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Pathogen Die Off In Air Dried and Stockpiled Biosolids 

Harvested from Wastewater Lagoon Processes 

Executive Summary 

The purpose of this Project 

The overall aim of this project is to provide data on the microbial safety of biosolids produced by 

lagoon-based systems which will influence revision of the Victorian Environment Protection 

Authority (EPA) Land Application of Biosolids (2004). This data has been requested by EPA to 

complement that already produced from air drying and stockpiling in the urban area where 

activated sludge and anaerobic digestion generally precede sludge drying. Nutrient analysis was 

also undertaken. This project looked at sludge produced from lagoon treatment systems that are 

common in regional areas. 

The specific aims are to perform laboratory simulation of air drying and stockpiling to: 

(i) assess the decay rates of two microbial indicators (E. coli and coliphage), Salmonella spp. 

and Adenovirus in sludge collected from primary lagoon ponds at regional Waste Water 

Treatment/Reclamation Plants (WWTP/WRP) 

(ii) monitor the levels of nitrogen, phosphorus and volatile solids (organic matter) and the dry 

solids content in sludge collected from primary lagoon ponds 

(iii) perform spot checks in sludge from primary lagoon ponds for presence of parasites. 

How Results were Obtained 

The project engaged a stakeholder group to advise on development of methodology and analysis 

of data to ensure that effective results were obtained. 

Recommendations 

Drying pan and stockpiling treatment times of lagoon sludge under current regulations 

It is proposed that rural water companies use data obtained from this project to gain certification 

for less than 3 years for drying pan and/or stockpiling treatment, given the non-detectable levels of 

Ascaris spp. (Chapter 9). 

Toward revised regulations for land application of biosolids 

 Pathogens and indicators 

o Verification 

Five pathogens/indicators are proposed for verification; E. coli, Salmonella spp., 

Adenovirus, Cryptosporidium spp. and Ascaris spp.(no longer requiring log10 reduction) 

(Table 9.9) 

o Monitoring 

For monitoring, assessing only the number of E. coli is proposed (section 9.5.2) 

 Air Drying and or Stockpiling as a Prescribed Process 

It is recommended that air drying and/or stockpiling be listed as a prescribed treatment process 

following lagoon treatment: as an auxiliary addition to current regulations and full addition to 

future revised regulations. 
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 Regulation of air drying and or stockpiling 

It is recommended that operational management of air drying and stockpiling be utilised with 

HACCP systems. 

o DS values should be kept below 20% for the first 14 weeks 

o During treatment, the temperature of sludge should optimally remain ≥10.0 ⁰C. Should 

the sludge temperature fall below 10.0 ⁰C for any period of time greater than 1 week, 

then that amount of time should be added to the treatment period. 

 Revised treatment times 

Revised treatment times for drying pan and/or stockpiling of sludge should be based on the 

initial levels of pathogens in sludge (Section 9.2.2.3) as follows: 

o For lagoon treatment systems (batch treatment), the levels of pathogens/indicators in 

fresh harvested sludge should be used. 

o For metropolitan plants (continuous treatment), the levels of pathogens/indicators in raw 

sewage entering the plant should be used (due to likely low numbers of Salmonella spp. 

and Ascaris lumbricoides). 

o The initial levels of indicators and pathogens can then be used to forecast the required 

treatment times. 

 Revised sampling rates 

o Whenever possible, samples should be collected after mixing sludge in pans or 

stockpiles. 

o For sludge in pans or stockpiles up to 2,500 dt, 1 x 10 serial or composite samples are 

recommended. (Stockpiles 2,500 dt in size are subject to potential combustion). 

Other Key Findings 

Value of updated microbial assay methods 

 Assays of Cryptosporidium parvum and Ascaris spp.  

o These methods have been improved to provide lower threshold limits for viable and total 

counts: ~130 oocysts/g DS for Cryptosporidium parvum, and ~0.2/g DS for Ascaris spp. 

As well as allowing more effective measurement of number of these parasites in sludge, 

these methods can inform the EPA guidelines for verification and monitoring processes. 

Toward HACCP operational management systems 

In treatment plants, a practical HACCP system should be set up to aid microbial quality values of 

biosolids. Factors in drying-pan treatment should include the physical parameters of time and 

temperature, and the biological indicator, E. coli. 
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Toward treatment of lagoon pond sludge by anaerobic digester process  

 Given the central treatment places in regional water areas, e.g. Camperdown Industrial for 

Wannon Water and the Soil and Organic Recycling Facility (SORF) for Gippsland Water, it is  

recommended that the regional water companies investigate the possibility of adding a 

standard mesophilic anaerobic digester (MAD), or possibly Advanced Anaerobic Digestion 

(AAD), to their central treatment systems (Section 10.5), to; 

o Substantially reduce the numbers of Cryptosporidium spp., in order to reduce air drying 

and or stockpiling treatment time to about 1 year, compared with 2+ years without 

further treatment. 

o Allow co-digestion of sludge and organic waste to support a positive business case 

o Include the renewable energy generation via efficiently collecting methane gas, to 

reduce energy costs and reduce greenhouse gas emissions. 

Alternative process for efficient decay of Cryptosporidium spp. in sludge 

Laying out sludge to about 10 cm depth might be a means to provide thermal cycling, to 

accelerate decay of C. parvum oocysts in sludge (Section 10.6). To support this proposed 

process, the decay of C. parvum oocysts in sludge during daily temperature cycling should be 

investigated, based on local temperature ranges at regional and metropolitan sludge treatment 

facilities. 
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Chapter 1 Introduction 

1.1 Background on Project in General 

1.1.1 Economic, environmental and social benefits of reduced treatment times for 

producing biosolids 

The aims for this project were: 

(a) To assess initial values of selected pathogens and indicators in harvested sludge from three 

regional lagoon treatment systems; 

(b) To assess the decay of selected pathogens and indicators in simulation pan drying and 

stockpiling treatment of sludge harvested from the three regional lagoon treatment systems; 

(c) To assess the contents of plant nutrients in lagoon pond sludges. 

This project had been planned to extend the findings obtained from earlier studies at Melbourne 

metropolitan treatment plants to reduce treatment times for producing biosolids, to also include 

lagoon systems. The results from both studies are essential to inform both: 

a) Certification of pan-drying and/or stockpiling treatment of sludge under current regulation  

b) Future revision of the Victorian Environment Protection Authority (EPAV) Biosolids Land 

Application Guidelines (2004) and the National Water Quality Guidelines (2004) management 

of sewage sludge. 

c) Therefore, an additional risk assessment was developed, to extend the outcomes of the risk 

assessment produced in the previous project. 

These are expected to lead to a substantial increase in land application of biosolids in Victoria by 

providing data to support revision of the guidelines. This outcome supports government policy on 

the beneficial use of biosolids in Victoria (ANZBP, 2010). Benefits will be economic, environmental 

and social as follows: 

 Minimizing loss of plant nutrients: Early recycling of biosolids by reducing treatment times in 

metropolitan and regional plants, and early harvesting followed by short storage treatment in 

regional areas will improve resource recovery in the product, by minimising loss of organic 

carbon, nitrogen and phosphorus during storage. 

 Reduce costs of long term storage. Existing stockpiles in Victorian regional and metropolitan 

plants have a total of about 141,100 dry tonnes (dt), 2008-09 data. The cost estimate for 

building stockpile infrastructure and maintenance is around $2,000,000 per year (Judy 

Blackbeard, Melbourne Water, personal communication). 

 Mitigate environmental impacts from greenhouse gases emissions: including cost 

recovery through improved carbon accounting. By 2014-15 the federal carbon tax is expected 

to be $25.40 per ton of CO2, followed by a switch to match European market prices in July 

2015, (CEF, 2013). Currently the European prices is only about $A6.67, due to their recession, 

however this is expected to significantly rise by 2020 (Edis, 2013). Current estimates of the 

cost of greenhouse gas emissions for a major water company at a CO2 price of $20/tonne is 

around $100,000 p.a. (Hutton et al., 2011). Initially only water companies having large 

greenhouse emissions will be taxed. Although many businesses around the world will remain 

unaffected by carbon markets until 2020,those in the US, China, South Korea  and Australia 

will need to look at setting up a carbon management strategy, monitoring emissions, learning 

how to trade carbon and lobbying the authorities (Ernst & Young, 2012). Therefore it is likely 

that emissions from all water companies will subsequently be taxed. 

 Provide financial benefit to farmers. There are about 300,000 dry tonnes of biosolids 

produced in Australia each year. Assuming nitrogen and phosphorus concentrations of 1.5% 
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and 1.0%, respectively, at current fertiliser nutrient costs, the value of nitrogen and phosphorus 

contained in these biosolids is more than $20 million. Although the overall market for biosolids 

in Australia is still small, for individual growers, using biosolids in preference to conventional 

fertilisers can potentially make a significant difference to their business (CSIRO, 2008). It is 

estimated that farmers who obtained biosolids without charge from water companies could 

replace about 0.5% of inorganic fertiliser use. Although this may seem a small percentage, the 

cost savings could be as much as $10 million as the total value of all fertiliser products used in 

Australia during 2008 was more than $2 billion (Hutton et al., Rouch, 2011). 

1.1.2 Lagoon treatment systems 

Lagoon based systems are commonly used in Victoria for the processing of sewage sludge. Most 

of these systems consist of two or three open ponds (Fig. 1.1), but the pre-treatment of the 

material, for end use (if any) and time to harvesting varies considerably across Victoria. Some 

lagoons are de-sludged as frequently as every three years and the product used beneficially, while 

others are not de-sludged for 25 years or more. 

This situation is clearly not sustainable for several reasons. Open ponds release large amounts of 

greenhouse gases, including methane, and nitrous oxide, from deep anaerobic regions. Moreover, 

long term storage is likely to result in loss of nutrients, which could otherwise be used beneficially 

on agricultural land. Support for this view is found in results from the earlier SWF Round 4 RMIT 

biosolids project (WQ 666016, Rouch et al., 2011b), which showed that the availability of a 

number of key nutrients, including  phosphorus (as phosphate), is substantially reduced during 

pan-drying and stockpiling biosolids. Furthermore, the water holding capacity of biosolids 

decreased during drying and stockpiling. Anaerobic regions in a treatment lagoon may lead to loss 

of phyto-available nitrogen. Even though fresh sewage continues to enter the lagoon, the average 

content of phyto-available nitrogen in biosolids will be expected to decrease over time as the 

lagoon fills across seasons. 

 

 
Fig. 1.1. Lagoon-based systems are used to treat sewage which is primarily from domestic properties. Sewage 

enters the water reclamation plant and travels through a series of lagoons. The first pond, known as a primary pond, 

has three layers. The more solid materials settle at the bottom of the pond (anaerobic), while soluble materials sit in 

the upper layers. Each layer has different types of micro-organisms which work to break down the sewage. These can 

be in series or in parallel with a further lagoon performing the same function. The secondary pond can be facultative if 

it is shallow enough for surface oxygen to penetrate the full water column. This lagoon has the main function of 

detention. This part of the system is essential for agricultural reuse in Victoria. The two ponds are connected by a 

weir, allowing partially treated water from the first lagoon to flow into the second lagoon as more sewage enters the 

first lagoon. Waste-water remains in the secondary lagoon for at least 30 days, allowing further die-off of pathogens. 

The water then moves into a storage/polishing pond, where it is stored until needed for irrigation. This recycled water 

can be used for a number of purposes, including use in agriculture and for watering sports grounds (adapted from 

Barwon Water, 2009). 
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Alternatives to long term storage in lagoons would be to harvest the material regularly and either 

stockpile, air-dry in drying pans or store in covered pans, with collection of gas for local power 

generation. Storage in stockpiles has the disadvantage in areas of high rainfall are difficult to dry. 

It is proposed that treatment lagoons should provide biosolids at the desired treatment and 

chemical grade harvested and stored for the shortest time possible for local land fertilization and 

soil conditioning, while assuring the microbial safety. 

1.1.3 Current Regulations 

A major factor restricting the recycling of lagoon-produced biosolids on agricultural land is the lack 

of data on the microbiological safety of material produced in lagoon–based systems against the 

criteria of the current Victorian EPA Biosolids Land Application Guidelines (2004). Lagoon based 

systems are not prescribed in these guidelines as treatment processes capable of reliably 

reducing the numbers of a range of pathogens to sufficiently low levels to comply with Treatment 

Grade T1 (unrestricted use) or Treatment Grade 2 (restrictions on use apply). 

Treatment grade T1 requires verification for prescribed treatment systems for <1 Salmonella/50g 

dry weight, <100 E. coli MPN/g dry weight and ≤1 enteric virus PFU/100g (EPA Victoria, 2004). 

Lagoon-based processes are, however, considered to be alternative processes. To obtain 

certification, process verification is required to show that the log reductions of enteric viruses and 

parasites or their indicators are consistent with the treatment grade applied for. Batch testing is 

also required. Verification of alternative systems for providing T1 treatment grade biosolids 

requires <1 Salmonella/50 g dry weight, <100 E. coli MPN/g dry weight, >3 log reduction of enteric 

viruses and >2 log reduction of Ascaris eggs (Table 1.1). 

Batch testing for T2 certification of biosolids from alternative systems requires demonstrating the 

product contains <10 Salmonella/50 g dry weight, <1000 E. coli MPN/g dry weight, <1 Taenia 

egg/10 g dry weight and <2 enteric virus PFU/10 g dry weight. Low or variable levels of some 

organisms, for example, enteric viruses and helminths, in Victorian biosolids make demonstration 

of log reductions difficult. Samples spiked with indicator organisms may be used to demonstrate 

pathogen inactivation. 

For producing treatment grade T3 biosolids the guidelines list includes aerobic digestion for ≥40 

days at ≥ 20oC, and ≥60 days at ≥15oC. However, continual filling, as practiced by most regional 

lagoon plants, is not a prescribed T3 process. 

Table 1.1 Allowable levels of indicators and potential pathogens for achieving Treatment 

Grade 1 

Sewage 
Treatment 

 

Salmonella spp (/50g 
DS) 

E. coli (MPN/g 

DS) 

Enteric viruses Parasites 

Prescribed 
treatment 
systems 

<1 Salmonella  <100 E. coli  <1 PFU/100g DS  

Lagoon-based 
systems 

(alternative) 

<1 Salmonella <100 E. coli  3 log10 reduction 2 log10 
reduction 
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Another problem is that conventional laboratory methods used for enumeration of microbial 

pathogens are not well developed, are time consuming, expensive and require access to a fully 

equipped laboratory and experienced staff. Certification has therefore proved very difficult and 

costly. Data relating log10 reductions of pathogens during lagoon-based processes to various 

physical factors or microbiological indicators will simplify the validation process by enabling the 

development of critical control points, based on strong scientific evidence. 

Currently sludge from lagoon systems is generally harvested from the first pond, as most sludge 

particles fall to the bottom of the first pond. As the flow rate falls at relatively small distances from 

the wastewater input pipe the flow spreads out. Two general methods for desludging lagoon ponds 

are briefly described below: 

In one method, a floating dredger is placed on the first pond. The dredger is fitted with two paired 

screw augers, which vacuum up the sludge from the bottom of the pond. The sludge is then 

pumped to a centrifuge, which provides sludge at about 12-15% DS. The dewatered sludge is then 

placed in a truck for transport. Alternatively, the sludge is pumped to a second pond to settle and 

then decanted by pumping off the water. The sludge is then air dried to about 12-15% DS before 

being collected. 

1.2 Overview of Project 

The levels of microbial indicators and nutrients were determined in sludge taken from three 

regional plants that use lagoon processes, which generally handled only domestic sewage, see 

Table 1.2. The harvested sludge from lagoons was treated in a laboratory simulation by pan-drying 

and stockpiling. Sludge was analysed for microbiological, chemical and physical parameters on 

collection and at intervals during treatment for a total of 16 weeks. Specifically, the levels of E. coli, 

Salmonella spp., coliphage (indigenous and MS2) and Adenovirus (human and porcine), as well 

as the volatile organic matter, nitrogen and phosphorus and dry solids content of sludge were 

determined over time. 

In addition we analysed (i) a snapshot set of samples that were taken across the sludge treatment 

train from the Camperdown Industrial plant of Wannon Water and (ii) samples collected from a 

dedicated stockpile of sludge harvested from the lagoon at Heyfield (Gippsland Water), and 

transported to Dutson Downs. 

A small study also was performed to look for parasites in freshly harvested sludge using analyses 

performed in the RMIT laboratory. 
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Table 1.2 Properties of lagoon treatment plants and sludges. 

 Plant 

properties 

  Sludge 

properties 

 

 

 

Plant Operator Influent 

Volume ML 

(2011-12) 

Harvested 

Method 

Initial DS (%) Initial VS (%) 

Cobden 

WWTP 

Wannon Water 180 Pump 3.0* 65.3 

Rochester 

WWTP 

Coliban Water 240 Pump 9.9* 25.5 

Heyfield 

WWTP 

Gippsland 

Water 

99 Centrifuge 15.3 43.3 

*, after settling and decanting supernatant. 
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1.3 Potential Pathogens and Indicators in Wastewater 

Sewage sludge may contain many species of enteric pathogens. The enteric pathogens present in 

sludge include enteric viruses, bacteria, protozoa and helminths. Enteric viruses found in biosolids 

can be divided into two major groups: enteroviruses such as Poliovirus, Coxsackievirus, Hepatitis 

A virus and Echovirus, and a heterogeneous group including Adenovirus, human Rotavirus and 

Astroviruses.  Bacterial organisms found in sewage sludge include Salmonella spp. and 

Campylobacter spp., which cause gastroenteritis in humans. The most common protozoan 

parasites of concern in sludge are Cryptosporidium spp. and Giardia lamblia, which cause 

diarrhoeal illness. Helminths such as Ascaris lumbricoides are also present in Australian sewage, 

although in very low numbers (Sidhu and Toze, 2009). 

In developed countries, the levels of most potential pathogens are either low or absent in raw 

sludge, therefore to validate treatment processes and pathogen inactivation, indicator organisms 

may be used to represent the presence of certain pathogens. An indicator is a microorganism that 

serves as a surrogate for other pathogens present in biosolids (Gerba et al., 2002). Indicators can 

predict the rate of decay of pathogens and the levels of potential pathogens in biosolids for quality 

control purposes (Sidhu and Toze, 2009). As the major groups of pathogens differ in resistance 

and behaviour in the environment, indicators are chosen to represent each major group (EPHC, 

2006). Indicator organisms should ideally have five particular characteristics (adapted from 

Geldreich, 1978): 

1. The organism should be present only in the faeces of humans and other warm-blooded 

animals. 

2. The concentration of an indicator in faeces should exceed the concentrations of pathogens in 

faeces from infected individuals. 

3. The decay rates of an indicator and the associated pathogen(s) during sewage sludge 

treatment should be similar. 

4. In storing biosolids, and applying biosolids to land, the persistence and regrowth characteristics 

of an indicator should parallel those of the associated pathogen(s). 

5. Analytical procedures must be simple and applicable to a range of samples. Tests must detect 

indicator organisms only, without false-positive reactions and have low interference from other 

flora. 
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1.4 Justification of choice of organisms 

The seven pathogens and indicators assessed in this project were chosen for a number of 

reasons. Three of these, the bacteria E. coli and Salmonella spp., and the helminth Ascaris spp, 

are directly named in current regulations for assessing their decay in treatment (EPAV, 2004). 

Enterococcus spp. was included to determine whether this organism would be a better indicator 

for the decay of bacterial pathogens than E. coli. Coliphages are well recognised as indicators for 

determining the decay of enteric viruses. Adenoviruses (porcine adenovirus and human 

adenovirus type 40/41) were selected to represent the decay of all enteric viruses. 

Cryptosporidium parvum is a reference pathogen for reduction of pathogenic bacteria in producing 

recycled water (EPHC, 2006), but no indicator for Cryptosporidium spp. reduction either in 

recycled water or biosolids has yet been identified. 

Four of these organisms, namely Salmonella spp., Ascaris spp., Adenovirus and C. parvum are 

low in numbers or absent in sludge from anaerobic digesters from Australian treatment plants.  

Human and porcine Adenovirus, Ascaris spp. and C. parvum were assayed directly in fresh lagoon 

sludge. Indigenous Enterococcus spp., E. coli and coliphages as well as spiked Salmonella 

Typhimurium E26b (field strain isolated from previous project), human and porcine Adenovirus, 

MS2 coliphage were used in laboratory simulations of pan-drying and stockpiling. This enabled us 

to compare log reductions and derive decay coefficients for indicators in the laboratory with 

previous data obtained from field studies or pan-drying and stockpiling at metropolitan treatment 

plants. 

