given what is shown in Scenario 8, it is assumed that investment in 
anaerobic digestion would not involve a lagoon that loses 30% of its methane, but more 
likely to be an in vessel system (or vastly improved lagoon). The capture rate is for 
methane from algae anaerobic digestion is taken to be 95% and the volatile solids content 
of the algae is assumed to be 60%. The high capture rate means that increase in electricity 
production credit (64kg CO2e) outweighs the increase in methane emissions of 20kg of 
CO2e. 
 
The anaerobic digestion scenarios from 5-9 all assume that algae can be grown at a rate of 
15g/m2/day on the effluent coming out of the anaerobic lagoon. There is evidence that 
this may not be possible due to a range of issues including ammonia which may inhibit 
algal growth and colour and other suspended solids which will affect the light penetration 
in the algae pond. An intermediate aerobic treatment process between the anaerobic 
lagoon and the high rate algal pond could vastly improve this water quality and a 
necessary component of any working system design. Scenario 10 and 11 are the same as 
Scenario 8 and 9 respectively however they include aerobic treatment between the 
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anaerobic treatment and the algal pond. While the detail of the  modelling here is not 
sufficient to include numerically how it would improve performance or yields from the 
algae ponds, it does tell us that the impact of the aerobic pre-treatment is small with 
20kg CO2 e for pond operation and a slight reduction in algae production due to nitrogen 
lost in the aerobic pre-treatment.  
 
 
Figure 10.1 Comparison of 11 scenarios – net greenhouse gas results from effluent treatment 
for 1 60kg HSC in kg of CO2e  
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Table 10.3 Results of 9 scenarios – net greenhouse gas results from effluent treatment for 1 60kg HSC in kg of CO2e 
 Aerobic 

pond 
Anaerobic 
pond 

Biogas 
production 

Algae pond Algae 
harvest and 
thickening 

Feed use 
offset 

Electricity 
offset 

Heat 
recovery 

1 Aerobic  33   -   -   -   -   -   -   -  
2 Aerobic, algae 
animal feed 

 33   -   -   10   10  -21   -   -  

3 Aerobic heat 
recovery, algae to 
feed 

 33   -   -   10   10  -21   -  -11  

4 Aerobic heat 
recovery, algae to 
AD 

 33   20   4   10   7   -  -65  -17  

5 AD  -   398   -   -   -   -   -   -  
6 AD, algae animal 
Feed 

 -   398   -   10   10  -21   -   -  

7 AD flaring, algae 
animal feed 

 -   140   -   10   10  -21   -   -  

8 AD biogas power 
gen, algae animal 
feed 

 -   140   3   10   10  -21  -59  -6  

9 AD biogas power 
gen, algae to AD 

 -   140   7   10   27   -  -125  -12  

10 AD biogas power 
gen, AT, algae to 
feed 

 16   140   3   5   6  -13  -59  -6  

11 AD biogas power 
gen, AT, algae to 
AD. 

 16   152   5   5   4   -  -101  -10  
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Figure 10.2: Comparison of 11 scenarios –greenhouse gas results by process contribution from effluent 
treatment for 1 60kg HSCW, values in kg of CO2e 
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10.4.2 Performance of aerobic pond 
For aerobic ponds this study uses an assumption that the methane emissions from the aerobic 
ponds is 5% that of an anaerobic pond. According to the IPCC, controlled aerobic ponds (or 
aerobic reactors such as those considered in Chapter 6) emit no methane while un-controlled 
aerobic ponds (facultative ponds) emit approximately 35% of the methane compared to an 
anaerobic pond (Department of Climate Change and Energy Efficiency 2012). Figure 10.3 shows 
the impact of using the IPCC default values for controlled and for uncontrolled ponds, compared 
to the assumption in this study. It demonstrates that this assumption is a very sensitive 
parameter, with uncontrolled ponds having 10 times the emission of our default assumption used 
in this study. 
 