Table 1.2 summarises the reported levels of selected microbial pathogens at various stages of 

biosolids treatment. 
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Table 1.3 Pathogen concentrations in raw wastewater 

Pathogen Concentration in raw wastewater 

(organisms L-1) 

Location 

 Mean Range  

Viruses    

Enteric viruses c 2.4 x 104 3.8 x 103 – 1.2 x 105 USA 

Enterovirus c 3.5 x 102 1.4 x 102 – 8.3 x 102 Netherlands 

 4.9 x 103 1.0 x 103 – 1.4 x 104 Spain 

Hepatitis A Virus 6.5 x 105 0 – 2.3 x 106 Brazil 

Human Adenovirus a 1.4 x 107 4.71 x 105 - 2.52 x 107 Spain 

Noroviruses a 2.1 x 105 5.1 x 103 – 8.5 x 105 Netherlands 

Norovirus GI a n/a 1.7 x 102 – 2.6 x 105 Japan 

Norovirus GII a n/a 2.4 x 103 – 1.9 x 106 Japan 

Norovirus GIV a 3.9 x 104 1.6 x 104 – 6.9 x 104 Japan 

Polyomavirus JC a 2.6 x 106 1.83 x 105 - 8.9 x 106 Spain 

Polyomavirus BK a 1.5 x 106 1 x 105 – 2 x 106 Spain 

Reovirus c 9.0 x 102 1.1 x 102 – 2.1 x 103 Netherlands 

Rotavirus 3.1 x 104 b 5.1 x 103 – 9.6 x 104 Brazil 

 1.8 x 104 a 3.4 x 102 – 5.5 x 104 Netherlands 

 5.4 x 103 b 1.0 x 103 – 1.4 x 104 Spain 

 1.56 x 102 b 2.5 x 101 – 6.5 x 102  Spain  

Bacteria     

Campylobacter  d 5.53 x 104 n/a UK 

Salmonella d 4 x 103  n/a  

 3.3 x 103 n/a UK 

 n/a 7.8 x 108 – 6.5 x 109 Mexico 

 n/a 4.5 x 106 – 2.4 x 106 Mexico 

Shigella spp. d  n/a 101 – 104  

Protozoan (oo)cysts    

Cryptosporidium  

oocysts 

4.8 x 103 8.3 x 102 – 1.3 x 104 Canada 

 2 x 102 n/a  

 4.9 x 102 n/a  

 n/a 3 x 10-1 – 4 x 103  
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Table 1.3 (continued). Pathogen concentrations in raw wastewater 

Pathogen Concentration in raw wastewater (L-1) Location 

 Mean Range  

Giardia cysts 1.6 x 104 n/a  

 7.6 x 102 n/a Tunisia 

 4.8 x 103 5.1 x 102 – 1.8 x 104 Morocco 

 n/a 1.25 x 102 – 2 x 105    

 2 x 102 n/a  

 n/a 1 x 102 – 2 x 104 Norway 

 n/a 3 x 102 – 8.9 x 103 Norway 

 8.3 x 101 1 x 103 – 2 x 104 Canada 

Helminth eggs    

Total helminth 

eggs 

8 x 102 n/a  

Ascaris eggs 1.7 x 102 1.3 x 101 – 6.7 x 102 Pakistan 

 n/a 2.4 x 101 – 2.7 x 101  Mexico 

 n/a 5 x 100 – 1.1 x 102   

 n/a 6.6 x 100 – 1.5 x 101 Mexico 

 4.6 x 102 n/a Tunisia 

 3.9 x 101 7 x 10-1 – 1.3 x 101 Morocco 

Taenia  eggs 5.1 x 101 n/a Tunisia 

n/a – not available 

a Genome copies (GC)/L 

b immunofluorescence foci (FF)/L 

c Plaque Forming Units (PFU)/L 

d MPN – most probable number 

References: viruses; Prado et al. (2012), Albinana-Gimenez et al., (2006), Lodder and Husman 

(2005), Haramoto et al. (2006), Kitajima et al. (2009), Oragui et al. (1989), Bosch et al. (1988), 

Berg and Berman (1980): bacteria; Arimi et al. (1988), Cooper and Olivieri (1998), Yaziz and 

Lloyd (1979), Jimenez et al. (2001),Yates and Gerba (1998): protozoa; Chauret et al. (1999), 

Cooper and Olivieri (1998), Robertson et al. (2000), Yates and Gerba (1998); Ayed et al. (2009), 

Amahmid et al. (1999), Robertson et al. (2006): helminths; Cooper and Olivieri (1998), Ensink et 

al. (2007), Jimenez et al. (2001), Yates and Gerba (1998), Navarro et al. (2010), Ayed et al. 

(2009), Amahmid et al. (1999). Table references: adapted from Grant and Smith 2010 (and have 

been updated where appropriate), Table 4.2. Data references are given in section 1.6 References 
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The choices of indicators and pathogens are discussed in more detail below. 

(i) Escherichia coli  

Escherichia coli was chosen as the most suitable indicator, in the laboratory simulations for the 

presence of bacterial pathogens, in the laboratory simulations. Escherichia coli are found in 87-

100% of human faeces at levels of 107-109 cfu/g DS (Geldreich 1978). Preliminary investigations 

found that sludge from primary lagoon ponds contained ~105 cfu/g DS, there was no need to spike 

samples used in laboratory simulations. E. coli met the criteria as a suitable indicator, and 

moreover it can be enumerated easily by the well-established membrane filtration technique and 

selective media. It is also required to be monitored by the Victorian Biosolids Land Application 

Guidelines (2004) and is a globally recognised indicator of faecal pollution. 

(ii) Enterococcus spp.  

The enterococci comprise a group of several species of the genus Enterococcus found in the gut 

of humans and animals. Enterococci are found in 74-76% of human faeces at levels of 105-106 

cfu/g DS (Geldreich, 1978). Enterococci are generally present in sewage sludge in numbers high 

enough to demonstrate their decay in biosolids (ranging from 4 x 104 to 1 x 105 per g DS in lagoon 

pond sludge, and 7 x 104 to 3 x 106 per g DS in MAD sludge from a metropolitan plant (SWF 

Project 611-001). As selective media are available for this group of bacteria, they can be 

enumerated by membrane filtration (WHO 2001). The enterococci are known to be more 

persistent in the environment than E. coli and may be useful as an additional indicator of the 

presence of bacterial pathogens, partly as media plates containing diluted sewage sludge for 

enumerating Enterococcus spp. are easier to read due to lower background growth compared with 

media for E. coli.  

(iii) Salmonella spp. belong to the same family as E. coli (Enterobacteriaceae) and may 

behave in a similar manner to E. coli during the treatment of sewage sludge. As Salmonella spp. 

are leading causes of food-borne disease in most parts of the world, the current Victorian 

guidelines prescribe maximum levels of Salmonella spp. for the various treatment grades of 

biosolids. 

(iv) Coliphage  

Coliphages are bacterial viruses which infect coliform bacteria and are a large heterogeneous 

group. These are generally found in wastewater and have also been used as indicators for enteric 

viruses in wastewater (Harwood et al., 2005). MS2 is an RNA coliphage, generally used as an 

indicator for the decay of enteric viruses, which specifically infects E. coli via the F-pilus. The K-12 

somatic coliphages group can also be used as an indicator for the decay of enteric viruses, which 

attach to specific surface proteins of E. coli. 

Coliphages present in water appear to be as resistant as enteric viruses. Some studies suggest 

that coliphages are poor indicators of enteric viruses as they are removed or inactivated differently 

(WHO 2001; Sidhu and Toze, 2009). One possible reason for this is that at least some coliphages 

may be able to replicate in water environments (Borrego et al. 1990; Grabow et al. 1984; Seeley 

and Primrose 1982, cited in WHO 2001). 

Since earlier studies showed that numbers of MS2 coliphage were low and variable in field 

samples, we chose to use the total coliphage count as a possible indicator of the presence of 

enteric viruses in laboratory simulations, using an E. coli K-12 host. This group of coliphages is 

thus called the K-12 group of coliphages. The decay of spiked MS2 coliphage was also followed in 

the laboratory simulations.  
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(v) Adenovirus spp. 

Adenoviruses are large double-stranded DNA viruses. Human adenoviruses (HAdVs) are highly 

prevalent in the human population and comprise more than 50 serotypes, clustered in 6 species, 

which have been found to cause a wide range of illnesses, from mild respiratory infections in 

young children to life-threatening multi-organ disease in people with a weakened immune system 

(Goncalves and de Vries, 2006). Adenoviruses are unusually stable to chemical or physical agents 

and adverse pH conditions, allowing for prolonged survival outside of the body and water. 

Adenoviruses are spread primarily via respiratory droplets, however, they can also be spread by 

feacal routes, and can be found in 0 - 77% of human faeces, (Geldreich, 1978). Human 

adenoviruses (HAdV) are thus frequently found in wastewater or sewage sludge (Jiang, 2006). 

Adenovirus type 41, 12 and 40 are the predominant adenoviruses found in wastewater, making up 

60%, 29% and 3% respectively (Fong et al., 2010). Adenoviruses are present in higher numbers 

than other enteric viruses in both raw and digested biosolids, although the reported numbers vary 

considerably (Enriquez et al., 1995; Jiang, 2006; Carducci et al., 2008; Sidhu and Toze, 2009). 

Adenoviruses are more resistant to decay in wastewater treatment processes, than other viruses 

commonly found in human faecal material, and are therefore suitable indicators for the presence 

of other enteric viruses (WHO 2004, Gerba et al. 2002, Thompson et al., 2003). 

Both Human Adenovirus 41 (HAdV41) and Porcine Adenovirus (PAdV) were used in laboratory 

simulations of the treatment of lagoon sludge. Porcine adenovirus type 3 (PAdV-3) was chosen as 

it has similar properties to those of HadV but is not infectious to humans (Bangari and Mittal, 

2004). PAdV-3 is more easily grown in cell culture than HAdV and is not generally present in 

domestic sewage sludge. 

(vi) Cryptosporidium parvum 

Cryptosporidium parvum was chosen as the most appropriate indicator to represent protozoa in 

wastewater treatment processes. Cryptosporidium parvum, C. hominis and C. meleagridis are 

important human pathogens, which cause chronic diarrhoea, mainly in children and people with 

depressed immune systems. Cryptosporidium spp. have a low infective dose which causes 

concern if they are found in biosolids. Healthy individuals commonly become infected, but most 

will show no signs and symptoms of disease although they are capable of transmitting the 

infection via faeces. Cryptosporidium spp. oocysts are found is sewage less commonly than 

Giardia lamblia cysts (10-100 times less common), however, C. parvum was chosen for this study 

because the oocysts are more difficult to remove with wastewater treatment processes (EPHC, 

2006). 

(vii) Ascaris species 

Ascaris spp. eggs were chosen to represent other helminth eggs because they are more resistant 

to most types of inactivation compared with other helminth eggs (Brownell and Nelson, 2005, 

Capizzi and Schwartzbrod, 2001). Moreover, the revised guidelines of the USEPA (1999) 

prescribe viable Ascaris spp. eggs as indicators of parasites in water, wastewater, sludge and 

biosolids. 
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Chapter 2 General Materials and Methods 

This chapter summarises the methods that were modified from standard methods or developed for 

this project. Detailed descriptions of the methods are shown in Appendix B.  

 

Fig. 2.1 Enumerating Ascaris spp. in lagoon pond sludge: double counting was performed to ensure 

high quality of data, scientists L to R, Basma Khallaf (PhD student) and Yesica Lotti Kidd (Master by coursework 

student). All methods used in this project involved quality control management and appropriate negative and positive 

controls at all times. 

2.1 Enumeration of Pathogens and Indicators 

Following is a list of the microorganisms that were enumerated in this study. 

Bacteria 

 Escherichia coli (indicator, indigenous) 

 Enterococcus spp. (indicator, indigenous) 

 Salmonella spp. (pathogen, presence in sludge/spiked) 

Coliphages 

 Coliphage K-12 group (indicator, indigenous) 

 MS2 K-12 coliphage (indicator, spiked) 

Viruses 

 Porcine Adenovirus type 3 (PAdV-3) (indicator, pathogen of pigs, assay chambers) 

 Human Adenovirus (HAdV type 41) (pathogen, assay chambers) 
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Protozoan parasites 

 Cryptosporidium parvum (pathogen) 

Helminths 

 Ascaris spp. (pathogen) 

2.1.1 Sampling Protocol 

Fresh sludge samples collected from the field at all sites (Heyfield Lagoon Sludge, Cobden 

Lagoon sludge and Rochester Lagoon Sludge) were tested to determine the indigenous levels of 

E.coli, Enterococcus spp., Salmonella spp., K-12 Coliphage, Cryptosporidium spp. and Ascaris 

spp. 

Samples from laboratory pan-drying and stockpiling simulations were regularly tested to assess 

the levels and die off of indigenous E. coli, indigenous Enterococcus spp., spiked Salmonella 

Typhimurium E26b and spiked K-12/MS2 Coliphage. In addition, assay chambers were used in 

Heyfield lagoon simulation to assess die off of HAdV 41 and in Cobden Lagoon Simulation to 

assess die off of PAdV 3. 

Samples from the Heyfield sludge/Dutson Downs stockpile were tested regularly to determine the 

indigenous levels and die off of E. coli, Enterococcus spp., Salmonella spp. and K-12 Coliphage. 

Samples from the Camperdown Industrial Site were tested once (to provide a snapshot) to 

determine indigenous levels of E. coli, Enterococcus spp, Salmonella spp and K-12 Coliphage. 

All assay methods for indicators and pathogens were developed in this project or improved from 

previous development in the Round 4 and 6 projects (SWF, 9TR4-0012 and 611-001) (Appendix 

B).  

2.1.2 Improvement of enumeration methods for Cryptosporidium parvum and Ascaris 

suum 

In this project enumeration methods for Cryptosporidium parvum and Ascaris suum in sludge were 

further developed to lower the detection limits (Appendix B). 

2.1.3 Development of a Method for Quantification of Adenovirus spp. DNA in Biosolids 

Standard qPCR methods were developed for quantification of human adenovirus (HAdV 41) and 

porcine adenovirus 3 (PAdV 3) in sludge. Both HAdV and PAdV 3 were used as indicator 

organisms in laboratory simulation experiments (Appendix B). 

2.2 Sludge Analysis 

2.2.1 Dry solids and volatile solids content 

Dry solids (DS) and volatile solids (VS) were analysed by methods detailed in Appendix 2. For 

both samples from field and laboratory simulations the sample size was 1 g wet weight. In both 

cases weights were determined gravimetrically to 4 decimal places. 

2.2.2 Data Loggers 

Due to the absence of local weather stations, data-loggers were placed at the three plants to log 

data on temperature and moisture. 
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2.2.3 Nutrient Analysis 

Samples of harvested sludge from the three representative lagoon treatment systems were sent to 

Australian Laboratory Services (ALS) for analysis of total nitrogen, total Keldahl nitrogen, nitrate 

and nitrite, and Olsen extracted phosphate. The content of alum (as aluminium) in sludge was 

analysed by atomic absorption spectroscopy, due to alum waste being sent to the Rochester 

Waste Water Treatment Plant (WWTP). 

2.3 Simulations 

2.3.1 Source of material 

Three treatment plants were chosen to represent lagoon-based systems in regional Victoria, 

Heyfield WWTP (Gippsland Water, Fig. 2.1), Cobden Wastewater Reclamation Plant (WRP) 

(Wannon Water, Fig. 2.2) and Rochester WWTP (Coliban Water, Fig. 2.3). Sludge was collected 

from the primary lagoon ponds at each of the three regional company areas. All three plants use a 

two pond lagoon treatmenttrain. 

2.3.1.1 Heyfield WWTP and Dutson Downs Sludge Handling Facility 

At Gippsland Water’s Heyfield WWTP sludge from the primary ponds is recovered on irregular 

occasions and transported some kilometres to the Gippsland Water’s Soil and Organic Recycling 

Facility (SORF) at Dutson Downs, for composting and application to agricultural land. On 23 April 

2012, harvested dewatered sludge (with an added polymer†) from a primary lagoon pond was 

taken from Heyfield WWTP(Fig. 2.2). About 60 kg of sludge was transported to the Wastewater 

Laboratory at RMIT University to set up a drying pan and stockpile simulation.  

In addition, about 5 cubic metres of harvested dewatered Heyfield sludge was collected and 

transported to Dutson Downs to form a field stockpile. Samples of this stockpile were regularly 

collected by staff at Dutson Downs and sent to RMIT University for analysis of the levels of 

indicators and pathogens. 

 

Fig. 2.2 Lagoon treatment system at Heyfield WWTP. Sludge was first vacuumed up by a 

dredger (harvested area up to 23-4-12 date, shown as hatched), transferred to a mixing tank, 

before being centrifuged. We obtained sludge from the output of the centrifuge, at about 15% DS. 

Details of polymer 

†, Harvesting was performed by Epsom Environmental Services (EES). According to Stephen Laird, Contracts Manager, EES, the 

polymer used was a cationic polyacrylamide (ZETAG®8165, BASF), with typical medium charge and medium to high molecular 

weight. The dose rate was approximately 4 to 6 kg per dry tonne of sludge. The polymer is supplied in powdered form and is first 

mixed with water to make up a batch, at 0.25% WW.  Batch solution is then dosed into the incoming feed at a rate ranging between 

2000 to 4000 L per h. The incoming feed is typically 2.5% solids and 97.5% water at a flow rate of 120 m
3
 per hour. The polymer 

and feed have a very short time to be mixed together and form a floc before mechanical separation. The dosing rate is constantly 

changed to match the incoming feed, as overdosing can cause an unstable floc which will sheer under force resulting in poor 

concentrate. Typically the cationic polymer is used with dewatering sludges that have volatile solids fractions above 50%. 
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2.3.1.2 Cobden WRP 

At Cobden WRP the first step of the reclamation process is a bar screen that removes large items 

and rubbish. Sewage then flows to a primary lagoon where it is mechanically aerated for two 

periods of an hour over a 24-hour period. The aeration in the primary lagoon allows micro-

organisms to reproduce and consume the organic matter in the sewage following the first stage 

anaerobic digestion. Following the primary lagoon process, wastewater weirs to a maturation 

lagoon which offers a 30 day plus detention time. The maturation lagoon has a capacity of 52 

megalitres and allows any remaining particles to settle to the bottom before pumping to the winter 

storage. The treated sewage is then held in the winter storage, which holds over 90 megalitres 

and is the main holding point before water is reused for nearby farming practices. 

At Cobden WRP (Fig. 2.3) sludge was obtained from the first pond with a positive displacement 

pump (10 L/ min), attached to 10 m of 40 mm diameter poly (polyethylene) pipe, with the end 

placed in the bottom of the first pond, and the output sent to a large open container of 300 L size. 

The pumped sludge was mixed with a spade; then 22 aliquots of 15 L sludge were pumped to 20 L 

plastic jerry cans and transported back to the RMIT Wastewater Laboratory. 

 

Fig. 2.3 Lagoon treatment system at Cobden WRP, showing the primary). Sludge was sampled by 

pump near the wastewater inlet. 

2.3.1.3 Rochester WWTP 

At Rochester WWTP (Fig. 2.4) sludge is delivered to the first pond from an Imhoff Tank. The 

Imhoff tank is designed to allow suspended particles to settle. The organic matter in the sludge is 

also partly stabilised by bacterial activity. Both of these processes occur in the same tank. 

Sludge was obtained from the first pond with a positive displacement pump, as described above 

for Cobden WWTP. 

Unlike Heyfield WWTP and Cobden WWTP alum wastes are sent to Rochester WWTP, from the 

Rochester water treatment plant, at approximately 200 kg of alum per day. In 2010/2011 248 ML 

of sewage was sent to Rochester WWTP. Therefore the initial concentration of alum at Rochester 

WWTP is about 300 mg/L sewage, which is sufficient to cause major flocculation (Malhotra et al., 

1964). Moreover, since water is evaporated from the two receiving ponds, and no sludge has been 

harvested from these, the actual concentration of alum in the receiving ponds may be substantially 

higher. 
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Fig. 2.4 Lagoon treatment system at Rochester WWTP. Sludge was collected from primary pond B 

near the input from the Imhoff tank, indicated by the orange arrow. The blue arrow indicates the point where raw 
sludge arrives at the Imhoff tank, which on entry is subject to a course screen (bars about 2 cm apart) to remove large 
rags and other objects. Inputs to pond A and pond B are marked by green arrows. Water from ponds A and B travel to 
the secondary pond for polishing and then to the storage area. Treated water is used to irrigate land onsite, marked by 
broken red lines. Samples were also taken from the Imhoff tank to assess indicator presence. 

2.3.2 Set Up 

Sludge obtained from Heyfield WWTP, unlike that from Cobden WRP and Rochester WWTP, had 

been centrifuged (dewatered) before collection by the research team. As a result, further settling 

was not required before transfer to the tanks used for the simulation. Approximately 10 kg of 

sludge was loaded into each of three tanks and formed into stockpiles (as DS was already around 

15%, which is the level at which sludge was stockpiled in previous simulations (earlier project, 

SWF 611-001)). 