 
Figure 10.3: Comparison of emission from aerobic pond under different methane emission assumptions 
from effluent treatment for 1 60kg HSC in kg of CO2e 

 
 
 

10.4.3 In vessel anaerobic digestion 
Given that impacts of anaerobic digestion in lagoon systems have such a dominant effect on the 
greenhouse gas emissions, an alternative approach which reduces methane losses should be 
considered. An in-vessel system will typically reduce methane losses to 5% or less and has also the 
potential to double the methane generation rate. Figure 10.4 and Table 10.4 present the 
anaerobic treatment scenarios 8-11 under the base assumption with lagoon treatment and the 
same scenarios with an in vessel treatment process (not including additional in vessel energy use 
for mixing). The most important improvement for the in vessel options is the reduction in 
methane emissions: despite more than doubling of methane generated, fugitive emissions are 
more than halved. Secondly, the electricity production offset is much higher as there is more 
than twice the methane generation and the captured methane is increased. This turns the waste 
treatment system from a net emitter of between 46-90kg CO2e to a net reducer of emissions of 
between 99 and 206 kg CO2 e per pig produced. There is no fertiliser production included in the 
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results. However, based on information from Berrybank in Victoria – producing approximately 
0.35kg of fertiliser per kg of solids processed – a credit for fertiliser would be approximately 10kg 
CO2e per pig produced (assuming 2% N and 1% P in the fertiliser produced). 
 
 

 
Figure 10.4: Lagoon and in vessel treatment results for anaerobic digestion scenarios from effluent 
treatment for 1 60kg HSC, values in kg of CO2e. 
 
 
Table 10.4: Lagoon and in vessel treatment results for anaerobic digestion scenarios from effluent 
treatment for 1 60kg HSC, values in kg of CO2e. 
Lagoon Lagoon In vessel 
8 AD biogas power gen, algae animal feed 76 -118 
9 AD biogas power gen, algae to AD 46 -206 
10 AD biogas power gen, AT, algae to feed 91 -99 
11 AD biogas power gen, AT, algae to AD. 72 -170 
 

10.4.4 Biogenic carbon flows and land use 
The study did not include a balance of biogenic and atmospheric carbon flows, assuming that 
carbon absorbed in the feed supply chain, or from the use of algae as feed, will eventually be re-
emitted to the atmosphere. Credits are only provided in the LCA where fossil carbon dioxide 
emissions are offset in processes such as electricity and fuel production and use. This 
simplification needs to be tested with the fate of carbon in sludge from ponds, and aerobic and 
anaerobic processes representing some level of carbon storage. If these are applied on land, they 
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may increase soil carbon storage. Note that these storages are not included in IPPC methodologies 
at this point. 
 
There are other areas which are not fully accounted in the impacts of offsetting feed production. 
In the LCA, avoided feed production is only credited with the avoided processes of growing feed. 
This includes tractor emissions, fertilisers and other farming inputs. It could be argued that feed 
production which reduces global demand for feed grain will ultimately reduce global pressure on 
land use for human and animal feed. This global land pressure is one of the key drivers for 
expansion of agricultural land into forest and grasslands around the world, which in themselves 
have land use change impacts on greenhouse gases. 

10.5  Summary and Research Needs 
The LCA is based on many assumptions and expert judgements, so it must be stressed that it only 
provides good directional information, but needs more specific data and research before it could 
be used for making recommendations for investment. However it indicates the important areas 
for further research, in particular: 

• Methane emission estimates from both aerobic (facultative) and anaerobic ponds. Both the 
generation rate and the capture rate are critical to the greenhouse balance from piggery 
waste treatment systems. 

• The use of algae for electricity has greater benefits than its use for animal feed. However 
a more thorough investigation is needed on the feed which is offset and the system wide 
benefits of reducing land use pressure to supply feed for animal production. 

• Aerobic pre-treatment of anaerobic effluent prior to algae production to improve the 
performance of the algae pond. 

• Biogenic carbon balances throughout the waste treatment train and the potential for 
carbon sequestration in this system. 

• Algae pond operation, species selection, yield, harvesting and thickening.  

 

10.6 References 
Department of Climate Change and Energy Efficiency (2012). National Greenhouse Accounts 
Factors. Canberra, Commonwealth of Australia. 
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 APPENDIX 1 11
 
Research Project Proposal 
Project ID: to be determined by the Pork CRC after submission 
 

Title:  

   
 

Relevant Pork CRC Priorities addressed by this proposal: 

The objective of this proposal is to conduct an overarching review that encompasses the priority reviews requested under 4A Future 

Feeds for Future Needs: 

 
• Review of the techno-economic and life cycle assessment of algal growth systems and processes suitable to 

produce algae as a feed source for pigs.  
 

• Review of pig nutrient requirements and the identification of suitable algal species that meet these nutritional 
requirements. 