255 L of lagoon pond sludge was obtained from Wannon Water’s Cobden WRP, using an 

electrical pump connected to 10 m of PVC piping. The sludge was pumped into the collection tub 

to ensure homogeneous mixing, before being re-pumped into 20 L plastic jerry cans, in 15 L lots 

for transportation to RMIT University. Upon return the sludge was allowed to settle for 4 days, the 

top 10 L of sludge was discarded from each jerry can and the remaining 5 L from each jerry can 

was added to each of three stainless steel tanks to 25 L volume. 
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In the same way, lagoon pond sludge was obtained from Coliban’s Rochester WWTP and 

transported to RMIT University, allowed to settle and was added to tanks ready for assessment. 

Fresh sludge from each site was assessed for the presence of oocysts of Cryptosporidium spp. 

and eggs of Ascaris spp. These were one-off assessments. Sludge from Heyfield WWTP and 

Cobden WRP were also used to assess the recovery rate and threshold of detection for Ascaris 

spp. eggs from sludge at different dry solid levels. 

At the time of collection, an aliquot of fresh sludge was frozen. These samples were later sent to a 

reference laboratory for the assessment of nutrient content. Levels of total nitrogen, inorganic 

nitrogen, phosphorus and aluminium were determined. 

The sludge collection system was tested at Drouin WWTP prior to commencement of laboratory 

simulation experiments, to assess whether the existing pump was sufficiently powerful. 

2.3.3 Simulation operation 

The system for drying-pan and stockpiling simulation is shown in Fig. 2.6. Drying involved the 

cabinet linear air flow (0.42 m/s) and diurnal heating (7.6 h/day) by an infrared ceramic heater 

system. 

 

Fig. 2.5 System for drying-pan and stockpiling simulation: Three tanks were setup with dewatered 

lagoon pond sludge, to allow triplicate sampling. One biological safety cabinet was required for each simulation. 

After setting up the tanks for the simulation (see 2.3.2), samples were collected to assess the 

initial levels of indigenous indicator and pathogenic organisms. All tanks were then spiked with a 

liquid culture of Salmonella Typhimurium E26b (field strain isolated from earlier project, SWF 611-

001) to give an approximate final concentration of 1 x 105 to 1 x 106cfu/mL. Another sample of 

sludge was then collected to confirm levels of Salmonella spp. in each tank. Further samples were 

then collected at two to three weekly intervals through the course of the simulations (a minimum of 

16 weeks). At each sampling point, the sludge in each tank was mixed carefully and thoroughly. 

Then approximately 2 g of sludge from each tank was collected and used to prepare a 1:10 

dilution of the sludge. Further serial 1:10 dilutions were prepared as required. Three of these 

dilutions were then selected to be tested (1 mL) in triplicate to determine the levels of indicator 
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bacteria and coliphages. Graphs were then prepared from the results. The mean of the three 

results from each tank was used to create a graphical representation of the results from each tank, 

while the mean of all nine results (three from each tank) was used to graph the average levels 

determined at each collection time point. Once the mean was determined, the standard deviation 

could be calculated. 

At the same sample collection time, a 1 g sample of sludge was transferred to a porcelain crucible. 

This crucible was heated to 105oC for 24 hours to assess the dry solid (DS) content of each 

sample. Following this the same crucibles were heated to 500oC for 2 hours to assess the volatile 

solid (VS) content of each sample. Refer to Appendix B for complete methods for all testing. 

2.3.4 Assay Chambers 

Assay chambers were added to two of the simulations for the assessment of other potential 

pathogens and to validate their use by assessing levels of indigenous indicator organisms. Four 

assay chambers containing sludge seeded with Human Adenovirus type 41 (HAdV 41) were 

added to each tank of the Heyfield WWTP simulation. Decay of E.coli and Enterococcus spp. was 

assessed from six assay chambers in each tank across 112 days, while the decay of Porcine 

Adenovirus type 3 (PAdV 3) was assessed at seven sampling points across 112 days in the 

Cobden WRP simulation. It was necessary to use assay chambers to assess decay of Human 

Adenovirus (HAdV, type 41) and Porcine Adenovirus (PAdV-3), as it was not possible to obtain 

sufficient quantities of these viruses for seeding larger containers. 

Fig. 2.7 shows the basic components and structure of the assay chambers. The methods for 

preparing and validating assay chambers are described in Appendices A and B. 

 

Fig. 2.6 Structure of assay chamber (developed in the previous SWF project, 611-001, 2012). 
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2.3.5 Work Plan 

The work plan is shown in Fig. 2.7 below. 

 

Fig. 2.7 Gantt Chart showing project plan 

2.4 Camperdown Industrial Snapshot 

Sludge was sampled from Wannon Water’s Camperdown Industrial Plant (Fig. 2.8). Wannon 

Water has three sludge reclamation plants, at Portland, Hamilton and Camperdown, which 

process only domestic sludge. The sludge reclamation plant at Camperdown mainly receives 

sludge from Warrnambool and Port Fairy Wastewater Treatment Plants. The Warrnambool’s 

Waste Reclamation Plant was built in and commissioned in 1996 and is an Intermittently Decanted 

Extended Aeration (IDEA) waste plant. It consists of two selector channels and four aeration units. 

The system’s typical operating cycle consists of two hours aeration followed by two hours of 

settling/decanting. Port Fairy has a similar treatment system. At both plants the sludge is then 

dewatered by belt presses (to about 12.5% DS, polymers used are describe below) and trucked to 

the Camperdown Industrial plant. At the Camperdown plant, sludge is treated by air drying, 

followed by stockpiling. Sludge was collected at the plant from the drying pan and stockpiles of 

different ages to provide a snapshot of indicator and pathogen decay. 

Polymers used for dewatering sludge by belt press at Wannon Water 

At Warrnambool WWTP ZETAG 7878FS40 (BASF) was used up to 2011. Subsequently EMA 8845 MBL (SNF, Australia) was 

applied, at a rate of 0.6 mg/L. At port Fairy WWTP ZETAG 8140 (BASF) was used until February 2012. Subsequently EM 640 MEB 

(SNF, Australia) was applied, at a rate of 0.6 mg/L. See Table 2.1 for details of flocculation polymers. 
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Table 2.1 Flocculation polymer agents used for dewatering sludge by belt press at Wannon 

Water 

Name Description 

ZETAG 7878FS40 (BASF) Flocculation agent: cationic polyelectrolyte, 
Ethanaminium, N,N,N-trimethyl-2-[(1-oxo-2-
propenyl)oxy]-chloride, polymer with 2-propenamide 
(30-60%), adipic acid (0.5-1%). Supplied as a liquid 
dispersion in petroleum distillate (30-60%). 

 

ZETAG 8140 (BASF) Flocculation agent: cationic polyelectrolyte, 
Ethanaminium, N,N,N-trimethyl-2-[(1-oxo-2-
propenyl)oxy]-chloride, polymer with 2-propenamide 
(80-100%), adipic acid (2-6%). Supplied as a powder. 

 

EMA 8845 MBL (SNF 
Australia) 

 

Proprietary cationic water-soluble polymer in 
emulsion. 

 

Flopam EM 640 MEB 
(SNF Australia) 

 

Proprietary cationic water-soluble polymer dispersed 
in petroleum distillate.  
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Fig. 2.8 Diagram of the Camperdown Industrial plant. Biosolids are treated in the “lagoon 1” area. Entry to the plant is from the south, from the Old Geelong 

Road. Fresh belt-pressed sludge from Warrnambool and Port Fairy are deposited at the south east corner, and slowly spreads across the eastern third of the area toward the 

north and west. West of this the wet sludge is windrowed, and turned over regularly, until dried to about 75% DS. Subsequently this dried sludge is stockpiled. The existing 

three stockpiles, 2009/10, 2010/11 and 2011/12 are located in the western end of the area. Each stockpile is about 2000 dry tonnes.
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2.5 Data Analysis 

2.5.1 Data Loggers 

Data on temperature and moisture values were obtained from data loggers placed at the three 

WWTP properties, to provide automatic daily observations for minimum and maximum values. 

2.5.2 Temperature 

Temperature values from data loggers were averaged over each month and compared to data 

from the nearest official weather stations, to assess if a plant was located in a local geographic 

area with variant weather. If the data over 6-12 months is similar to the data from the nearest 

official weather station, then future data could be used from that official weather station.  

At Dutson Downs, temperatures of the Heyfield sludge stockpile were measured manually by staff 

using a compost thermometer. 

2.5.3 Non-Linear Regression 

Data from previous projects (SWF, 9TR4-0012 and 611-001) on the pan-drying treatment of 

anaerobically digested sludge, both in field plants and laboratory simulations, showed that the 

decay of pathogens and indicators exhibited first order kinetics; that is pathogen decay occurs at 

negative exponential rates. Therefore the trends of pathogen decay over time were analysed by 

non-linear regression. For example, the decay trend for E. coli in the Heyfield simulation was 

described by the equation y=37990*e-0.027*x, where y is the number of E. coli per g DS, and x is the 

treatment time, in days. Usually the graphs are presented with a Y axis of log10, to show the 

pathogen decay trend as a straight line. 

2.5.4 Natural Log Versus Log10 

Regulations generally refer to log10 units of decay, so most Y-axes in this report are of log10 units. 

Decay rates of organisms, however, are best quantified using the natural exponent, e, as 

described above. It logically follows that statistical analysis of decay rates should use natural log 

transformations. 

2.5.5 Coefficients of Decay 

The exponent value, in the case described in section 2.4.3, -0.027, can be described as the 

coefficient of decay. The more negative this number, the more rapid decay of the pathogen over 

treatment time. The rate of decay is entirely dependent on the coefficient of decay, so the rates of 

decay of pathogens from different field pans or laboratory simulation experiments can be 

compared by comparing the coefficients of decay. 

2.4.6 Linear Regression 

Linear regression was performed using the statistical package within Excel. To calculate statistical 

variation in coefficients of decay, it is necessary to transform the numbers of pathogens by natural 

log (Ln). The purpose of this transformation is to provide the data for linear regression. While the 

original data is in non-linear form, different statistical software packages give different results for 

non-linear regression. So, to provide robust analysis, the data must be transformed to provide a 

linear relationship between natural Ln values of pathogen numbers, and treatment time. 
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2.6 Major Equipment 

2.6.1 Laboratory PC2 

In 2009 RMIT University funded the building of the dedicated Wastewater Laboratory at the 

Bundoora West campus (Fig. 2.9). The dedicated laboratory is at Physical Containment (PC2) 

safety quality, to support the laboratory simulations reported in this project (Fig. 2.10).  

 

Fig. 2.9 Opening of the dedicated Wastewater Laboratory at RMIT in 2009. 

 

Fig. 2.10 Pan-drying and stockpiling simulation: equipment at the dedicated Wastewater 

Laboratory 
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2.6.2 Specialised Equipment 

Equipment funded by the previous SWF project was also used in this project, including: 

 5 biological safety cabinets (4 new and 1 second-hand). Four of these are located in the 

dedicated Wastewater Laboratory, and two of them have been modified with pairs of steel 

poles, to hold equipment 

 2 sets of 4 infrared heaters and dedicated control boxes, to simulate the infrared heat from 

the sun for drying sludge 

 Furnace, programmable, to analyse VS values of sludge 

 Fume-hood, mobile, for the furnace, and oven (see below) 

RMIT University has funded/provided two further equipment items (oven and balance) for the 

dedicated Wastewater Laboratory: 

 Oven, fan-forced, for a number of purposes, including determining DS values of sludge, and 

incubating agar plates for analysing content of E. coli and Enterococcus spp. 

 Balance, 4 decimal places, for weighing crucibles for DS and VS analysis. 
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Chapter 3 Heyfield Simulation 

 

Fig. 3.1 Harvesting sludge at Heyfield WWTP. Sludge was collected by a dredger, pumped to a storage 

tank, then polymer added and centrifuged (black covered machine at right) before being transferred to truck (left) for 

transport to the Dutson Downs facility.  Heyfield sludge was obtained for both simulation treatment in our dedicated 

Wastewater Laboratory, and for a model stockpile at the Dutson Downs facility. 

3.1 Lagoon Sludge Simulation 

3.1.1 Outline of testing schedule 

To determine the decay of bacterial indicators and pathogens, samples were collected at two to 

three-weekly intervals (at the beginning of weeks 1, 3, 6, 9, 12 and 16). These collections 

correspond to days 1, 14, 35, 56, 77 and 105. Due to some unexpected and erratic results, further 

sample collections were conducted at week 22, 34 and 42 (corresponding to days 147, 231 and 

294). 

One assay chamber was collected from each tank at each sampling point to be tested for the level 

of HAdV 41. Four sampling points were used over a period of 105 days to assess the decay of the 

virus. 

The following sections detail the results determined for each test performed throughout the testing 

schedule. 
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3.1.2 Results Obtained from Lagoon Sludge 

3.1.2.1 E. coli 

Levels of E. coli initially decreased rapidly, after which they went up and down erratically in all 

three tanks, before decreasing to undetectable levels by 231 days (Fig. 3.2). The period of rapid 

decay began when the DS content of the sludge was between 10% and 20% (Fig. 3.2 and 3.9). 

Within 6 weeks the DS changed from approximately 15% to approximately 60%. After about day 

35, when the DS levels were ~40%, levels of E. coli in Tanks A and C became extremely variable, 

with differences between peak and trough levels of up to 3 log10. In Tank B, the rapid decline in 

numbers of E. coli continued for ~50 days, before peaking at a level slightly higher than the initial 

level. This erratic content of E. coli in the sludge was attributed to the variable survival of E. coli in 

different parts of the sludge during the period of rapid drying. It is suggested that during rapid 

drying, some colonies of bacteria may continue to survive in sludge particles which are quite dry 

on the outside, but still contain a degree of moisture in their centres, where bacteria can better 

survive. In contrast, it is likely that in the drier sludge, on the outside of particles, bacteria die off 

rapidly. 

 

Fig. 3.2 Decay of E. coli in Heyfield lagoon simulation and corresponding dry solid data. 
Each data point for E.coli represents the mean of nine analyses (3 subsamples from each of 3 tanks) from each time 

point during laboratory simulation of sludge drying, while the DS data is the average of three analyses (1 sample from 

each tank). Error bars show one sd. The secondary axis plots the DS % at the corresponding sampling point. Note 

that early samples were examined twice weekly (DS % only) to capture the rapid rise in DS content. A graph showing 

data from individual tanks is available in appendix D1 (Fig. AD1.1) along with a graph showing the average decay data 

complete with exponential trend line (Fig. AD 1.2). It is difficult to accurately represent the standard deviation of the 

sample sets on a graph with a logarithmic scale. A graph with a linear scale is included in appendix D2 (Fig. AD2.1) to 

more clearly demonstrate the standard deviation. 
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3.1.2.2 Enterococcus spp. 

The levels of Enterococcus spp. followed the same pattern as those of E. coli, with an initial rapid 

decline followed by erratic troughs and peaks, although within a narrower range than observed 

with E. coli. This was followed by a steady decline to reach undetectable levels after 300 days 

(Fig.3.3). 

 

Fig. 3.3 Decay of Enterococcus spp. in Heyfield lagoon simulation and corresponding dry 

solid data. Each data point for Enterococcus spp. represents the mean of nine analyses (3 subsamples from each 

of 3 tanks) from each time point during laboratory simulation of sludge drying, while the DS data is the average of 

three analyses (1 sample from each tank). Error bars show one sd. The secondary axis plots the DS % at the 

corresponding sampling point. Note that early samples were examined twice weekly (DS % only) to capture the rapid 

rise in DS content. A graph showing data from individual tanks is available in appendix D1 (Fig. AD1.3) along with a 

graph showing the average decay data complete with exponential trend line (Fig. AD 1.4). It is difficult to accurately 

represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph with a linear scale is 

included in appendix D2 (Fig. AD2.2) to more clearly demonstrate the standard deviation. 
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3.1.2.3 Salmonella Typhimurium E26b. 

As there were no Salmonella spp. detected in the fresh sludge from Heyfield WWTP, it was 

necessary to spike the sludge in the tanks to be able to assess the decay of the organism over the 

course of the simulation. Levels of the added Salmonella Typhimurium E26b decreased rapidly 

over the first six weeks of the simulation before showing a sudden increase (Fig. 3.4). There was a 

marked difference in levels detected in the individual tanks in the middle of the simulation before a 

steady decline was evident after about week 16. Levels approached threshold of 

detection/undetectable levels at about 300 days. The difference in levels may be explained in a 

similar way to that of E. coli earlier in this section. The survival mechanisms of Salmonella spp. are 

expected to mirror those of E. coli as the two organisms possess similar metabolic and nutritional 

requirements. 

 

Fig.3.4 Decay of Salmonella Typhimurium E26b in Heyfield lagoon simulation and 

corresponding dry solid data. Each data point for Salmonella Typhimurium E26b represents the mean of nine 

analyses (3 subsamples from each of 3 tanks) from each time point during laboratory simulation of sludge drying, 

while the DS data is the average of three analyses (1 sample from each tank). Error bars show one sd. The secondary 

axis plots the DS % at the corresponding sampling point. Note that early samples were examined twice weekly (DS % 

only) to capture the rapid rise in DS content. A graph showing data from individual tanks is available in appendix D1 

(Fig. AD1.5) along with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.6). It 

is difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A 

graph with a linear scale is included in appendix D2 (Fig. AD2.3) to more clearly demonstrate the standard deviation. 
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3.1.2.4 K-12 Coliphage 

Due to the initial low levels of indigenous K-12 coliphage, the decision was made to spike the 

tanks with a culture of MS2 coliphage at the second collection point. This was done to make the 

decay of the coliphage easier to track. The host organism used in the culture stage (see appendix 

B full method) is able to detect both coliphages. The resultant levels of coliphage are, therefore, a 

combination of K-12 and MS2 coliphages. A steady decay was detected across the duration of the 

simulation, with a minor dip seen at day 56 and a minor peak at day 77 (see Fig. 3.5). The 

dramatic differences in detected levels of bacteria during the simulation were not observed here. 

The results suggest that different factors are involved in the decay of bacteria compared with 

viruses in sewage sludge. 

 

Fig. 3.5 Decay of K-12/MS2 coliphage in Heyfield lagoon simulation and corresponding dry 

solid data. Each data point for K-12/MS2 coliphage represents the mean of nine analyses (3 subsamples from 

each of 3 tanks) from each time point during laboratory simulation of sludge drying, while the DS data is the average 

of three analyses (1 sample from each tank). Error bars show one sd. The secondary axis plots the DS % at the 

corresponding sampling point. Note that early samples were examined twice weekly (DS % only) to capture the rapid 

rise in DS content. A graph showing data from individual tanks is available in appendix D1 (Fig. AD1.7) along with a 

graph showing the average decay data complete with exponential trend line (Fig. AD 1.8). It is difficult to accurately 

represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph with a linear scale is 

included in appendix D2 (Fig. AD2.4) to more clearly demonstrate the standard deviation. The first point on the graph 

indicates the level of indigenous coliphage. Due to the low level of indigenous coliphage, MS2 coliphage was added at 

the time of the second sampling. 
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3.1.2.5 Human Adenovirus 

For practical reasons, assay chambers were used in the assessment of virus decay. A small 

volume of the same sludge being used for the simulation was spiked with HAdV 41. Volumes 

consisting of 0.5 mL of the spiked sludge were added to assay chambers, which were then 

introduced into the tanks set up for the simulation. 

HAdV type 41 DNA decayed at a similar rapid rate in the Heyfield simulation (Fig. 3.6) compared 

with the rate encountered in simulations using sludge from Eastern Treatment Plant (ETP)in the 

previous project (SWF Project 611-001, 2012) (Fig. 3.7). 

 

Fig. 3.6 Decay of HAdV 41 in Heyfield lagoon simulation and corresponding dry solid data. 
Each data point for HAdV 41 and DS represents the mean of three analyses (1 sample from each of 3 tanks) from 

each time point during laboratory simulation of sludge drying. Error bars show one sd. The secondary axis plots the 

DS % at the corresponding sampling point. Note that early samples were examined twice weekly (DS % only) to 

capture the rapid rise in DS content. A graph showing data from individual tanks is available in appendix D1 (Fig. 

AD1.9) along with a graph showing the average decay data complete with exponential trend line (Fig.. AD 1.10). It is 

difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph 

with a linear scale is included in appendix D2 (Fig. AD2.5) to more clearly demonstrate the standard deviation.  
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Fig. 3.7 Decay of HAdV 41 ETP DP3 simulation. Each data point for HAdV 41 and DS represents the 

mean of three analyses (1 sample from each of 3 tanks) from each time point during laboratory simulation of sludge 

drying. Error bars show one sd. The secondary axis plots the DS % at the corresponding sampling point. A graph 

showing data from individual tanks is available in appendix D1 (Fig. AD1.11) along with a graph showing the average 

decay data complete with exponential trend line (Fig. AD 1.12). It is difficult to accurately represent the standard 

deviation of the sample sets on a graph with a logarithmic scale. A graph with a linear scale is included in appendix D2 

(Fig. AD2.6) to more clearly demonstrate the standard deviation. This simulation was performed in 2012 using assay 

chambers containing virus-spiked sludge, as in this current project. 