Following consultation with Dr Rob Wilson, it was acknowledged that to adequately conduct these reviews would also require 

integration with aspects of Program 4C Carbon-Neutral Pork Production:  

1. Review current knowledge and future integrated piggery waste management/bio-energy systems and their potential to 

impact the growth of micro-algae on piggery waste to maximise nutrient and energy recovery from piggery waste streams 

This will necessitate collaboration with groups covering other areas encompassed by Program 4C 

 

The integrated pathways requiring review are shown in Figure 1. 

 

 

Aim: 

• Review of the techno-economic and life cycle assessment of algal growth systems and processes as per Priority 
Area 4A to include 

o Piggery waste as a substrate for algal growth 
o Management of heavy metals and pathogens 
o Ability of the system to utilise CO2 and treat waste. 
o Adaptability, scalability and ease of integration of any proposed system 
o Further processing requirements for development of other algal products 

• Review pig nutrient requirements and identify suitable algal species to meet these requirements as per Priority 
Area 4A, to include 

o Consider the level of control (of species and operating systems) available to a system operated on 
piggery waste to produce high quality pig feed. 

o Assess the biological safety of feed manufactured from algal biomass – with particular reference to  
o Pathogen survival in the treatment chain  
o Heavy metal contamination of the feedstuff 
o prion survival in the treatment chain. 
o Assess the economics of feed produced from algal biomass 

• Review the expected nutritional composition (protein, energy, digestibility, vitamins, lipids) from various algal 

4A 101 Algae for Energy & Feed: a wastewater solution 
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species grown under various environmental conditions. 
• Review current knowledge on Bioenergy systems to maximise nutrient recovery from piggery waste streams as 

per Priority Area 4C. 

The integrated pathways requiring review are shown in Figure 1. 

 

 

 

 

Background: 

The pig industry produces vast amounts of waste with a high embedded energy content that could be harnessed to reduce the carbon 

footprint of the industry and produce a range of saleable by-products.  Some form of initial treatment will be necessary to remove 

some of this high energy waste and suspended solids before more subtle techniques can be applied which exploit algae for 

wastewater treatment and added value product production such as feed and fuels.  

 

The potential for wastewater grown microalgae to be a source of energy and feedstock was recognized following the oil crisis of the 

1970’s1, however, the potential was never realised due to the subsequent drop in oil price and the continued pursuance of the 

‘business as usual’ model. There is now considerable interest in microalgae as sources of liquid biofuels since their high biomass 

productivities offer a solution to the ‘food or fuel nexus’ associated with first generation biofuels. However, there is a growing 

realisation that the growth of microalgal biomass for fuel may compete indirectly with food production via the availability and cost 

of water and nutrients. Furthermore, studies are indicating that the global supply of phosphorus is also approaching its peak2. 

Another driver supporting research on wastewater grown microalgae is the ‘water - energy nexus’. Increasingly stringent 

environmental regulation requires wastewater treatment incorporating enhanced nutrient removal systems, particularly for nitrogen, 

which results in the potentially valuable commodity being emitted to the atmosphere as nitrogen gas or the greenhouse gas nitrous 

oxide. Nitrification-denitrification systems are energy intensive, increasing the carbon footprint of the pig industry both through 

direct emissions and increased energy consumption. As part of its Program 4, Carbon Conscious Nutrient Inputs and Outputs R & 

D program, the Pork CRC has set targets that include emissions of less than 1 kg of CO2 gas per kg of pork produced.  The 

microalgal biomass produced during wastewater treatment is a potential source of lipids, protein and carbohydrate which may be 

suitable for formulation into pig or other animal diets.  

 

 

                                            
 
1 Benemann, JR,  Weissman, JC, Koopman, BL and Oswald, WJ (1977) Energy production by microbial photosynthesis. Nature, 268, 19-
23.  
Fallowfield, H.J. & Garrett, M.K. (1985) An energy budget for algal culture on animal slurry in temperate climatic conditions. In 
Energy from Biomass (Eds. Palz, W., Coombs, J. & Hall, D.O.) Applied Science Publishers. 
Oswald, WJ and Eisenberg, DM (1981) Energy from waste-grown microalgae (conservation and production. In Energy from Algae, 
Proceedings of the speciality conference, “Energy and the man built environment-the next decade” pp. 3-4, Vail, Colorado, August; 
American Society of Civil Engineers, Urban Planning and Development Division. 