 

Fig. 3.8 Comparison between decay of HAdV 41 in lagoon and metropolitan simulations. 
Each data point for HAdV 41 represents the mean of three analyses (1 sample from each of 3 tanks) from each time 

point during laboratory simulation of sludge drying. Error bars show one sd. The ETP simulation was performed in 

2012 using assay chambers containing virus-spiked sludge, as in this current project. 
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3.1.2.6 Ascaris spp. 

Fresh sludge was examined for the presence of helminths, Ascaris spp.in particular. The Tulane 

method (Bowman et al. 2003) was used to process the sludge and concentrate it. This method 

requires a sample of at least 5g total solids. As the sludge from Heyfield lagoon simulation has DS 

level of 15%, the method required approximately 50 mL to be used (giving a total solid value of 

approximately 7.5 g). Refer to table in appendix B, Ascaris spp. enumeration, for more details. 

No eggs of Ascaris spp. were observed in 50 mL of sludge at 15% DS (limit of detection: 0.29 

eggs/g DS) 

3.1.2.7 Cryptosporidium parvum 

Fresh sludge was examined for the presence of oocysts of Cryptosporidium parvum using 

methods developed from previous studies in this laboratory. The dry solid level of the sludge being 

tested needs to be taken into account when calculating final result. 

In primary sludge from Heyfield lagoon (15% DS) there were 3.90 x 102 oocysts/g DS 

3.1.2.8 Nutrient Analysis 

Levels of soluble nitrogen (nitrate plus nitrite), total nitrogen, soluble phosphate and aluminium are 

shown in Fig.3.8. These levels were similar across the three lagoon systems; however levels of 

soluble nitrogen were lower than those found in stockpiled sludge (section 3.2.2.5). More detailed 

data on nutrient analysis is presented in Chapter 7. 

 

Fig.3.9 Nutrients detected in sludge from Heyfield WWTP. Two samples (H1a & H1b, both collected 

23/4/2012 and frozen) of approximately 100 g weight were retrieved from storage at -20 
o
C and sent for analysis. They 

were combined by the company before being analysed. 
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3.1.2.9 Dry Solids 

The DS values in tanks started at 15.3% and increased rapidly upon drying (Figs. 3.9). At week 9, 

drying was halted to keep DS values in the range 50 to 75%, as observed for field stockpiles at 

metropolitan plants. There was a slight dip in DS content at week 9, which corresponded to the 

larger dip in bacterial numbers in the sludge. The significance of the dip in DS content is unclear, 

but could be due to heterogeneity of sludge resulting in variability of DS content. 

 

Fig. 3.10 Dry Solid Percentage in Heyfield lagoon simulation. Each data point represents the mean 

of three analyses (one from each tank). Error bars show one sd. Note that early samples were examined twice weekly 

to capture the rapid rise in DS content. A graph showing data from individual samples is available in appendix D1 (Fig. 

AD1.13). 
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3.1.2.10 Volatile Solids 

The VS values of the settled lagoon sludge were initially ~43% then decreased slightly up to week 

9 (Fig. 3.10). The initial value is substantially lower than the VS of sludge from anaerobic digesters 

at metropolitan plants, which was in the range 72% to 85%. The lower VS value for sludge from 

the lagoon pond is most likely due to the range of ages of the sludge, from about 0 to 20 years. 

Indigenous microbes from incoming sludge after settling at the bottom of the lagoon pond are 

likely to be responsible for such degradation of organic matter. 

 

Fig.3.11 Volatile Solids Percentage in Heyfield lagoon simulation. Each data point represents the 

mean of three analyses (one from each tank). Error bars show one sd. A graph showing data from individual samples 

is available in appendix D1 (Fig. AD1.14). 
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3.2 Stockpile at Dutson Downs 

 

Fig. 3.12 Sampling the stockpile of Heyfield sludge at Dutson Downs, by staff from Gippsland 

Water. This stockpile was important in providing data on the decay of pathogen indicators in stockpiled lagoon pond 

sludge under field conditions. 

3.2.1 Outline of testing schedule 

Sludge from a primary lagoon pond at Gippsland Water’s Heyfield WWTP was harvested and 

dewatered (with an added polymer) to ~15% DS. The dewatered sludge was transported to the 

Dutson Down’s facility to form a stockpile, of about 80 wet tonnes, on a hard stand. Initially the 

height was only about 0.5 m, due to the high moisture level, Fig. 3.18. It was planned to push the 

sludge up to about 2 m height once sufficiently dried. This was not possible during the study 

period due to high rainfall in the area. 

Three random samples were collected from the stockpile at 3 to 4 weekly intervals and sent to 

RMIT University for analysis of pathogen indicators. The field stockpile was set up using the same 

material used for the laboratory simulation. Testing from the stockpile commenced approximately 

a month after the initiation of the corresponding laboratory simulation. 
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3.2.2 Results obtained from Dutson Downs Stockpile 

3.2.2.1 E. coli  

Decay of E. coli appeared to occur at an overall slower rate in the Heyfield sludge stockpile at 

Dutson Downs than in the same material used in simulations (Figs. 3.2 & 3.13), although the 

erratic results obtained in the simulation made the assessment of the decay rate somewhat 

uncertain. This slower rate could be due to the difference in average temperatures; 20 oC in the 

simulation, and about 12-14 oC in the field. The differences were possibly also due to the related 

different moisture contents. 

 

Fig.3. 13 Decay of E. coli in Dutson Downs stockpile and corresponding dry solid data. Each 

data point represents the mean of nine analyses (three subsamples from each sample) from each collection time 

point. Error bars show one sd. Three random samples were collected from different points in the stockpile at each 

collection time point. A graph showing data from individual samples is available in appendix D1 (Fig. AD1.15). It is 

difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph 

with a linear scale is included in Appendix D2 (Fig. AD2.7) to more clearly demonstrate the standard deviation. 
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3.2.2.2 Enterococcus spp. 

As for E. coli, decay of Enterococcus spp. appears to have occurred at an overall faster rate in the 

Heyfield sludge stockpile at Dutson Downs than the same material used in laboratory simulations 

(Fig. 3.3 & 3.14). 

 

Fig. 3.14 Decay of Enterococcus spp. in Dutson Downs stockpile and corresponding dry 

solid data. Each data point represents the mean of nine analyses (three subsamples from each sample) from each 

collection time point. Error bars show one sd. Three random samples were collected from different points in the 

stockpile at each collection time point. A graph showing data from individual samples is available in appendix D1 (Fig. 

AD1.16). It is difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic 

scale. A graph with a linear scale is included in Appendix D2 (Fig. AD2.8) to more clearly demonstrate the standard 

deviation. 

3.2.2.3 Salmonella spp. 

No indigenous Salmonella spp. were detected in the field stockpile (limit 10 cfu per g DS). A 

number of black or dark colonies were observed on Xylose Lysine Desoxycholate (XLD) plates at 

low dilutions of sludge, but on confirmation tests, these proved to be a non-Salmonella species. 

These were not identified in this case, though in sludge from Drouin WWTP and Boneo WWTP 

similar non-Salmonella species were shown to be Hafnia alvei, a rare opportunistic human 

pathogen. 

3.2.2.4 K-12 Coliphage 

No indigenous K-12 coliphages were detected in the field stockpile (limit of detection 10 pfu per g 

DS). 
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3.2.2.5 Nutrient Analysis 

Levels of soluble N (nitrate plus nitrite) and soluble phosphate were 150 mg/kg and 2.3 x 102 

mg/kg respectively. Levels of N were considerably higher in the stockpiled material than in 

harvested and centrifuged Heyfield sludge. More detailed data on nutrient analysis is presented in 

Chapter 7. 

 

Fig. 3.15 Nutrients detected in sludge from Dutson Downs Stockpile. Two samples (H2a & H2b 

collected 14/5/13) of about 100 g wet weight were retrieved from storage at -20 
o
C and sent for analysis. They were 

combined by the company before being analysed. 
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3.2.2.6 Dry Solids 

The field stockpile at Dutson Downs, that originated from the same material as was used in the 

laboratory simulation, remained quite wet over winter (rainfall was substantially above average in 

March, May and June 2012 (Bureau of Meteorology-East Sale Airport Weather Station), at about 

20% DS (Fig. 3.15). 

 

Fig. 3.16 Dry Solid Percentage in Dutson Downs stockpile. Each data point represents the mean of 

three analyses (one from each sample) from each collection time point. Error bars show one sd. Three random 

samples were collected from different points in the stockpile at each collection time point. A graph showing data from 

individual samples is available in appendix D1 (Fig. AD1.17). 
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3.2.2.7 Volatile Solids 

There was little or no change in the VS content of Dutson Downs sludge over time. The VS value 

was also a little lower than for the sludge used in the simulation, possibly due to some 

heterogeneity in ages of the Heyfield pond sludge (Figs. 3.10 and 3.16). 

 

Fig. 3.17 Volatile Solid Percentage in Dutson Downs Stockpile. Each data point represents the 

mean of three analyses (one from each sample). Error bars show one sd. Three random samples were collected from 

different points in the stockpile at each collection time point. A graph showing data from individual samples is available 

in appendix D1 (Fig. AD1.18). 
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3.3 Summary 

The log10 reductions of bacterial and viral indicators and Salmonella spp., are presented in Table 

3.1. During the period of simulated drying (300 days) the DS content of sludge increased from 

~15% to ~60%, while the VS content decreased marginally from ~43% to ~40%. During a similar 

same period (360 days), the DS content of the field stockpile only increased slightly (~20% to 

30%), while the VS content remained steady at around 35%. 

Table 3.1 Approximate log10 reductions in simulated and field drying of Heyfield sludge 

 Simulation Field stockpile 

 Log10 reduction 

E. coli 3.5 3.5 

Enterococcus spp.  2 2.5 

Salmonella spp. 4 na 

MS2 coliphage 6 na 

HAdV 41 2.5 na 

Salmonella Typhimurium E26b was added to sludge used in simulation 

na = not applicable 

A further, more detailed, summary, together with comparisons between the three rural plants and 

metropolitan plants is presented in Chapter 7. 
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Chapter 4 Cobden Simulation 

 

Fig. 4.1. Collecting sludge at Cobden WWTP: L to R Doug Gardner (Wannon Water), Sriharini Chellappan 

(Master Student), Margaret Deighton. 

4.1 Lagoon Sludge Simulation 

4.1.1 Outline of testing schedule 

To determine the decay of bacterial indicators and pathogens, samples were collected at three 

weekly intervals (at the beginning of weeks 1, 4, 7, 10, 13 and 17). These collections correspond 

to days 1, 21, 42, 63, 84 and 112. Due to some unexpected and erratic results, further sample 

collections were conducted at week 29, (corresponding to days 203). 

Assay chambers, containing original sludge were added to the tanks at the start of the simulation 

and were recovered, processed and levels of E.coli and Enterococcus spp. assessed in 

conjunction with samples from the tanks over the first 17 weeks of the simulation. The comparison 

between these results will aid validation of the use of assay chambers for this type of testing. 

Assay chambers, spiked with PAdV 3 were also added at the start of the simulation and recovered 

on a slightly different schedule, at weeks 1, 4, 7, 10, 14, 15 and 17 (days 1, 21, 42, 63, 91, 105 

and 112 respectively). 

The heating/drying cycle was started after the first collection of samples and continued until week 

15 when the sludge was stockpiled in the respective tanks. 

The following sections detail the results determined for each test performed throughout the testing 

schedule. 
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4.1.2 Results from Lagoon Sludge 

4.1.2.1 E. coli 

Indigenous E. coli decayed at a regular and constant rate in both the tanks and in assay chambers 

across the course of this simulation (Fig. 4.2 and 4.3). Replicates from individual tanks gave very 

similar results. 

The similarity between the levels of E. coli in the assay chambers and tanks confirms the validity 

of the assay chambers. 

 

Fig 4.2 Average decay of E. coli in Cobden lagoon simulation and corresponding dry solid 

data. Each data point for E.coli represents the mean of nine analyses (3 subsamples from each of 3 tanks) from each 

time point during laboratory simulation of sludge drying, while the DS data is the average of three analyses (1 sample 

from each tank). Error bars show one sd. The secondary axis plots the DS % at the corresponding sampling point. 

Note that early samples were examined twice weekly (DS % only) to capture the rapid rise in DS content. A graph 

showing data from individual tanks is available in appendix D1 (Fig. AD1.19) along with a graph showing the average 

decay data complete with exponential trend line (Fig. AD 1.20). It is difficult to accurately represent the standard 

deviation of the sample sets on a graph with a logarithmic scale. A graph with a linear scale is included in appendix D2 

(Fig. AD2.9) to more clearly demonstrate the standard deviation. 
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Fig. 4.3 Average decay of E. coli in assay chambers from Cobden lagoon simulation and 

corresponding dry solid data. Each data point for E.coli represents the mean of nine analyses (3 subsamples 

from each of 3 tanks) from each time point during laboratory simulation of sludge drying, while the DS data is the 

average of three analyses (1 sample from each tank). Error bars show one sd. The secondary axis plots the DS % at 

the corresponding sampling point. Note that early samples were examined twice weekly (DS % only) to capture the 

rapid rise in DS content. A graph showing data from individual tanks is available in appendix D1 (Fig. AD1.21) along 

with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.22). It is difficult to 

accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph with a 

linear scale is included in appendix D2 (Fig. AD2.10) to more clearly demonstrate the standard deviation. 
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Fig. 4.4 Comparison between average decay rates of E. coli in Cobden lagoon simulation 

and assay chambers. Each data point for E.coli represents the mean of nine analyses (3 subsamples from each 

of 3 samples) from each time point during the laboratory simulation of sludge drying, while the DS data is the average 

of three analyses (1 sample from each tank). Error bars show one sd. The secondary axis plots the DS % at the 

corresponding sampling point. A graph showing the comparison data with exponential trend lines is available in 

appendix D1 (Fig. 1.23). 
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4.1.2.2 Enterococcus spp. 

Indigenous Enterococcus spp. decayed at a slower rate than for E. coli (Fig. 4.2, 4.3 and 4.4) and 

again at very similar rates in both tanks and assay chambers (Figs. 4.5, 4.6 and 4.7). 

 

Fig 4.5 Average decay of Enterococcus spp. in Cobden lagoon simulation and 

corresponding dry solid data. Each data point for Enterococcus spp. represents the mean of nine analyses (3 

subsamples from each of 3 tanks) from each time point during laboratory simulation of sludge drying, while the DS 

data is the average of three analyses (1 sample from each tank). Error bars show one sd. The secondary axis plots 

the DS % at the corresponding sampling point. Note that early samples were examined twice weekly (DS % only) to 

capture the rapid rise in DS content. A graph showing data from individual tanks is available in appendix D1 (Fig. 

AD1.24) along with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.25). It is 

difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph 

with a linear scale is included in appendix D2 (Fig. AD2.11) to more clearly demonstrate the standard deviation. 
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Fig. 4.6 Average decay of Enterococcus spp. in assay chambers from Cobden lagoon 

simulation and corresponding dry solid data. Each data point for Enterococcus spp. represents the 

mean of nine analyses (3 subsamples from each of 3 tanks) from each time point during laboratory simulation of 

sludge drying, while the DS data is the average of three analyses (1 sample from each tank). Error bars show one sd. 

The secondary axis plots the DS % at the corresponding sampling point. Note that early samples were examined 

twice weekly (DS % only) to capture the rapid rise in DS content. A graph showing data from individual tanks is 

available in appendix D1 (Fig. AD1.26) along with a graph showing the average decay data complete with exponential 

trend line (Fig. AD 1.27). It is difficult to accurately represent the standard deviation of the sample sets on a graph with 

a logarithmic scale. A graph with a linear scale is included in appendix D2 (Fig. AD2.12) to more clearly demonstrate 

the standard deviation. 
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Fig. 4.7 Comparison of decay rates of Enterococcus spp. in Cobden lagoon simulation, 

tanks and assay chambers, and corresponding dry solid data. Each data point represents the mean 

of nine analyses (3 subsamples from each of 3 samples) from each time point during laboratory of sludge drying. Error 

bars show one sd. The secondary axis plots the DS % at the corresponding sampling point. A graph showing the 

comparison data with exponential trend lines is available in appendix D1 (Fig. 1.28). 
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4.1.2.3 Salmonella Typhimurium E26b 

Added Salmonella Typhimurium E26b decayed at a similar rate in sludge in Cobden and Heyfield 

simulations until day 35 (Figs. 3.4 and 4.8). However, subsequently the level of S. Typhimurium 

E26b in the Heyfield lagoon simulation increased before falling again, while in the Cobden lagoon 

simulation the decay continued. This phenomenon may, in part, be due to the difference in the DS 

values of the respective sludges. It may also be due to differing bacterial populations in the 

different sludges which lead to difference in the competition for nutrients. 

 

Fig 4.8 Average decay of Salmonella Typhimurium E26b in Cobden lagoon simulation and 

corresponding dry solid data. Each data point for Salmonella Typhimurium E26b represents the mean of nine 

analyses (3 subsamples from each of 3 tanks) from each time point during laboratory simulation of sludge drying, 

while the DS data is the average of three analyses (1 sample from each tank). Error bars show one sd. The secondary 

axis plots the DS % at the corresponding sampling point. Note that early samples were examined twice weekly (DS % 

only) to capture the rapid rise in DS content. A graph showing data from individual tanks is available in appendix D1 

(Fig. AD1.29) along with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.30). 

It is difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A 

graph with a linear scale is included in appendix D2 (Fig. AD2.13) to more clearly demonstrate the standard deviation. 
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4.1.2.4 K-12/MS2 Coliphage 

Due to the initial low levels of indigenous K-12 coliphage detected in testing at week 1, the 

decision was made to spike the tanks with a culture of MS2 coliphage at the second collection 

point. This was done to make the decay of the coliphage easier to track. The host organism used 

in the culture stage (see appendix B full method) is able to detect both coliphages. The resultant 

levels of coliphage are, therefore, a combination of K-12 and MS2 coliphages. The combined 

coliphages decayed at a similar rate in both the Heyfield and Cobden simulations (Figs 3.9 and 

4.15). The results from the three tanks were very similar and demonstrated an even, steady 

decline across the course of the simulation. 

 

Fig. 4.9 Average decay of K-12/MS2 coliphage in Cobden lagoon simulation and 

corresponding dry solid data. Each data point for K-12/MS2 coliphage represents the mean of nine analyses 

(3 subsamples from each of 3 tanks) from each time point during laboratory simulation of sludge drying, while the DS 

data is the average of three analyses (1 sample from each tank). Error bars show one sd. The secondary axis plots 

the DS % at the corresponding sampling point. Note that early samples were examined twice weekly (DS % only) to 

capture the rapid rise in DS content. A graph showing data from individual tanks is available in appendix D1 (Fig. 

AD1.31) along with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.32). It is 

difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph 

with a linear scale is included in appendix D2 (Fig. AD2.14) to more clearly demonstrate the standard deviation. The 

first point on the graph indicates level of indigenous coliphage. Due to low level of indigenous coliphage, MS2 

coliphage was added at the time of second sampling from the simulation. 
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4.1.2.5 Porcine Adenovirus 3 

Based on the degradation of specific DNA, HAdV41 and PAdV3 apparently decayed at similar 

steady rates, losing ~ 4 log10 over ~20 weeks of the simulation. These decay rates were similar to 

those reported for ETP in our earlier study (SWF Project 611-001, 2012). 

 

Fig. 4.10 Average decay of PAdV 3 in Cobden lagoon simulation and corresponding dry 

solid data. Each data point for represents the mean of three analyses (1 samples from each of 3 tanks) from each 

time point during laboratory simulation of sludge drying. Error bars show one sd. The secondary axis plots the DS % 

at the corresponding sampling point.. A graph showing data from individual tanks is available in appendix D1 (Fig. 

AD1.33) along with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.34). It is 

difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph 

with a linear scale is included in appendix D2 (Fig. AD2.15) to more clearly demonstrate the standard deviation. 
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Fig. 4.11 Average decay of PAdV 3 in ETP DP3 simulation and corresponding dry solid 

data. Each data point for HAdV 41 and DS represents the mean of three analyses (1 sample from each of 3 tanks) 

from each time point during laboratory simulation of sludge drying. Error bars show one sd. The secondary axis plots 

the DS % at the corresponding sampling point. A graph showing data from individual tanks is available in appendix D1 

(Fig. AD1.35) along with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.36). 

It is difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A 

graph with a linear scale is included in appendix D2 (Fig. AD2.16) to more clearly demonstrate the standard deviation. 

This simulation was performed in 2012 using assay chambers containing virus-spiked sludge, as in this current 

project. 
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Fig 4.12 Comparison between decay of PAdV 3 in lagoon and metropolitan simulations. Each 

data point for PAdV 41 represents the mean of three analyses (1 sample from each of 3 tanks) from each time point 

during laboratory simulation of sludge drying. Error bars show one sd. The ETP P3 simulation was performed in 2012 

using assay chambers containing virus-spiked sludge, as in this current project. 

 

Fig. 4.13 Comparison of decay of adenoviruses in lagoon simulations. Each data point represents 

the mean of three analyses (1 sample from each of 3 tanks) from each time point during laboratory simulation of 

sludge drying. Error bars show one sd. Decay of HAdV 41 was determined during the Heyfield lagoon simulation 

whilst decay of PAdV 3 was determined during the Cobden lagoon simulation. 
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4.1.2.6 Ascaris suum 

Fresh sludge was examined for the presence of helminths, Ascaris spp.in particular. The Tulane 

method (Bowman et al. 2003) was used to extract helminth eggs from the sludge. This method 

requires a sample of at least 5 g total solids. As the sludge from Heyfield lagoon simulation has 

DS level of 15%, the method required approximately 50 mL to be used (gives total solid value of 

15%). Following the procedure, the final deposit of 1.5 mL was examined by light independently by 

two scientists. Refer to table in Appendix B, Ascaris spp. enumeration, for more details. 

No eggs of Ascaris spp. were observed in 50 mL of sludge at 15% DS (limit of detection: 0.29 

eggs per g DS) 

4.1.2.7 Cryptosporidium parvum 

Fresh sludge was examined for the presence of oocysts of Cryptosporidium spp. using methods 

developed from previous studies in this laboratory. The dry solid level of the sludge being tested 

needs to be taken into account when calculating the final result. 

In primary sludge from Cobden lagoon (3% DS) there were 2.60 x 102 oocysts/g DS. 
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4.1.2.8 Nutrient Analysis 

Levels of soluble nitrogen (nitrate plus nitrite) and soluble phosphate were 5.6 mg/kg was 5.3 x 

103 mg/kg respectively. More detailed data on nutrient analysis is presented in Chapter 7. 

 

Fig. 4.14 Nutrients detected in sludge from Cobden WRP. Two samples (C1a & C1b, collected 

23/7/12) of about 100 g weight were retrieved from storage at -20 
o
C and sent for analysis. They were combined by 

the company before being analysed. 
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4.1.2.9 Dry Solids 

The sludge from Cobden WWTP started at 3.0% DS after settling, and after 203 days had reached 

53.5% DS. 

 

Fig. 4.15 Dry solid percentage in Cobden lagoon simulation. Each data point represents the mean of 

three analyses (one from each tank). Error bars show one sd. A graph showing data from individual samples is 

available in appendix D1 (Fig. AD1.37). 
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4.1.2.10 Volatile Solids 

The VS in both the Heyfield simulation and Dutson Down’s stockpile remained at about 40%. In 

contrast, the VS in Cobden WWTP sludge were at a higher level of about 60 to 65% (Figs. 3.17, 

3.25, 4.23). This is likely due to the different ways the sludge was collected. As the Heyfield sludge 

was centrifuged, much of the soluble organic material may have been removed by that process. In 

contrast, the sludge from Cobden WWTP was settled and decanted, potentially leaving 

substantially more soluble organic material in the sludge compared to centrifuged sludge. This 

idea will be tested later, by evaluating the VS values both before and after centrifuging sludge from 

Cobden WWTP, as discussed with Doug Gardner, Wannon Water. 

 

Fig. 4.16 Volatile solids percentage in Cobden lagoon simulation. Each data point represents the 

mean of three analyses (one from each tank). Error bars show one sd. A graph showing data from individual samples 
is available in appendix D1 (Fig. AD1.38). 
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4.2 Summary 

The log10 reductions of bacterial and viral indicators and Salmonella Typhimurium, are presented 

in Table 4.1. During the period of simulated drying (200 days, adenoviruses, 200 days) the DS 

content of sludge increased from ~15% to ~60%, while the VS content decreased marginally from 

~~43% to ~40%. During a similar same period (360 days), the DS content of the field stockpile 

only increased slightly (~3% to 55%), while the VS content remained around 60%. 

Table 4.1 Approximate log10 reductions in simulated drying of Cobden sludge 

 Log10 reduction 

E. coli 4 

Enterococcus spp.  3 

Salmonella Typhimurium 6 

MS2 coliphage 6 

PAdV 3 3 

HAdV 41 3 

 

A further, more detailed, summary, together with comparisons between the three rural plants and 

metropolitan plants is presented in Chapter 7. 

4.3 References 

Smart Water Fund (2012), Project 611-001. Verifying Microbial Safety in Pan-Dried and Stockpiled 

Biosolids Treatment. 
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Chapter 5 Rochester Simulation 

 

Fig. 5.1 Imhoff tank at Rochester WWTP. Wastewater entering Rochester WWTP passes through 

the Imhoff tank before reaching the primary ponds. Sludge for the simulation was collected from 

the primary ponds. 

5.1 Lagoon Sludge Simulation 

5.1.1 Outline of testing schedule 

To determine the decay of bacterial indicators and pathogens, samples were collected at three-

weekly intervals (at the beginning of weeks 1, 4, 7, 10, 13 and 16). These collections correspond 

to days 1, 21, 42, 63, 84 and 105. An extra testing for Enterococcus spp. and Salmonella 

Typhimurium E26b was conducted at week 19 (day 126) to confirm results from the previous 

sampling. 

The heating/drying cycle was started after the first collection of samples and continued until week 

16. The sludge was stockpiled at week 11 of the simulation. 

The following sections detail the results determined for each test performed throughout the testing 

schedule. 
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5.1.2 Results Obtained from Rochester Lagoon Sludge 

5.1.2.1 E. coli 

Indigenous E. coli decayed at a regular and constant rate in the tanks across the course of the 

simulation (Figs. 5.2). The results of the individual tanks compared very well with each other. In 

this way, these results are similar to those from the Cobden lagoon simulation. 

 

Fig 5.2 Decay of E. coli in Rochester lagoon simulation and corresponding dry solid data. 
Each data point for E.coli represents the mean of nine analyses (3 subsamples from each of 3 tanks) from each time 

point during laboratory simulation of sludge drying, while the DS data is the average of three analyses (1 sample from 

each tank). Error bars show one sd. The secondary axis plots the DS % at the corresponding sampling point. Note 

that early samples were examined twice weekly (DS % only) to capture the rapid rise in DS content. A graph showing 

data from individual tanks is available in appendix D1 (Fig. AD1.39) along with a graph showing the average decay 

data complete with exponential trend line (Fig. AD 1.40). It is difficult to accurately represent the standard deviation of 

the sample sets on a graph with a logarithmic scale. A graph with a linear scale is included in appendix D2 (Fig. 

AD2.17) to more clearly demonstrate the standard deviation. 
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5.1.2.2 Enterococcus spp. 

Indigenous Enterococcus spp. decayed at a slower rate than E. coli. After an initial decline, levels 

increased about mid-way through the simulation (Fig 5.3). Again the rates were very similar in all 

tanks. 

 

Fig 5.3 Decay of Enterococcus spp. in Rochester lagoon simulation and corresponding dry 

solid data. Each data point for Enterococcus spp. represents the mean of nine analyses (3 subsamples from each 

of 3 tanks) from each time point during laboratory simulation of sludge drying, while the DS data is the average of 

three analyses (1 sample from each tank). Error bars show one sd. The secondary axis plots the DS % at the 

corresponding sampling point. Note that early samples were examined twice weekly (DS % only) to capture the rapid 

rise in DS content. A graph showing data from individual tanks is available in appendix D1 (Fig. AD1.41) along with a 

graph showing the average decay data complete with exponential trend line (Fig. AD 1.42). It is difficult to accurately 

represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph with a linear scale is 

included in appendix D2 (Fig. AD2.18) to more clearly demonstrate the standard deviation. 
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5.1.2.3 Salmonella Typhimurium E26b 

Indigenous Salmonella spp. were not detected in direct testing of lagoon sludge from Rochester 

WWTP. Added S. Typhimurium E26b decayed at a constant rate in this simulation (Figs. 5.4). 

Salmonella Typhimurium E26b difficult to detect towards the end of the simulation time span due 

to low numbers of S. Typhimurium and the presence of background flora. 

 

Fig 5.4 Decay of Salmonella Typhimurium E26b in Rochester lagoon simulation and 

corresponding dry solid data. Each data point for Salmonella Typhimurium E26b represents the mean of nine 

analyses (3 subsamples from each of 3 tanks) from each time point during laboratory simulation of sludge drying, 

while the DS data is the average of three analyses (1 sample from each tank). Error bars show one sd. The secondary 

axis plots the DS % at the corresponding sampling point. Note that early samples were examined twice weekly (DS % 

only) to capture the rapid rise in DS content. A graph showing data from individual tanks is available in appendix D1 

(Fig. AD1.43) along with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.44). 

It is difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A 

graph with a linear scale is included in appendix D2 (Fig. AD2.19) to more clearly demonstrate the standard deviation. 
No indigenous Salmonella spp. was detected in uninoculated sludge. Sludge was also tested at day 126 (in line with 

other testing parameters) but results were below the testing threshold. 
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5.1.2.4 K-12/MS2 Coliphage 

Due to the initial low levels of indigenous K-12 coliphage detected in testing at week 1, the 

decision was made to spike the tanks with a culture of MS2 coliphage at the second collection 

point. This was done to make the decay of the coliphage easier to track. The host organism used 

in the culture stage (see appendix B full method) is able to detect both coliphages. The resultant 

levels of coliphage are, therefore, a combination of K-12 and MS2 coliphages. The combined 

coliphages decayed at a similar rate to that observed in both the Heyfield and Cobden simulations 

(Figs 3.5, 4.9 and 5.5). The results from the three tanks were very similar and demonstrated an 

even, steady decline across the course of the simulation, leading to very small standard 

deviations. 

 

Fig 5.5 Average Decay of K-12/MS2 Coliphage in Rochester lagoon simulation and 

corresponding dry solid data. Each data point for K-12/MS2 coliphage represents the mean of nine analyses 

(3 subsamples from each of 3 tanks) from each time point during laboratory simulation of sludge drying, while the DS 

data is the average of three analyses (1 sample from each tank). Error bars show one sd. The secondary axis plots 

the DS % at the corresponding sampling point. Note that early samples were examined twice weekly (DS % only) to 

capture the rapid rise in DS content. A graph showing data from individual tanks is available in appendix D1 (Fig. 

AD1.45) along with a graph showing the average decay data complete with exponential trend line (Fig. AD 1.46). It is 

difficult to accurately represent the standard deviation of the sample sets on a graph with a logarithmic scale. A graph 

with a linear scale is included in appendix D2 (Fig. AD2.20) to more clearly demonstrate the standard deviation. The 

first point on the graph indicates level of indigenous coliphage. Due to low level of indigenous coliphage, MS2 

coliphage was added at the time of second sampling from the simulation. 
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5.1.2.5 Ascaris suum 

Fresh sludge was examined for the presence of helminth eggss, Ascaris spp. eggs in particular. 

The Tulane method (Bowman et al. 2003) was used to process the sludge and concentrate it. This 

method requires a sample of at least 5 g total solids. As the sludge from Rochester lagoon 

simulation has DS level of 9%, the method required approximately 90 mL to be used (giving a total 

solid value of approximately 8.1 g). Refer to table in appendix B, Ascaris spp. enumeration, for 

more details. 

No eggs of Ascaris spp. were observed in 90 mL of sludge at 9% DS (limit of detection: 0.29 

eggs/g DS) 

5.1.2.6 Cryptosporidium parvum 

Fresh sludge was examined for the presence of oocysts of Cryptosporidium spp. using methods 

developed from previous studies in this laboratory. The DS level of the sludge being tested needs 

to be taken into account when calculating final result. 

In primary sludge from Rochester lagoon (9% DS) there were 9.30 x 102 oocysts/g DS. 

5.1.2.7 Nutrient Analysis 

Levels of soluble nitrogen (nitrate plus nitrite), total nitrogen, soluble phosphate and aluminium are 

shown in Fig.5.10. These levels were similar across the three lagoon systems; however levels of 

soluble nitrogen were lower than those found in stockpiled sludge. More detailed data on nutrient 

analysis is presented in Chapter 7. 

 

Fig. 5.6 Nutrients detected in sludge from Rochester WWTP. Two samples (R1a & R1b, collected 

4/2/13) of about 100 g weight were retrieved from storage at -20 
o
C and sent for analysis. They were combined by the 

company before being analysed. 
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5.1.2.8 Dry Solids 

The sludge from Rochester WWTP (started at approximately 9.0% DS after settling, and had 

reached approximately 33% at the end of the simulation period. The results were very similar 

across the three tanks (Fig.5.7). 

 

Fig 5.7 Dry solid percentage in Rochester lagoon simulation. Each data point represents the mean 

of three analyses (one from each tank). Error bars represent one sd. A graph showing data from individual samples is 

available in appendix D1 (Fig. AD1.47). 
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5.1.2.9 Volatile Solids 

The VS values in the Rochester simulation started at approximately 25% and remained fairly 

constant for the entire simulation period (Figs.5.13, 5.14). This contrasts with sludge from the 

Heyfield simulation which was centrifuged prior to collection and had a VS value of ~42% 

throughout the simulation (Figs.3.17, 3.25), but was centrifuged before collection. The values 

found in this simulation are also considerably lower than those seen in Cobden lagoon simulation, 

where levels were around 60% for most of the simulation period (Fig. 4.23). It is likely that the 

lower VS value in sludge at Rochester is due to the greater age of the sludge, as the sludge had 

not be harvested since the plant was built in the 1960s. 

 

Fig 5.8 Volatile solids percentage in Rochester lagoon simulation. Each data point represents the 

mean (sd) of three analyses (one from each tank). Error bars show one sd. A graph showing data from individual 

samples is available in appendix D1 (Fig. AD1.48). 
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5.2 Summary 

The log10 reductions of bacterial and viral indicators and Salmonella Typhimurium, are presented 

in Table 5.1.  During the period of simulated drying (200 days, adenoviruses, 200 days) the DS 

content of sludge increased from ~10% to ~3e5%, while the VS content decreased marginally 

from ~~43% to ~40%.  During a similar same period (360 days), the DS content of the field 

stockpile only increased slightly (~3% to 55%), while the VS content remained between 25% and 

30%%. 

Table 5.1 Approximate log10 reductions in simulated drying of Cobden sludge 

 Log10 reduction 

E. coli 4 

Enterococcus spp.  ~1 

Salmonella Typhimurium 6 

MS2 coliphage 5 

 

A further, more detailed, summary, together with comparisons between the three rural plants and 

metropolitan plants is presented in Chapter 7. 
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Chapter 6 Camperdown Snapshot 

 

Fig. 6.1 Stockpile sampling at Camperdown Industrial: L to R, Margaret Deighton, Fred Kong. 
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6.1 Review of Methods Used at Camperdown Industrial Plant 

As well as assessing pathogen decay in simulation of drying and stockpiling of sludge from 
Wannon Water’s Cobden WWTP, a snapshot of pathogen and indicator decay across the 
biosolids treatment processes at Wannon Water’s Camperdown Industrial plant was obtained. 
Sludge received preliminary treatment at Warrnambool and Port Fairy treatment plants, before 
being transported to Camperdown Industrial Plant for further processing. The following 11 sludge 
samples were taken on Thursday 29th November, providing a snapshot across the treatment 
processes. 

 

1. Fresh dewatered sludge from Warrnambool and Port Fairy. 

 Three separate samples (FA, FB, FC) were collected on the day of delivery to 
Camperdown (29th November). 
 

2. Drying sludge, about 8.5 months age, that had been in pans since March 19th 2012. 

 Two composite samples (12A, 12B), each consisting of 10 subsamples. 
 

3. Stockpile made in 2011/2012. 

 Two composite samples (11A, 11B), each taken at depths of 0.5 m and 1m. 

 Temperature: North face 35 to 37 ⁰C, South face 20 ⁰C, top face 20 to 25 ⁰C 
 

4. Stockpile made in 2010/2011 

 Two composite samples (10A, 10B), each taken at depths of 0.5 m and 1m. 

 Temperature: 30 to 35 ⁰C 
 

5. Stockpile made in 2009/2010. 

 Two composite samples (9A, 9B), each taken at depths of 0.5 m and 1m. 

 Temperature: 20 to 25 ⁰C 
 

 

Fig. 6.2 Diagram of sludge treatment area at Camperdown Industrial. Fresh belt-pressed sludge 

from Warrnambool and Port Fairy are deposited at the bottom right corner of the pan, and slowly spreads across the 
pan area from bottom right to top left. The sludge from the pan is harvested yearly and windrowed (middle area) with 
regular turning over until dried to about 75% DS. Subsequently the dried sludge is stockpiled (left area). Locations of 
sampling are indicated by numbers, corresponding to the list in the text above; S, stockpile. 
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Samples were not taken from the windrowed sludge, as this sludge was of the same age as that in 
the most recent stockpile (2011/2012). 

For stockpiles, two different samples were taken and mixed to make one composite sample.  

On arrival in the laboratory, each sludge sample was divided into three portions. One portion was 
stored at 4oC for microbial analysis and two were stored at -20oC for nutrient analysis. 

As liquid sludge had been collected over 12 months before drying and stockpiling, the age of 

sludge in each stockpile also ranged over 12 months. In order to calculate changes in indicator 

numbers and DS and VS values over time, the date of stockpiles were given as the middle of the 

treatment year (March to March, i.e. September). For example, for the 2009-2010 stockpile, the 

average date of formation was given as 30th September 2009, corresponding to assembly from 

March 2009 to March 2010. During a twelve month period, old pan sludge(2) is regularly removed 

and windrowed, until DS is approximately 75 % (may take several weeks or months, depending on 

rainfall), prior to stockpiling. 

6.2 Results Obtained from Camperdown Industrial 

6.2.1 E. coli 

There was ~4 log10 difference in the numbers of E. coli from the freshly delivered material 

compared with the sludge that had been air-dried for ~8 months in the pan. As sludge from the 

pan is harvested to be windrowed, it is possible that the level of E.coli in this sludge could be 

slightly higher than the old pan (2) levels. Regular mixing of windrowed sludge leads to a rapid 

decrease (2 – 4 log10) in E.coli levels prior to stockpiling (Fig. 6.2, Table 6.1). 

 

Fig. 6.3 E. coli levels in sludge from Camperdown. Column 1 represents the mean of nine analyses (3 

subsamples from 3 separate samples collected); columns 2 – 6 represent the mean of six analyses (3 subsamples 

from two composite samples). 

1 = Fresh pan sludge, delivered 26/11/2012 

2 = Old pan sludge, approximately 19/3/2012 

3 = Stockpile material, approximately 30/9/2011 (March 2011 – March 2012) 

4 = Stockpile, material approximately 30/9/2010 (March 2010 – March 2011) 

5 = Stockpile, material approximately 30/9/2009 (March 2009 – March 2010) 
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6.2.2 Enterococcus spp. 

The levels of Enterococcus spp. in fresh sludge were slightly lower than levels of E. coli, but 

apparently decayed more slowly, with ~2 log10 reduction during pan storage. As for E.coli, levels of 

Enterococcus spp. may be slightly higher in sludge taken for windrowing compared with those in 

the old pan sludge (2). A substantial decrease in levels is seen during windrowing prior to 

stockpiling (Fig. 6.3, Table 6.1). 

 

Fig. 6.4 Enterococcus spp. levels in sludge from Camperdown. Column 1 represents the mean of 

nine analyses (3 subsamples from 3 separate samples collected); columns 2 – 6 represent the mean of six analyses 

(3 subsamples from two composite samples). 

1 = Fresh pan sludge, delivered 26/11/2012 

2 = Old pan sludge, approximately 19/3/2012 

3 = Stockpile material, approximately  

30/9/2011 (March 2011 – March 2012) 

4 = Stockpile, material approximately 30/9/2010 (March 2010 – March 2011) 

5 = Stockpile, material approximately 30/9/2009 (March 2009 – March 2010) 

6.2.3 Salmonella spp. 

Salmonella spp. was only detected in the fresh sample of sludge. Two species were isolated – 

Salmonella Chailey, a rare serotype associated with reptiles, and Salmonella Zanzibar, an unusual 

cause of salmonellosis in humans (CDI, 2001). 

6.2.4 K-12 Coliphage 

K-12 Coliphage was only detected in the fresh sample of sludge, delivered to the plant on 

26/11/2012 
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6.2.5 Nutrient Analysis 

The levels of soluble and total nitrogen (N), phosphorus and aluminium in stockpiled material are 

shown in Fig. 6.4. The levels of total N and phosphate are similar to those found in lagoon sludge 

and the Dutson Downs stockpile. Stockpiled material had higher levels of nitrate and nitrite than 

lagoon material. A comparison of nutrient levels across treatment plants is presented in section 

7.8 

 

Fig. 6.5 Nutrients detected in sludge from Camperdown Industrial Site. Two samples (11a & 11b, 

collected 29/11/12) of about 100 g weight were retrieved from storage at -20 
o
C and sent for analysis. They were 

combined by the company before being analysed. 
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6.2.6 Dry Solids and Volatile Solids 

Values for dry solids and volatile solids across the treatment train at Camperdown Industrial are 

presented in Figs. 6.4 and 6.5. The DS content in pan sludge was ~1% to 14%, while stockpiled 

material has a DS content ranging from ~60% to 75%. For the 2009/10 and 2010/11 stockpiles the 

DS values differed a little between 0.5 and 1 m depths. The VS content decreased from ~75% in 

the fresh material to ~70% for the 3 year-old stockpile. 