CRC for High Integrity Australian Pork   
 

199 
 

Methodology: 

We have assembled a team to complete reviews of the areas described below and as shown in Fig. 1. In addition we have in 

principle support from Rivalea who have indicated willingness to participate in the reviews, for example by providing material for 

cases studies regarding aspects of this review. This will assist in maintaining industry relevance throughout the production of the 

Reviews. 

 

PIG HOUSING AND THE NATURE OF THE RAW WASTE 

The review will use recognised industry sources to quantify the proportion of Australian pigs housed on concrete and/or slatted 

floors from which a wash-down slurry of faecal/urine waste is produced, versus the proportion housed in eco-shelters (or equivalent 

deep litter systems) producing a solid waste with extra straw incorporated.   The current uses for the waste produced from each 

system will be defined along with the quantum and value of any significant recovery/reuse which is already occurring. 

The review will quantify what is known of the composition of both forms of waste in the following terms:- 

• Nutrients – nitrogen and phosphorous in particular 

• BOD/COD – it is already clearly established that pig slurry has very high levels of BOD/COD that is a potential rich 

energy substrate. 

• Suspended Solids (SS) – pig waste is already established as having very high SS - with all the implications for discharge 

into the environment and for subsequent treatment and exploitation. 

• Pathogens – there are numerous pig pathogens in the faeces – both bacterial and viral.  These need to be separated 

permanently from the pig population and inactivated as soon as possible – particularly from the young weaned group. 

• Prions - there is no known prion that has infected pigs to date – yet it is clear that feeding digested ruminant neural material 

back to ruminants in the 1980’s resulted in a serious and expensive outbreak of disease in the UK.   

• Antibiotics - there is a low level of use in the feedstuffs used by most of the pig industry. There is also a low level of both 

zinc and copper in most formulated pig rations.   

• Heavy metals - the fate and potential benefits/dis-benefits of the residual heavy metals will be reviewed. 

The risks need to be reviewed with regard to the potential to affect the production of microalgal biomass on piggery waste and with 

regard to the  possible use of wastewater grown algal biomass for pig feedstuffs. 

 

PRIMARY TREATMENT AND ENERGY RECOVERY 

The first stage of the treatment chain can result in the extraction of considerable energy.  The very high incoming COD must be 

reduced before being passed to any form of algal biomass production system.  Traditionally, this has been dealt with in deep 

anaerobic ponds losing methane to the atmosphere.  Some efforts have been made to capture methane through pond covers – 

although these may be unreliable.  There are at least two options to capture this energy either as methane through an anaerobic 

digester or as low grade recovered heat in an aerobic digester.  Methane captured in an anaerobic digester can be burnt to provide 

heat for electricity generation on-site, offering great flexibility and cost savings. Low grade heat may for instance be used for 

supplementary heating for hot water supply or for space heating. 

Aerobic digesters have not been widely used in the pig industry to date, but offer flexibility of operation in providing low to 
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medium heat water in great volumes for use in heat exchangers and a variety of uses throughout a piggery complex. The review will 

examine all aerobic and anaerobic options comparing their strengths and weaknesses. 

 

Collection and separation of CO2 from other gases produced in the digesters for later use in algal biomass production will be an 

important consideration in the review. 

 

Prolonged heat above 45ºC is sufficient to remove the majority of pathogens in the pig waste, with some notable exceptions, i.e. 

anthrax and other clostridial spores, circo-viruses and potentially any prion that may emerge in the pig.  A consideration will be 

made of all possible pathogens and their removal under conditions encountered in both aerobic and anaerobic conditions. 

 

Both digestion systems will produce both solid and liquid treatment products.  For the liquid phase to be successfully processed for 

microalgal production it will be necessary to ensure that the optical characteristics are favourable to sunlight penetration.  There has 

to be reasonable clarity, otherwise the next step will fail.  Techniques for the efficient removal of suspended solids and the 

subsequent algal  biomass produced during treatment will be reviewed.  The options for managing the separated solid waste will 

also be reviewed e.g. composting for fertiliser or subject to a number of physico-chemical procedures such as gasification or 

pyrolysis to extract further energy 

 

ALGAL BIOMASS PRODUCTION ON WASTEWATER 

The review will consider the systems currently available for mass algal culture, ponds and photobioreactors.  