 

Fig. 6.6 Dry Solid Percentage from Camperdown Snapshot Column 1 represents the mean of three 

analyses (1 subsamples from 3 separate samples collected); columns 2 – 6 represent the mean of two analyses (1 

subsamples from two composite samples). 

1 = Fresh pan sludge, delivered 26/11/2012 

2 = Old pan sludge, approximately 19/3/2012 

3 = Stockpile material, approximately  

30/9/2011 (March 2011 – March 2012) 

4 = Stockpile, material approximately 30/9/2010 (March 2010 – March 2011) 

5 = Stockpile, material approximately 30/9/2009 (March 2009 – March 2010) 
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Fig. 6.7 Volatile solids percentage from Camperdown snapshot. Column 1 represents the mean of 

three analyses (1 subsamples from 3 separate samples collected); columns 2 – 6 represent the mean of two analyses 

(1 subsamples from two composite samples). 

1 = Fresh pan sludge, delivered 26/11/2012 

2 = Old pan sludge, approximately 19/3/2012 

3 = Stockpile material, approximately  

30/9/2011 (March 2011 – March 2012) 

4 = Stockpile, material approximately 30/9/2010 (March 2010 – March 2011) 

5 = Stockpile, material approximately 30/9/2009 (March 2009 – March 2010) 
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6.2.7 Summary of indicator/pathogen decay across the treatment train at Camperdown 

Industrial 

The snapshot data was used to gan an understanding of the apparent log10 removal values (LRV) 

of the indicators and Salmonella spp across the process units in the treatment train (Table 6.1). It 

appears that decay of indicator organisms occurs mainly during pan storage and windrow 

treatment . Salmonella spp. and K-12 coliphage were only detected in fresh sludge.. In the 2 year-

old and 3 year-old stockpiles, no detectable levels of E. coli, Salmonella spp. or K-12 coliphage 

were observed, while a little regrowth was seen for Enterococcus spp. in the 2 year-old stockpile 

and also apparent in the third year stockpile. 

Table 6.1 Apparent log10 removal values (LRV) across the sludge treatment train at 
Camperdown industrial 

  Treatment process unit 

Indicator/pathogen Air drying 
treatment,  
8 months 

Windrow drying to 
stockpile y 1* 

Stockpile y 1- 2 Stockpile year 2-
3 

E. coli 4.2 1.5 NA NA 

Salmonella spp. 2.0 NA NA NA 

Enterococcus spp. 2.0 2.6 -0.8 0.1 

K-12 coliphage 1.3 NA NA NA 

* This process normally takes up to three weeks. During 2012, due to prolonged rainfall, the 

material was windrowed for several months. 

6.3 Discussion 

Substantial decay of Salmonella spp., E. coli, Enterococcus spp. and K-12 coliphage occurred 

during air drying and windrow treatment of (~14 months), i.e. during the period when the DS% was 

< 15%. No regrowth of Salmonella spp., E. coli or K-12 coliphage was observed in dry stockpiles 

of different ages. This suggests that only wet storage is needed to reduce indicators to T1 grade 

levels. This might be useful, as subsequent drying leads to substantial degradation of organic 

matter, as shown by reduction in VS levels (Fig. 6.5). Since high VS values increase the amount of 

nitrogen available for release as nitrate and nitrite as well as the water holding capacity of sludge, 

fertiliser value would be increased by early harvesting and use of the material. There is; however, 

a trade-off between lower VS values associated with lower vector attraction (EPA Victorian 

Guidelines, 2004) and maintaining higher values for keeping the quality of biosolids as a land 

fertilizer. Nevertheless sludge can be stored wet without attracting vectors, such as with a water 

cap. 

While there was significant decay of Enterococcus spp. during wet storage, low levels of 

Enterococcus spp. persisted in all dry stockpiles. Similarly, Enterococcus spp. was variably 

present in stockpiles at ETP (Round 4 and 6 projects). This suggests there may be environmental 

species of Enterococcus that survive in dried sludge. 

One of the secondary but equally important reasons for VS reduction is in odour control for both 

stockpiles and for land application off site. 
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Chapter 7 Comparison Between Metropolitan and Rural 
Wastewater Treatment Plants 

In this chapter linear regression data was used to compare decay of indicators and pathogens 

from rural treatment plants and a metropolitan treatment plant (Eastern Treatment Plant, ETP). 

Data was obtained from both the field and from laboratory simulations. Results are presented in 

stock chart graphs. 

7.1 Field Data: Dutson Downs Stockpile of Heyfield Sludge and Drying-Pans 
at Eastern Treatment Plant 

Field data for the decay of E. coli and Enterococcus spp. were available from both the Heyfield 

stockpile at Dutson Downs and air-drying at ETP. Although these are two different processes the 

state of sludge under both conditions were comparable; the Dutson Downs stockpile of Heyfield 

sludge was sufficiently wet (about 20% DS) for the first 28 weeks, to be comparable with moisture 

levels during air-drying at ETP, with DS% ranging from 1.9 to 25.5% DS: stockpiles normally have 

a range of about 45% to 75% DS. In stockpiles at ETP no E. coli was detected and Enterococcus 

spp. was only detected in stockpiles. The decay of E. coli at Dutson Downs was similar to that at 

ETP (within 95% confidence limits), while the rate of decay of Enterococcus spp. was significantly 

lower at Dutson Downs compared with ETP (Fig. 7.1). 

 

Fig. 7.1. Decay of E. coli (Ec) and Enterococcus spp (En) in the Dutson Downs stockpile of 

Heyfield sludge (DDSHS) and drying-pans at ETP (SDP 23, 33, 41). Bars indicate the range of 

statistical confidence (95%) and mid-points show the mean values of all subsamples taken and analysed during the 

decays of E. coli. 
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7.2 Drying-pan Simulations 

Data for decay of indicators and pathogens in laboratory simulation of air drying is available for 

sludge from three rural plants and the metropolitan Eastern Treatment Plant. 

7.2.1 Rural cross comparison 

The decay rate of E. coli was similar in sludge from Cobden and Rochester (-0.107, -0.076), while 

significantly lower in Heyfield sludge (-0.025) (Fig. 7.2). Similarly the decay rate of Enterococcus 

spp. was similar in sludge from Cobden and Rochester (-0.071, -0.079), while significantly lower in 

Heyfield sludge (-0.015). The decay rate of Salmonella Typhimurium E26b from Cobden and 

Rochester was similar (-0.215, -0.155); the decay rate was significantly greater than for E. coli or 

Enterococcus spp, with the exception of the rate in Heyfield sludge (-0.032). 

 

Fig. 7.2 Decay rates of E. coli (Ec), Enterococcus spp. (En) and Salmonella Typhimurium 

(ST) in laboratory simulation of air drying of rural lagoon sludge. Sludge origins; Heyfield (H), 

Cobden (C), Rochester (R): simulation containers; tanks (T), assay chambers placed in tanks (A). Bars indicate the 

range of statistical confidence (95%) and mid-points the mean values of all subsamples taken and analysed during the 

decays of the bacteria. 
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The decay rate of MS2 coliphage was similar in sludge from Cobden and Rochester  

(-0.159, -0.135), while significantly lower in Heyfield sludge (-0.044) (Fig. 7.3). 

The lower decay of E. coli, Enterococcus spp., Salmonella Typhimurium and MS2 coliphage in 

sludge from Heyfield compared to Cobden and Rochester may have been due to the faster drying 

environment for simulation of Heyfield sludge, which is further discussed in the next section. 

It may be concluded that the decay rates in Cobden and Rochester sludge under medium drying 

environments are representative of sludge which had not had the DS content rapidly raised 

through a mechanical treatment process. 

 

Fig. 7.3 Decay rates of MS2, HAdV, PAdV in rural lagoon sludge simulation. Sludge origins; 

Heyfield (H), Cobden (C), Rochester (R): simulation containers; tanks (T), assay chambers placed in tanks (A). Bars 

indicate the range of statistical confidence (95%) and mid-points the mean values of all subsamples taken and 

analysed during the decays of MS2 and adenoviruses. 
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7.2.2 Comparison of Bacterial Decay in Dutson Downs stockpile of Heyfield Sludge and 

Heyfield Drying Pan & Stockpiling Simulation 

Since sludge from Heyfield WWTP was used at both Dutson Downs to form a field stockpile and in 

our laboratory for drying pan and stockpiling simulation.  We compared the decay rates of E coli 

and Enterococcus spp. for these two treatments (Fig. 7.4). 

The decay rate of E. coli at Dutson Downs was a little higher than in the treatment simulation, 

although the difference was not statistically significant at the 95% confidence level (-0.038, -

0.025), as shown by overlapping confidence bars. For Enterococcus spp. the decay rates in both 

treatments (-0.014, -0.015) were also not significantly different at the 95% confidence level. 

Interpretation of these similarities is complicated by two factors; 

(i) the higher drying of Heyfield sludge in the drying pan and stockpiling simulation (Fig. 7.5) 

and 

(ii) the lower average environmental temperature at Dutson Downs during winter and spring 

(ranging 14.0 to 16 ⁰C), when stockpiling occurred. 

In contrast, the average temperature in the simulation treatment was kept constant at 20 ⁰C, 

which is the average summer temperature in Melbourne (for shorter drying as worst case 

treatment).It should also be noted that the starting material from Heyfield used for making the field 

stockpile and used in the laboratory simulation was already at ~16% DS, while settled sludge from 

Cobden and Rochester had a DS content of ~3% and 9%. 

 

Fig. 7.4 Comparison of decay rates for E. coli (Ec) and Enterococcus spp. (En), in Dutson 

Downs stockpile of Heyfield sludge (DDSHS) and Heyfield drying pan and stockpiling 

simulation (H), in tanks (T). Bars indicate the range of statistical confidence (95%) and mid-points the mean 

values of all subsamples taken and analysed during the decays of the bacteria. 
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7.2.3 Effect of rapid drying of sludge on indicator decay 

In both the Heyfield simulation and the first ETP simulation (DP1) sludge reached high drying 

levels in a relatively short time, with 60% DS reached within 8 weeks treatment (Fig. 7.5). This 

occurred as the Heyfield sludge had a head start, at an initial value of 15.3% DS, while the ETP 

sludge in DP1, starting at 3.5% DS was dried at twice the rate used in all following simulations. 

In contrast, for the second and third simulations of ETP sludge (DP2 and DP3) under moderate 

drying conditions, 60% DS was not reached until 16 weeks treatment. 

 

Fig. 7.5 Comparison between drying rates of sludge in Heyfield simulation compared with 

ETP simulations 1, 2 & 3. Each data point represents the mean of three analyses (1 from each tank) at each 

time point. Each simulation had a different testing schedule. 

For both the Heyfield simulation and the first ETP simulation (DP1), E. coli numbers were highly 

variable during the first 10 weeks or so (Fig. 7.6). It is proposed that significant storage time, 14 

weeks, for sludge in wet state, less than 20% DS, is required to optimise decay of pathogens and 

indicators.  Therefore if a relatively high dry level, such as 50% DS, is reached before 14 weeks 

the physical result is to produce large sludge particles which are dry on the outside but contain 

both moisture and pathogens inside.  Using the available moisture and nutrients inside sludge 

particles these relatively fresh pathogens then can survive well in the short term. In contrast, the 

drier conditions on the outside of particles lead to accelerated decay of pathogens present there. 

These two conditions appear to lead to heterogeneous survival of bacteria, and samples 

containing variable proportions of wet and dry sludge and therefore variable assay values.  

On the other hand, with normal slower drying it is proposed that pathogens generally become 

substantially unviable or weakened in wet sludge, before large sludge particles are formed, and 

therefore remaining pathogens continue to decay at exponential rates within large sludge particles 

as these are formed during drying.  
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Fig. 7.6 Decay of E. coli in Heyfield simulation compared with ETP simulation 1 (DP1). Both 

simulations utilised sludge tanks. Each data point represents the mean of nine analyses (3 subsamples from each of 3 

tanks) from each time point during the laboratory simulation of sludge drying. Error bars show one sd. 

7.3 Initial Levels of Microorganisms in Lagoon Pond Sludge 

In general, the numbers of microbial indicators and pathogens were similar or less than in 

metropolitan sludge from MAD treatment (Table 7.1a, Table 7.1b) 
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Table 7.1 Initial levels of microbial indicators and pathogens in lagoon sludge and anaerobic digester output 
        Indicators and pathogens (No./ g DS)       

Sludge origin %DS E. coli  sd 
Enterococcus 

spp.  sd 
Salmonella 

Typhimurium  sd 
K-12 

coliphage  sd 

Heyfield (centrifuged) 15.3 3.96E+04 3.29E+03 3.74E+03 1.08E+03 BT NA 6.22E+01 3.22E+01 

Heyfield (centrifuged, field stockpile Day 4) 19.7 1.68E+05 1.54E+04 6.97E+03 1.41E+03 BT NA BT NA 

 Cobden (settled) 3.0 3.11E+05 1.74E+04 1.37E+05 2.83E+03 BT NA 2.83E+03 1.63E+03 

Camperdown (centrifuged)* 11.9 5.38E+06 4.29E+05 3.20E+06 4.34E+05 7.56E+03 2.03E+03 1.25E+03 1.73E+02 

Rochester (settled) 9.1 1.17E+04 1.13E+03 9.36E+03 2.79E+03 BT NA 6.18E+00 1.24E+01 

ETP, MAD (2009-2010) 1.9 2.70E+06 1.54E+06 1.46E+06 4.28E+05 1.80E+02 2.74E+02 6.9E+03 2.0E+04 

Mt Martha, MAD (2010-2011) 1.9 7.79E+05 7.31E+05 2.53E+05 5.13E+04 BT NA 2.35E+02 4.00E+02 

BT, below threshold (20 per g DS); NA, not applicable 
      * Fresh sludge 

         
 

Table 7.2 Initial levels of parasites in lagoon sludge, anaerobic digester output and raw sewage 

Sludge origin 
Cryptosporidium 
parvum^ Ascaris lumbricoides† Adenovirus type 41‡ 

  (oocysts / g DS) (eggs/ g DS)   References 

Heyfield (centrifuged) 3.90E+02 <0.2 <1E+03 This Project 

Cobden (from 1
st
 pond,settled) 2.60E+02 <0.2 <1E+03 This Project 

Rochester (from 1
st
 pond, settled) 9.53E+02 <0.2 <1E+03 This Project 

Raw sewage (data / L) 0.3 - 4,000 0.5 - 110 3.8E+03 - 1.16E+05* Yates and Gerba (1998), Rao et al. (1986) 

MAD output (data / g DS) <0.25 - 5.4 1.4 - 9.7 1.5E+01 - 2.05E+02* 
Chauret et al. (1999), Pedersen (1981) as cited by 
Jimenez (2002), Rao et al. (1986) 

^, For Cryptosporidium spp. threshold (~130 viable oocysts/ g DS) (separation by magnetic bead technology and examined by confocal laser scanning microscopy) 

†, For Ascaris spp. below threshold (~0.29 egg / g DS) (extracted by Tulane method and examined by light microscopy) 

‡, For Adenovirus below threshold (~1E+04 genome equivalent copies / g DS) (DNA extracted using QIAGEN DNeasy
®
 Blood & Tissue kit and enumerated by qPCR) 

*, Data for all Enteric viruses 
  

Note: Data for parasites and virus levels are not available from all sites
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7.3.1 Comparing Levels of Cryptosporidium spp. in  Lagoon Pond Sludge at Regional 

WWTPs and Raw Sewage at ETP. 

Levels of Cryptosporidium spp. in sludge from regional WWTPs were about 1 log10 higher than in 

raw sewage at ETP (Table 7.2). The difference might be due concentration of Cryptosporidium 

spp oocysts in settled sludge, due to attachment to sludge particles.  

7.3.2 Comparing Levels of Helminths in Lagoon Pond Sludge at Regional WWTPs and Raw 

Sewage at ETP and WTP. 

In the lagoon sludges, no Ascaris spp. was detected (detection limit 1 egg/5 g DS). Similarly at 

ETP no Ascaris spp. or Taenia spp. were detected in raw sewage, with a limit of detection of 1 

egg/L (Data kindly supplied by Dr Judy Blackbeard, Melbourne Water Corporation). In contrast, at 

Western Treatment Plant (WTP), both Ascaris spp. and Taenia spp. were detected in raw sewage 

(Table 7.3). 

7.4 Comparison of Indicator and Pathogen Decay in Drying Pan and 
Stockpile Simulations for Rural and Metropolitan Sludge 

7.4.1 Dry Solids and Volatile Solids 

Dry solids values during laboratory simulation by air drying and stockpiling of rural and 

metropolitan sludge are shown in Fig. 7.7. Both Heyfield sludge in the treatment simulation and  

ETP sludge in DP1 simulation reached 60% DS in 8 weeks, whereas the slower drying rate for 

Cobden, Rochester, was similar to the second and third ETP simulations  (DP2 and DP3). 

Values for volatile solids during simulated air drying and stockpiling of rural and metropolitan 

sludge are shown in Fig. 7.8. Volatile solids in ETP simulations were higher, as the sludge was all 

of the same age (MAD output), while values were lower in the sludges, indicative of the range of 

ages in rural lagoon ponds. 
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Fig. 7.7 Comparison of Dry Solid Percentages in rural simulations, rural stockpile and metropolitan simulations. Each data point from 

simulations represents the mean of three analyses (1 from each tank), whilst the stockpile data points represent the mean of three analyses (1 from each of 3 separate 

samples. Sludge from Heyfield WWTP, Cobden WRP and Rochester WWTP was utilised for the rural simulations; the stockpile at Dutson Downs was formed from sludge at 

Heyfield WWTP; the metropolitan simulations were performed utilising sludge from ETP (2010 and 2011). 
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Fig. 7.8 Comparison of Volatile Solid Percentages in rural simulations, rural stockpile and metropolitan simulations. . Each data point from 

simulations represents the mean of three analyses (1 from each tank), whilst the stockpile data points represent the mean of three analyses (1 from each of 3 separate 

samples. Sludge from Heyfield WWTP, Cobden WRP and Rochester WWTP was utilised for the rural simulations; the stockpile at Dutson Downs was formed from sludge at 

Heyfield WWTP; the metropolitan simulations were performed utilising sludge from ETP (2010 and 2011). 
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7.4.2 Decay of E. coli 

Decay rates of E. coli in sludge from ETP and rural WWTPs in simulation of drying pan and 

stockpiling treatment are compared in Fig. 7.9. While the decay rates of E. coli were quite variable, 

the decay rates in Cobden and Rochester sludge were at the higher levels. The lower decay rate 

in Heyfield sludge and ETP DP1 has been discussed above (Section 7.2.3). 

 

Fig. 7.9 Decay coefficients of E. coli (Ec) in sludge from ETP and rural WWTPs in simulation 

of drying pan and stockpiling treatment. ETP simulations (DP1, DP2, DP3), Heyfield 

simulation (H), Cobden simulation (C), and Rochester simulation (R). Sludge containers (final 

letter); 25 L tanks (T), 4.5 L containers (C) and assay chambers (A). Bars indicate the range of statistical confidence 

(95%) and mid-points the mean values of all subsamples taken and analysed for E. coli. 
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7.4.3 Decay of Enterococcus spp. 

Decay rates of Enterococcus spp. in sludge from ETP and rural WWTPs in simulation of drying 

pan and stockpiling treatment are compared in Fig. 7.10. The decay rates of Enterococcus spp 

were less variable than those of E. coli. The decay rates in Cobden and Rochester sludge were at 

the higher levels. In contrast the decay in Heyfield sludge was at the lowest rate, possibly due to 

the fast drying in treatment. 

 

Fig. 7.10. Decay rates of Enterococcus spp (En) in sludge from ETP and rural WWTPs in 

simulation of drying pan and stockpiling treatment. ETP simulations (DP1, DP2, DP3), 

Heyfield simulation (H), Cobden simulation (C), and Rochester simulation (R). Sludge containers (final letter); 25 L 

tanks (T), 4.5 L containers (C) and assay chambers (A). Bars indicate the range of statistical confidence (95%) and 

mid-points the mean values of all subsamples taken and analysed during the decays of Enterococcus spp. 
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7.4.4 Decay of Salmonella Typhimurium E26b 

Decay rates of Salmonella Typhimurium in sludge from ETP and rural WWTPs in simulation of 

drying pan and stockpiling treatment are compared in Fig. 7.11. The decay rates in Cobden and 

Rochester sludge were again at the higher levels. In contrast, the decay in Heyfield sludge was 

again at the lowest rate, possibly due to the fast drying in treatment. 

 

Fig. 7.11. Decay rates of Salmonella Typhimurium E26b (ST) in sludge from ETP and rural 

WWTPs in simulation of drying pan and stockpiling treatment. ETP simulations (DP1, DP2, DP3), 

Heyfield simulation (H), Cobden simulation (C), and Rochester simulation (R). Sludge containers (final letter); 25 L 

tanks (T). Bars indicate the range of statistical confidence (95%) and mid-points the mean values of all subsamples 

taken and analysed during the decays of Salmonella Typhimurium E26b. 
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7.4.5 Decay of MS2 Coliphage 

Decay rates of MS2 coliphage in sludge from ETP and rural WWTPs in simulation of drying pan 

and stockpiling treatment are compared in Fig. 7.12. The decay rates in Cobden and Rochester 

sludge were again at the higher levels. In contrast, the decay in Heyfield sludge was again at the 

lowest rate, possibly due to the fast drying in treatment. 

 

Fig. 7.12. Decay rates of MS2 Coliphage in sludge from ETP and rural WWTPs in simulation 

of drying pan and stockpiling treatment. ETP simulations (DP1, DP2, DP3), Heyfield simulation (H), 

Cobden simulation (C), and Rochester simulation (R). Sludge containers (final letter); 25 L tanks (T), 4.5 L containers 

(C). Bars indicate the range of statistical confidence (95%) and mid-points the mean values of all subsamples taken 

and analysed during the decays of MS2.  
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7.4.6 Adenovirus 

Decay rates of Human Adenovirus (HAdV type 41) and porcine adenovirus (PAdV-3) in sludge 

from ETP and rural WWTPs in simulation of drying pan and stockpiling treatment is shown in 

Fig.7.13. The decay rates in Cobden and Heyfield sludge were both at the higher levels.  

 

Fig. 7.13. Decay rates of Human adenovirus (HAdV type 41) and porcine adenovirus (PAdV 

3) in sludge from ETP and rural WWTPs in simulation of drying pan and stockpiling 

treatment. ETP simulations (DP1, DP2, DP3), Heyfield simulation (H), Cobden simulation (C). Sludge containers 

(Final letter); assay chambers (A), in containers [DP1, DP2, DP3] or tanks [H and C]. Bars indicate the range of 

statistical confidence (95%) and mid-points the mean values of all subsamples taken and analysed during the decays 

of adenoviruses. 

7.4.7 Parasites 

Due to the short time of this project it was not planned to test decay rates of parasites in rural 

sludge in simulation treatment of drying pan and stockpiling treatment. 

7.5 Discussion on pathogen/indicator decay 

7.5.1 Field data 

The decay of E. coli in the Dutson Downs stockpile was similar to that in drying pans at ETP 

(within 95% confidence limits), while the rate of decay of Enterococcus spp. was significantly lower 

at Dutson Downs compared to ETP (Fig. 7.1). The conditions in late autumn when temperatures 

were lower may better support the survival of Enterococcus spp. We have observed low decay 

rate of Enterococcus spp. in drying pans at Mt Martha WWTP (South-East Water) under local 

cooler spring conditions.  It is suggested that decay of E.coli at Dutson Downs and ETP may have 

been due to the presence of protozoa that consume E. coli. Since the genus Enterococcus 

contains a few human species and numerous species specific to animals and birds, it is also 

possible that the species present in the stockpile at Dutson Downs could be different from those in 

drying-pans at ETP. Different species may have different survival rates under these conditions. 
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7.5.2 Drying-pan and Stockpiling Simulations 

Drying rates of sludge depended on the starting values of dry solids, with higher rates of drying at 
higher starting %DS. Drying rates also appeared to be independent of the origin of sludge, as 
lagoon pond sludge and MAD sludge appeared to dry at similar rates. 

Volatile solids content of sludge obtained from ETP and used in laboratory simulations had 

relatively higher values than lagoon sludge. One difference was that the MAD was all of the same 

age, while lagoon sludge contained sludge of a range of ages. Therefore, drying rates also 

appeared to be independent of volatile solids content. 

Under normal drying conditions, decay rates of E. coli, Enterococcus spp. and Salmonella 

Typhimurium in sludge collected from lagoons at Cobden and Rochester sludge were at higher 

levels compared to decay rates in MAD sludge from ETP.  

Also, field drying rates in Heyfield sludge at Dutson Downs, which resulted in drying levels  at 

20% DS for the first 14 weeks of treatment promoted the decay of pathogen indicators. In 
contrast in air-drying simulation treatment in which sludge reached 60% Ds in 8 weeks, pathogen 
indicator decay was relatively slow and erratic. These results indicate the importance of storing 
sludge in wet phase to promote pathogen decay.  

For MS2 coliphage, the decay rates in Cobden and Rochester sludge were higher levels in 

Heyfield sludge. While the decay in Heyfield sludge was again at the lowest rate, possibly due to 

the fast drying in treatment. For Adenovirus the decay rates in both Cobden and Heyfield sludge 

were also at the higher levels. 

These results indicate that, under normal drying rates, the decay of bacterial pathogens/indicators, 

MS2 coliphage and Adenovirus in rural lagoon pond sludge, are at least at the highest rates 

observed in ETP sludge. Therefore, it is recommended that the proposed rates for decay of 

pathogens and indicators in field treatment for metropolitan sludge (SWF 611-001project report) 

be applied to lagoon pond sludges.  This is a conservative measure to ensure that treatment 

results in biosolids that are fit-for-purpose. 

7.6 Consistency of data 

To further assess the consistency of data obtained from from laboratory simulation of drying pan 

and stockpiling and from field data, standard deviation of data was assessed by calculating the 

sd/mean values (Table 7.4). The reason for dividing the standard deviation by mean value is that a 

standard deviation is proportional to the mean value. The standard error of the mean (SEM) was 

not used as the mean values were not constant as required by that method. Nevertheless, the 

same number of data points (n = 9) was used to calculate each sd, for each time point in 

treatment. Finally averages were calculated for the set of sd/mean values for each 

indicator/pathogen in each experiment. The number of sd/mean values in each set was generally 

in the range 6 to 12. The exception was data from the Camperdown Industrial that generated only 

1 sd/mean value based on triplicate samples for each indicator/pathogen. 

Triplicate samples from laboratory simulation of drying pan and stockpiling and field data for 

numbers of pathogens and indicators showed normal variation, with standard deviation at about 

0.1 to 0.3 of mean values (>102 / g DS, Table 7.4). This indicates consistency of data across field 

experiments and laboratory simulations. 
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Table 7.4. Consistency of data as measured by mean values of standard deviation/average 

values for numbers of indicators/pathogens of triplicate samples. 

    Indicator/pathogen*     

Origin of data E. coli 
Enterococcus 
spp. 

Salmonella 
spp. Coliphage 

Laboratory Simulation data 
   Heyfield drying pan & stockpile 

simulation 0.11[NA] 0.16[0.29] 0.18[0.18] 0.29[0.34] 
Cobden drying pan and stockpile 
simulation 0.22[0.21] 0.20[0.26] 0.18[0.96] 0.19[0.20] 
Rochester drying-pan & stockpile 
simulation 0.20(0.24] 0.49[[NA] 0.42[0.66] 0.18[NA] 

Field Data 
    Camperdown industrial † 0.08[NA] 0.14[NA] 0.27[NA] 0.24[NA] 

Dutson Downs Stockpile of Heyfield 
Sludge 0.16[0.26] 0.15[0.29] NA NA 

*, number, mean values of sd/average for indicator/pathogen numbers >10
2 
/ g DS; [number], mean values of 

sd/average for all numbers of indicators/pathogens: at low counts, <10
2
 / g DS, increased variation is generally 

observed  

†, only one set of triplicate values were taken at Camperdown Industrial. 

7.7 Comparing Biosolids Production at Regional and Metropolitan Plants 

Data from Wannon Water for 11 regional lagoon WRPs indicated that the average influent was 

106.8 ± 77.2 ML/y/000 population, with average influent total suspended solids of 149 ± 59 mg/L, 

as a measure of sludge collection (2011-2012; Wannon Water, 2013; ABS, 2011a).  For the 

metropolitan ETP the average influent was 75 ML/y/000 population, with median influent total 

suspended solids of 320 mg/L (2012; MWC, 2013a,b; ABS, 2011b). 

Sludge production at Wannon Water ‘s 11 regional lagoon WRPs was estimated at 4.8 ± 1.6 dry 

tonnes/y/1000 population (2011-2012; Wannon Water, 2013; ABS, 2011a). In contrast, sludge 

production at ETP was substantially higher at 22 dry tonnes/y/000 population (2011; MWC, 2010; 

ABS, 2011). About one-third of this difference can be explained by the 2-fold greater concentration 

of suspended solids in ETP sludge compared to sludge from regional WRPs. The other two-thirds 

of the difference is likely to be due to substantial breakdown of solid particles in lagoon ponds 

before harvesting.  Currently the average frequency of harvesting sludge at the regional WRPs is 

once every 30 years. 

This suggests that if biosolids can be sold to cover costs, improved quantity and quality of sludge 

could be achieved by harvesting lagoon pond sludge more often, such as every 5 years.  

7.8 Nutrient Analysis 

Nutrient analysis was performed, by Australian Laboratory Services (ALS), for lagoon pond sludge 

from Heyfield WWTP, Cobden WRP and Rochester WWTP and for Dutson Downs stockpile of 

Heyfield sludge and Camperdown Industrial 2011 stockpile. Both stockpiles were about 1 year old 

when sampled. 
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7.8.1 Total Nitrogen in Rural Sludge 

Total nitrogen values were similar across lagoon pond sludges and stockpiles (1.7 x 104 – 4.7 x 

104 mg N/kg) (Fig 7.14). Further comparison of sludge from rural and metropolitan sites is included 

in section 7.8.4 and Fig. 7.17. 

 

Fig. 7.14 Total Nitrogen content in lagoon pond sludges and stockpiles. Two samples of about 

100g wet weight were retrieved from storage at -20
o
C and sent for analysis but were combined by the company before 

being analysed. For full nutrient data from each site refer to Fig. 3.9 (Heyfield lagoon simulation), Fig. 3.15 (Dutson 

Downs stockpile), Fig.4.14 (Cobden lagoon simulation) and Fig.5.6 (Rochester lagoon simulation). 
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7.8.2 Soluble Nutrients in Rural Sludge 

Levels of soluble phosphate (Olsen P) were also similar across lagoon pond sludges and 

stockpiles (2.3 x 102 – 5.3 x 103 mg/kg) (Fig. 7.15). In contrast, the levels of soluble N (nitrate + 

nitrite) were substantially lower in lagoon pond sludge compared to stockpiled sludge (0.5 - 5.6 mg 

N/kg compared to 58 - 150 mg N/ kg). 

The low levels of soluble N in lagoon pond sludges indicate the likely breakdown of organic N by 

the activity of indigenous organisms, particularly in the fresh material entering the lagoon. In 

addition, both NO2 and NO3 would be consumed by indigenous flora under the anaerobic 

conditions at the bottom of the pond. 

 

Fig. 7.15 Soluble nutrients, N (Nitrate + Nitrite) and P (as Olsen P), in lagoon pond sludges 

and stockpiles. Two samples of about 100 g wet weight were retrieved from storage at -20 
o
C and sent for 

analysis but were combined by the company before examination. For full nutrient data from each site refer to Fig. 3.9 

(Heyfield lagoon simulation), Fig. 3.15 (Dutson Downs stockpile), Fig.4.14 (Cobden lagoon simulation) and Fig.5.6 

(Rochester lagoon simulation). 
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7.8.3 Aluminium in Rural Sludge 

Levels of aluminium where substantial in both lagoon pond sludges and stockpiles (Fig. 7.16). 

Heyfield sludge from both Heyfield WWTP and Dutson Downs stockpile had the lowest levels; 1.2 

x 104, 1 x 104 mg/kg, respectively, while sludge from Rochester WWTP had contents of  5.0 x 104. 

While it was expected that sludge from Rochester WWTP would have high levels of aluminium, 

due to the addition of alum waste, the reasons for substantial levels in other rural sludges is 

unknown. 

 

Fig 7.16 Aluminium in lagoon pond sludges and stockpiles. Two samples of about 100g wet weight 

were retrieved from storage at -20 
o
C and sent for analysis but were combined by the company before examination. 

For full nutrient data from each site refer to Fig. 3.9 (Heyfield lagoon simulation), Fig. 3.15 (Dutson Downs stockpile), 

Fig.4.14 (Cobden lagoon simulation) and Fig.5.6 (Rochester lagoon simulation). 

7.8.4 Total Nitrogen in Rural and Metropolitan Sludges 

Data on metropolitan sludges were taken from ETP and Mt Martha WWTP (SWF Project SWF, 

419-003, 2008). 

Total nitrogen content in rural sludges was comparable to those in metropolitan MAD and pan 

sludges (Fig. 7.17). Stockpiles of rural and metropolitan sludges appeared have slightly lower total 

nitrogen values compared to lagoon pond, metropolitan MAD and pan sludges. 
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Fig. 7.17 Total Nitrogen content in lagoon pond sludges, metropolitan MAD and pan sludges and stockpiles. Two samples (approximately 100g 

each) were sent for analysis from HeyfieldWWTP, Cobden WRP, Rochester WWTP, Dutson Downs Stockpile and Camperdown Stockpile. They were combined by the 

company prior to testing. A single sample was sent from ETP and Mt Martha sites in 2010. 
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7.8.5 Soluble Nutrients in Rural and Metropolitan Sludges 

Levels of soluble phosphate (Olsen P) were also somewhat similar across lagoon pond sludges, 

metropolitan MAD and pan sludges and stockpiles (ranging 4.4 x 102 to 6.54 x 103 mg/kg). Within 

plants, there appeared to be a little loss of soluble phosphate during stockpiling, since levels were 

lower in older stockpiled material than in upstream samples: (Heyfield WWTP harvested lagoon 

pond sludge compared to Dutson Downs stockpile of Heyfield sludge, or sludge from Mt Martha 

WWTP drying pan 8 months age compared to Mt Martha stockpile at 24 months age). However, in 

the case of ETP there appeared to be little change in soluble phosphate during storage (ETP pan 

9 months age compared to ETP stockpiles of 24 and 36 months ages). 

Levels of soluble N (nitrate + nitrite) were comparably lower in lagoon pond sludges and 

metropolitan drying pan sludges, compared to stockpiled sludge (0.5 - 5.6 mg N/kg compared with 

16 – 1.16 x 103 mg N/ kg). 

The low levels of soluble N in both lagoon pond sludges and metropolitan drying pan sludges the 

likely breakdown of organic N by the activity of indigenous organisms, particularly in the fresh 

material entering lagoons. 
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Fig. 7.18 Soluble nutrients, N (Nitrate + Nitrite) and P (as Olsen P), in lagoon pond sludges, metropolitan MAD and pan sludges and 

stockpiles. Two samples (approximately 100g each) were sent for analysis from HeyfieldWWTP, Cobden WRP, Rochester WWTP, Dutson Downs Stockpile and 

Camperdown Stockpile. They were combined by the company prior to testing. A single sample was sent from ETP and Mt Martha sites in 2010. 
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Chapter 8. Effect of Variation in Field Temperatures on Pathogen 
Decay 

8.1 Introduction 

Given that variation in temperatures affect the growth and survival of microorganisms it is likely 

that variation in environmental temperatures at WWTPs may affect the decay of pathogens. 

Therefore it may be important for assessing temperatures at locations where the sludge is being 

treated, both in lagoon systems and stockpiling, to support operational management by HACCP. 

Field temperatures were assessed in two ways: 

 Comparing maximum and minimum air temperatures at regional WWTPs and local 

government weather stations. 

 Comparing sludge temperatures in the Dutson Downs stockpile of Heyfield sludge with 

maximum and minimum air temperatures at a local government weather station. 

The reason for comparing air temperatures at regional WWTPs and local government weather 

stations is to assess if there is any micro-geographic effect on weather at the WWTPs. If not, then 

temperature data from local government weather stations could be used in place of onsite data, 

which could save capital and operational costs for water companies.  

The reason for comparing sludge temperatures in the Dutson Downs stockpile of Heyfield sludge 

with air temperatures at a local government weather station was to assess if sludge temperatures 

tracked with the air maximum or minimum temperatures.  These results were compared with data 

from ETP (previous SWF project 611-001). 

8.2 Comparing air temperatures at regional WWTPs and local government 
weather stations 

Air temperatures at Heyfield WWTP, obtained from a data logger, were compared with those from 

the closest weather station, East Sale Airport weather station (Number: 85072), that is located 

34.1 km away from Heyfield. Monthly mean maximum and minimum temperatures are shown in 

Fig. 8.1 and Fig. 8.2, respectively. These show a statistically close relationship between 

temperatures at Heyfield WWTP and East Sale Airport weather station. 

 

Fig. 8.1 Comparing monthly mean maximum temperatures at Heyfield WWTP and East Sale 

Airport weather station, over the period May to October 2012. Error bars indicate 1 sd. 
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Fig. 8.2 Comparing monthly mean minimum temperatures at Heyfield WWTP and East Sale 

Airport weather station, over the period May to October 2012. Error bars indicate 1 sd. 

For Cobden WWTP, air temperature data from a data logger was compared with data from 

Mortlake Racecourse weather station (Number: 090176). This is the closest weather station to 

Cobden that has data for the year 2012, and is 38.3 km away from Cobden. Monthly mean 

maximum and minimum temperatures are shown in Fig. 8.3 and Fig. 8.4, respectively. In both 

cases temperatures were a little higher at Cobden WWTP compared to Mortlake Racecourse 

weather station, though still statistically similar. 

 

Fig. 8.3 Comparing monthly mean maximum temperatures at Cobden WWTP and Mortlake 

Racecourse weather station, over the period August to November 2012. Error bars indicate 1 sd. 
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Fig. 8.4 Comparing monthly mean minimum temperatures at Cobden WWTP and Mortlake 

Racecourse weather station, over the period August to November 2012. Error bars indicate 1 sd. 

In the case of Rochester WWTP air temperature data from a data logger was compared with data 

from Echuca Aerodrome weather station (Number: 80015).  This is the closest weather station to 

Rochester, located 22.3 km away from Rochester.  Monthly mean maximum and minimum 

temperatures are shown in Fig. 8.5 and Fig. 8.6, respectively. These show a statistically close 

relationship between temperatures at Rochester WWTP and Echuca Aerodrome weather station. 

 

Fig. 8.5 Comparing monthly mean maximum temperatures at Rochester WWTP and Echuca 

Aerodrome weather station, over the period January to April 2013. Error bars indicate 1 sd. 
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Fig. 8.6 Comparing monthly mean minimum temperatures at Rochester WWTP and Echuca 

Aerodrome weather station, over the period January to April 2013. Error bars indicate 1 sd. 
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8.3 Comparing Sludge Temperatures with Air Temperatures at a Local 
Government Weather Station 

8.3.1 Dutson Downs Stockpile of Heyfield sludge 

Monthly mean maximum temperatures and monthly mean minimum air temperatures recorded at 

the East Sale Airport weather station were compared with sludge temperatures in the Dutson 

Downs stockpile of Heyfield sludge. A compost thermometer inserted into the stockpile sludge at 

three locations and stabilised temperature measured, about every 6 weeks over a year. The 

sludge temperature tended to track the monthly mean maximum air temperature at East Sale 

Airport, and remained above 10 ⁰C (Fig. 8.7), with a lag of about 1 to 2 months. 

 

Fig. 8.7 Comparing monthly mean temperatures at Dutson Downs stockpile of Heyfield 

sludge and East Sale Airport weather station, over the period June 2012 to May 2013. Error 

bars indicate 1sd. 

8.3.2 Drying Pans at Eastern Treatment Plant 

For comparison, data on temperatures in sludge drying pans at Eastern Treatment Plant (ETP) 

(previous project, SWF 611-001) is presented here (Fig. 8.8). The sludge temperatures in two 

drying pans, SDP 23 and SDP 41, were compared with air temperatures from the Frankston AWS 

weather station, during the period July 2009 to April 2010. In these cases sludge temperatures 

tended to follow the monthly mean minimum air temperatures until the end of January when 

sludge was harvested at 40-50% DS and sludge temperatures rose above monthly mean 

maximum values. Nevertheless, sludge temperatures were consistently at or above 10 ⁰C. 
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Fig. 8.8 Sludge temperatures in two drying pans at ETP, SDP 23 and SDP 41, compared with 

air temperatures from the Frankston AWS weather station, during the period July 2009 to 

April 2010. The high last temperature for SDP 23 was measured in windrowed sludge (48.2 % DS) on a warm day. 

8.4 Discussion 

8.4.1 Air Temperatures at Regional WWTPs 

At the three regional WWTPs, air temperatures were similar to those at local government weather 

stations. Therefore it can be concluded that there was no significant micro-geographic effect on 

weather at the WWTPs. In this case the temperature data from local government weather stations 

could be used in place of onsite data, which could save capital and operational costs for the three 

water companies. 