 

Algal growth can be greatly enhanced in a pond system by gently mixing the water to ensure algae have continuous exposure to 

sunlight. Currently paddlewheels are the preferred mixing mechanism in High Rate Algal Ponds (HRAP).  The review needs to 

consider all possible mixing methods and pond design options.  

In addition to light often the main limitation to algal growth can be a lack of carbon.  Supplying inorganic carbon in the form of 

CO2 from the wastewater treatment processes or other sources could overcome any limitations while reducing the carbon footprint 

if the biomass energy source is used on site and replaces previously used fossil fuel.  Methods of optimising the injection of CO2 

into solution will be considered in the review. 

 

Closed reactor systems for algal growth, photobioreactors may offer better process control but at potentially higher capital and 

operating costs compared with open raceway pond systems. The review will consider and recommend algal biomass production 

systems suitable for on-site operation at piggeries.  

 

Growth conditions can be manipulated to optimise oil yields.  Different algal species will also have different oil yields.  The review 

will consider candidate microalgal species and their growth conditions which may optimise their application to the production of 

pig or other animal feed or the production of other valuable products. 
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Wastewater treatment in open pond systems usually results in biomass comprising of mixed population of algae, bacteria, 

zooplankton and detritus which has been given the acronym ALBAZOD.  The review will focus on identifying the best method for 

harvesting the ALBAZOD and candidate pure strains of microalgae from the liquid phase of the wastewater treatment / production 

stage since this is a potentially limiting step. 

EXPLOITATION OF ALBAZOD, CANDIDATE STRAINS OF ALGAE AND TREATED WASTEWATER 

The review will consider the range of possible algal species present in the ALBAZOD and those candidate pure algae strains 

identified in the review for their suitability as pig feed, including assessment of composition (protein, carbohydrate, lipid content, 

fatty acid and amino acid profiles, carotenoids etc.,) and their digestibility.  

 

The potential for contaminant transmission e.g. pathogens and heavy metals via biomass produced on piggery wastewater been fed 

back to pigs requires careful consideration. Alternative uses of the biomass in other animal feeds – eg. poultry, and aquaculture may 

offer a safer route for added value products produced by the pork industry.  To exploit the large range of possible products from 

algal biomass, appropriate processing and extraction technologies require identification. 

 

Markets for possible products will be considered by the review.    Alternative markets for ALBAZOD as fertilisers or biofuel 

feedstock and/or nutrient recovery (especially N & P) for other applications will also be examined.  The potential economics of 

each industrial product will also be assessed in this review. 

 

PUTTING THE SYSTEMS TOGETHER 

GHG life cycle assessments of various alternative strategies will be considered to make initial recommendations on the most 

attractive scenarios to be followed in further research efforts. 

 

The results of the economic assessments of various strategies (discussed above) will need to be confronted with the results of life 

cycle assessments of the same alternative strategies.  Eventually, this integrated economic-environmental assessment – known as 

Techno-Economic and Life Cycle Assessment (TE-LCA) – will be helped by introduction of a carbon price in Australia.   

 

 For this review, the results of various TE and LCA studies in Australia and elsewhere will be analysed and discussed. Then, initial 

recommendations will be made on the most attractive scenarios to be followed in further research efforts. 

 

Once a suitable piggery has been identified, a full TE-LCA of the most appropriate and attractive scenarios can be undertaken in a 

subsequent research effort. 

 

 

 

Outcomes/ Deliverables: 

The outcome of this project will be an integrated review incorporating:  
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• A  techno-economic and life cycle assessment of algal growth systems and processes suitable to produce algae 

as a feed source for pigs.  

• A review of pig nutrient requirements and the identification of suitable algal species that meet these nutritional 

requirements. 

• Relevant aspects of a review current knowledge and future integrated piggery waste management/bio-energy systems and 

their potential to impact the growth of micro-algae on piggery waste to maximise nutrient recovery from piggery waste 

streams. 

• Possible future management strategies that will significantly reduce carbon emissions from piggeries and produce a range 

of valuable by-products.  

• Clear identification of the areas requiring further research required to turn possibility into reality. 

 

Benefit to Industry: 

This review has the potential, through further research, to initiate changes in the management of piggery effluent.  Delivery of these 

outcomes will help differentiate Australian pork as high integrity meat that is premium quality, safe and in high demand which can 

be produced while conserving energy and water resources, minimising greenhouse gas emissions and maintaining efficiency and 

cost-of-production at a level that promotes investment growth and sustainability of the industry.  
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