At the metropolitan WWTP, ETP) sludge temperatures also followed between the mean monthly 

maximum and minimum air temperatures, until sludge reached a DS content of around 50%, when 

sludge temperatures showed a rapid rise.  

Since the minimum temperature observed in drying pans at ETP with observed decay of 

pathogens and indicators was 10.0 ⁰C, we recommend that this temperature as a conservative 

lower limit for efficient decay of pathogens and indicators. 

8.4.2 Effect of Variation in Field Temperatures on Pathogen Decay 

Decay coefficients have been presented to describe the rates of decay of indicators in drying pan 

and/or stockpiling treatment of sludge from both regional lagoon pond sludge and metropolitan 

plants (Chapter 6), covering temperature ranges from 10.0 ⁰C to over 25 ⁰C. While there were 

some exceptions (DP1, ETP; Heyfield), there was generally no significant difference at the 95% 

confidence level, between decay coefficients of specific microorganisms in sludge regardless of 

temperature or treatment system. This similarity of decay coefficients can be explained if 

temperature determines the composition of the ecosystem. At each temperature it is hypothesised 

that a specific range of indigenous organisms is responsible for the decay of indicators and 

pathogens. 
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It is likely that temperatures in sludge outside the range 10⁰C-25⁰C may affect the decay of 

pathogens and indicators. Temperatures over 50 ⁰C may lead to rapid decay of bacterial, viral and 

parasitic pathogens (Lang & Smith, 2008; Popat et al., 2010). The effect of low temperatures on 

pathogen decay in sludge treatment has rarely been reported. The decay of the bacteria E. coli, 

Salmonella Typhimurium and Aeromonas hydrophila, were assessed in wastewater samples taken 

from a sewage treatment lagoon (Mezrioui & Baueux, 1992). Considering experiments at medium 

pH (7.2), the decay of the three bacteria over 7 days was about 2-3 log10 at 23 ⁰C, and about 1-2 

log10 at 12 ⁰C. At 4 ⁰C, however, neither E. coli nor Salmonella Typhimurium exhibited significant 

decay over 7 days, while Aeromonas hydrophila showed ~ 3 log10 decay over the same period. 

These results broadly agree with the decay of E. coli in secondary treated wastewater loaded into 

soils over different seasons, covering a range of soil temperatures from about 3 to 22 ⁰C (Motz et 

al., 2012). 

8.4.3 Threshold Temperature 

Given that the lowest temperature we have observed in field sludge during assessment of 

pathogen decay was 10.0 ⁰C (drying pan sludge at ETP, SWF project SWF 611-001), and that 

Mezrioui and Baueux (1992) reported significant decay of E. coli and Salmonella Typhimurium at 

12 ⁰C but not at 4 ⁰C, we suggest a conservative threshold temperature of 10.0 ⁰C for pathogen 

decay in drying pan and/or stockpiled sludge. If during drying pan and/or stockpiling treatment of 

sludge the temperature of the sludge falls below 10.0 ⁰C, the period of time that the temperature of 

the sludge is below 10.0 ⁰C should be added to the total treatment time to assure microbiological 

safety. For example, if the temperature of sludge falls below 10.0 ⁰C for two weeks during winter, 

and the required treatment time is 59 weeks, then the revised treatment time will be 61 weeks. 

It is theoretically possible that significant pathogen decay may still occur between 5-10 ⁰C, but 

further research is required to answer this question. For example, if significant decay of pathogens 

still occurs, for example, at 8 ⁰C in regional lagoon pond or metropolitan sludge, then a lower 

threshold temperature could be advised.  

The decay of viruses in sludge is also likely to be reduced by lower temperatures, due to lower 

activity of enzymes produced by indigenous organisms that appear to cause the decay of viruses. 
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Chapter 9 Forecast of Treatment Times in Air drying and 
Stockpiling of Lagoon Pond Sludge to Reach Treatment Grades T1, 
T2 and T3 

9.1 Introduction 

In this chapter the results from this project and our previous project (SWF Project 611-001), field 

data along with field and simulation decay coefficients were used to forecast decay of all 

pathogens in pan-drying and stockpiling treatment. These data are required by the current 

regulations (EPAV, 2004).  

9.2 Toward Shorter Treatment Times for Drying Pan and Stockpiling 
Treatment  

9.2.1 WWTP Lagoon Pond Sludge 

Since pathogens and indicators decayed at similar or higher rates in lagoon pond sludge 

compared to metropolitan sludge (Chapter 7), the decay coefficients for metropolitan sludge (SWF 

Project 611-001) were used here for forecasting treatment times. 

9.2.2 Forecasting Treatment Times with Current Regulations 

Data from the current project was used to forecast treatment times by average and worst-case 

data. 

9.2.2.1 Regulation threshold numbers  

Regulation threshold numbers used in the following calculations for treatment grades T1, T2 and 

T3 are shown in Tables 9.1, 9.2 and 9.3. 

Table 9.1 Regulation Threshold Numbers for Microbial Indicators and Pathogens 
(Prescribed Processes) 

Indicator/Pathogen T1 Grade T2 Grade T3 Grade 

 

E. coli 

 

<100 MPN/ g dw <1000 MPN/ g dw <2 x 106 MPN/ g dw 

Salmonella spp. 

 

<0.2 cfu/ g dw† <2 cfu/ g dw† - 

Enteric viruses 

 

<0.1 pfu/ g dw‡ - - 

† EPAV (2004): Table 3 states threshold numbers of Salmonella spp.  for T1 grade should be <1 cfu/ 50 g dw (<0.02 
cfu/g dw), however the detailed text (section 4.2.1) indicates numbers should be <1 cfu/ 5 g dw, over 10 tests, that is 
<0.2 cfu/ g dw. Similarly for T2 grade Table 3 states threshold numbers should be 10 cfu/50 g dw (0.2 cfu/g dw), while 
the text indicates numbers should be <10 cfu/ 5 g dw, over 10 tests, that is <2 cfu/ g dw.   
‡ Similarly Table 3 states threshold numbers of enteric viruses for T1 grade should be <1 pfu/100 g (0.01 pfu/g dw), 
while the detailed text (section 4.2.1) indicates numbers should be <1 pfu/ 10 g dw, over 10 tests, that is <0.1 pfu/ g 
dw. 
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Table 9.2 Regulation Threshold Numbers for Microbial Indicators and Pathogens 

(Alternative Processes)*  

Indicator/Pathogen T1 Grade T2 Grade‡ T3 Grade 

 

E. coli 

 

<100 MPN/ g dw <1000 MPN/ g dw <2 x 106 MPN/ g 

dw 

Salmonella spp. 

 

<0.2 cfu/ g dw† <2 cfu/ g dw† >1 log10 reduction 

Enteric viruses 

 

 

<0.1 pfu/ g dw‡,  

>3 log10 reduction 

<2 pfu/ g dw‡,  

>2 log10 reduction  

>1 log10 reduction 

Ascaris eggs 

 

>2 log10 reduction - - 

Taenia saginata 

eggs 

- <0.1 eggs / g dw,  

2 log10 reduction 

? 

† EPAV (2004): Table 3 states threshold numbers of Salmonella spp. for T1 grade should be <1 cfu/ 50 g dw (<0.02 
cfu/g dw), however the detailed text (Figure 1, section 4.2.1) indicates numbers should be <1 cfu/ 5 g dw, over 10 
tests, that is <0.2 cfu/ g dw. Similarly for T2 grade Table 3 states threshold numbers should be 10 cfu/50 g dw (0.2 
cfu/g dw), while the text indicates numbers should be <10 cfu/ 5 g dw, over 10 tests, that is <2 cfu/ g dw.   
‡ Similarly Table 3 states threshold numbers of enteric viruses for T1 grade should be <1 pfu/100 g (0.01 pfu/g dw), 
while the detailed text (Figure 1, section 4.2.1) indicates numbers should be <1 pfu/ 10 g dw, over 10 tests, that is 
<0.1 pfu/ g dw. Similarly for T2 grade Table 3 states threshold numbers should be <2 pfu/10g dw (0.2 pfu/g dw), while 
the text indicates numbers should be <20 pfu/ 10 g dw, over 10 tests, that is <2 pfu/ g dw. 

* Proponents of alternative processes should contact EPA Vic and the Department of Health to confirm microbial 

indicators relevant to the process and an appropriate program for verification. 

‡, EPA will confirm the acceptability of proposals with the Chief Veterinary Officer. 

?depends on application: e.g. for pasture requires removal of Taenia saginata eggs. 

Table 9.3 Regulation Microbial Numbers for Routine Monitoring (Alternative Processes)*  

Indicator/Pathogen T1 Grade T2 Grade T3 Grade 

 

E. coli <100 MPN/ g dw <1000 MPN/ g dw <2 x 106 MPN/ g 

dw 

Salmonella spp. NA <0.2 cfu/ g dw - 

 

* For alternative processes data on treatment indicators (e.g. temperature and duration) will be required, along with 

microbial indicators such as E. coli and/or Salmonella spp. 
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9.2.2.2 Forecast treatment times for E. coli in lagoon sludge to reach Treatment Grade T1 

In the case of E. coli we forecast the treatment time of sludge to reach the current T1 treatment 

grade using data from the three regional lagoon treatment WWTPs, as well as Camperdown 

Industrial (Table 9.4). For sludge from the three regional lagoon treatment WWTPs the times 

ranged from 22 to 37 weeks.  

Table 9.4 Forecast of Treatment Times in Pan-Drying and/Stockpiling Treatment for Decay 

of E. coli. to reach T1 Treatment Grade 

WWTP 
Initial 
value* T1 Risk limit Treatment time to reach risk limit 

  cfu/g DS cfu/g DS Days Weeks Years 

Heyfield 3.96E+04 100 193 28 0.5 

Cobden 3.11E+05 100 259 37 0.7 

Rochester 1.17E+04 100 154 22 0.4 

Camperdown 5.38E+06 100 351 50 1.0 

*, data from Table 7.1 

9.2.2.3 Forecast treatment times for pathogens and indicators in lagoon sludge to reach 
Treatment Grades T1, T2, T3 

Initial concentrations of pathogens and indicators in lagoon pond sludge: The mean initial levels of 

E. coli in lagoon pond sludge were used to provide average data and the level in Camperdown to 

provide worst case data for forecasting the treatment times (Second column,Tables 9.5, 9.6). 

For Salmonella spp. the detection threshold, 1 x 101 was used for the average case, and data from 

Camperdown Industrial (Table 7.1) was used for the worst-case. For enteric viruses, published 

data from MAD sludge was used, as no adenovirus was detected in lagoon pond sludge. For 

Ascaris spp., the levels were set from a risk analysis study (Rouch, unpublished), and for 

Cryptosporidium spp. the levels were set from the project data (Table 7.2). 

Forecast treatment times to reach Treatment Grades T1, T2, and T3 grades biosolids were 

calculated, using these estimated initial concentrations and data on microbial decay presented in 

Chapters 3, 4, 5 and 6 (Tables 9.5, 9.6 and 9.7). For pathogen and indicator decay in air-drying 

and stockpiling treatment the forecast treatment time for verification to provide T1 grade biosolids 

was 117 weeks (includes both air drying and stockpiling) under current regulations, due to the 

current requirement for 2 log10 decay of Ascaris eggs. However, given the apparently low level of 

Ascaris eggs in Victorian sludge (Section 7.3.6), this could be reduced to 59 weeks, as 1 log10 

reduction of Ascaris lumbricoides eggs could be accepted. It is suggested that in practice the 

requirement for reduction of A. lumbricoides should be based on the numbers of Ascaris spp. eggs 

in raw sludge at the input for a particular WWTP. The decay of enteric viruses, E. coli, and 

Salmonella spp. are forecast to occur within 59 weeks. 

To produce T2 and T3 grade biosolids 37 and 18 weeks treatment times in pan-drying and or 

stockpiling are forecast, respectively, due the limits for decay of enteric viruses. 
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Table 9.5 Verification Forecast of Treatment Times for Pan-Drying and/or Stockpiling 

Treatment (Alternative Treatment Processes) to Provide T1, T2 and T3 Treatment Grades, 

Using Average Data. 

Indicator/Pathogen Concentration in 
lagoon pond 
sludge (per g 
DS)‡ 

Treatment time 
to reach T1 
grade (weeks) 

Treatment time to 
reach T2 grade 
(weeks) 

Treatment time 
to reach T3 
grade (weeks) 

E. coli 1.21 x 105 33 
 

22 0 

Salmonella spp. 1 x 101a 4 2.5 2.2 (>1 log10 
reduction) 

Enteric viruses† 3.5 29 (<0.1 pfu/ g 
dw ),  
56 (>3 log10 
reduction) 
 

4.5 (<2 pfu/ g dw),  
37 (>2 log10 
reduction) 

18 (>1 log10 
reduction) 

Ascaris eggs 0.02b 117c (>2 log10 
reduction) 
 

- - 

Cryptosporidium 
oocysts 

5.34 x 102 61d (>2 log10 
reduction) 

- - 

 
† For enteric viruses decay rates for K-12 coliphage indicator were used, data on concentration in MAD sludge (Table 
9.7) used as enteric viruses not detected in lagoon sludge. 
‡ Average-case data, this report, except for enteric viruses (Table 9.7) 
a, estimated from detection limit 
b, proposed threshold limit, as not detected 
c, 1 log10 reduction is suggested to be sufficient, taking 59 weeks. 
d, 1 log10 reduction is suggested to be sufficient, taking 30 weeks. 
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Table 9.6 Verification Forecast of Treatment Times for Pan-Drying and or Stockpiling 

Treatment (Alternative Treatment Processes) to Provide T1, T2 and T3 treatment Grades, 

using Worst-Case Data. 

Indicator/Pathogen Concentration 
in lagoon pond 
sludge (per g 
DS)‡ 

Treatment 
time to reach 
T1 grade 
(weeks) 

Treatment time to 
reach T2 grade 
(weeks) 

Treatment 
time to reach 
T3 grade 
(weeks) 

E. coli 5.83 x 106 50 39 5 
 

Salmonella spp. 2.03 x 103 9 7 3 (>1 log10 
reduction) 
 

Enteric viruses† 1.0 x 101 37 (<0.1 pfu/ g 
dw ),  
56 (>3 log10 
reduction) 

13 (<2 pfu/ g dw),  
37 (>2 log10 
reduction) 
 

18 (>1 log10 
reduction) 

Ascaris eggs 0.2 117a (>2 log10 
reduction) 
 

- - 

Cryptosporidium 
oocysts 

9.5 x 102 61b (>2 log10 
reduction) 

- - 

 
† † For enteric viruses decay rates for K-12 coliphage indicator were used, data on concentration in MAD sludge 
(Table 9.7) used as enteric viruses not detected in lagoon sludge. 
‡ Worst-case data, this report, except for enteric viruses (Table 9.7) 
a, 1 log10 reduction is suggested to be sufficient, taking 59 weeks. 
b, 1 log10 reduction is suggested to be sufficient, taking 30 weeks. 

The sources of data (concentration in MAD sludge and decay coefficients) used to derive treatment times presented in 

Tables 9.5, and 9.6 are presented in Table 9.7 
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Table 9.7 Data for Worst Case and Average Case Calculations 

  Worst 
case 

Average   Surrogate indicator? 
 

Indicator/Pathogen Concentration in MAD 
sludge (per g DS)‡ 

Source   Actual or 
surrogate* 
decay 
coefficient 

E. coli 6.25E+06 2.09E+06 SWF Project 
611-001 

NA -0.031 

Salmonella spp. 1.30E+02 3.85E+01 SWF Project 
611-001 

Enterococcus  
spp. 

-0.145* 

Enteric viruses 1.00E+01 3.50E+00 Guzman et al. 
2007 

K-12 
coliphage 

-0.018* 

Ascaris eggs 9.7 7.00E-01 Grant & Smith 
2010  
Table 4.9 

Enterococcus 
spp. 

-0.0056* 

Cryptosporidium 
oocysts 

5.4 2.65 Grant & Smith 
2010 Table 4.10 

Enterococcus 
spp. 

-0.0108* 

‡, ma imum value reported. 

 

9.2.3 Metropolitan MAD Sludge 

Forecasting of treatment times for microbial safety based on data of pathogen and indicator decay 
in drying pan and stockpiling treatment at the Eastern Treatment Plant was reported in the 
previous project (SWF Project 611-001). 

Under current regulations for pathogen and indicator decay in drying pan and stockpiling treatment 
the forecast treatment time for verification to provide T1 grade biosolids in pan-drying and or 
stockpiling is 117 weeks, due to the requirement for 2 log10 decay of Ascaris spp. eggs.  

However, given the apparently low level of Ascaris spp. eggs in Victorian sludge (Section 7.3.6), 
this could be reduced to 59 weeks, if 1 log10 reduction of Ascaris eggs could be accepted., It is 
suggested that in practice the requirement for reduction of Ascaris spp. should be based on the 
numbers of Ascaris spp. eggs in raw sludge at the input for a particular WWTP. The decay of 
enteric viruses, E. coli, and Salmonella spp. are forecast to occur within 59 weeks (including air 
drying and stockpiling). 

For land application of biosolids the storage time may be extended in practice as the utilization will 
depend on when the next plant growing season occurs. Due to this limitation, it may be useful to 
find alternative uses that are less dependent on specific dates, such as land remediation. 

To produce T2 and T3 grade biosolids 37 and 18 weeks treatment times in air-drying and or 
stockpiling are forecast, respectively, due the limits for decay of enteric viruses. 
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9.3 Air Drying and/or Stockpiling as a Prescribed Process 

Given our results on decay of indicators and pathogens in air drying and/or stockpiling of sludge 

from lagoon ponds (this project) and metropolitan anaerobic digesters (SWF Project 611-001), we 

recommend that air drying and/or stockpiling be listed as a prescribed treatment process: as an 

auxiliary addition to current regulations and full addition to future revised regulations. 

9.3.1 Treatment Temperature 

Our proposed treatment times derived from field data (Chapter 8) were based on temperatures of 

≥10.0 ⁰C in sludge during drying pan and or stockpiling treatment. Should the sludge temperature 

fall below 10.0 ⁰C for any period of time greater than 1 week, then that amount of time should be 

added to the treatment period. Temperatures below 10 ⁰C may possibly lead to changes in the 

major types/consortia of indigenous microorganisms, which maintain competition with pathogens 

and microbial indicators.  It may be useful to investigate the decay of pathogens and indigenous 

organisms at temperatures below10 ⁰C, however, at this time it is practical to use the 10 ⁰C as the 

threshold temperature for decay of pathogens in drying pan and/or stockpiling treatment. 

9.3.2 Moisture Level 

DS values should be kept below 20% for the first 14 weeks, especially if the sludge was 

dewatered, to ensure efficient decay of pathogens. 

9.3.3 Sampling Rate 

For certification of biosolids for use in agriculture, current regulations require testing one sample 

per 50 t, e.g. 100 g, which leads to proposing 10 samples each of 10 g. However, no rationale is 

given for this rate. In practice sampling rates should be related to the relative mixing of the 

biosolids. For example, it is estimated that accurately testing a 500 t stockpile made from sludge 

harvested from a lagoon pond that was not mixed during stockpiling would require 1 sample per t, 

if not more. However, it is normal practice both at ETP and Camperdown Industrial Site to 

thoroughly mix sludge during pan-drying or stockpiling treatment. At ETP, tractors with booms run 

through drying pans about once every 4 days while the sludge is in liquid state. 

At Camperdown Industrial Site, sludge is continually dumped at a single source point in a pan and 

collected in the pan until the annual harvesting time. It is then removed longitudinally for drying, 

and then windrowed laterally. It is then dried with a dozer, followed by a “Scat” that does in-row 

mixing. It is then windrowed lengthwise and heaped to form a stockpile: Each heap is mixed as it 

is moved, giving a crisscross mixing effect. The resulting stockpiles are kept to less than 2500-

3000 t so in the potential event of combustion they can be effectively controlled. 

Our triplicate samples from laboratory simulation of drying pan and stockpiling and field data 

showed data for numbers of pathogens and indicators with normal variation, that is, standard 

deviation at about 0.1 to 0.3 of mean values (>102 / g DS, Table 7.4). 

Therefore, given the practical protocols for efficient mixing of sludge, in either liquid or dried state, 

we recommend that the sampling rate be related to the total amount of mixed sludge. Current 

regulations state that stockpiles prepared based on turning/drying to create a relatively 

homogenous material may be considered for reduced sampling requirements (EPAV, 2004). The 

HACCP system should allow monitoring the effectiveness of mixing, e.g. by looking for any 

variation in moisture level (for drying sludge) or a suitable microbial indicator, e.g. E .coli.  So, for 

example, 2500 t stockpile has been thoroughly mixed, then 3 x composite samples would be 

sufficient to test microbial safety, rather than the current default, that each discrete stockpile batch 

should have an initial sampling screen of one sample for every 100 to 500 dry tonnes (EPAV, 

2004).  
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9.4 Treatment of Lagoon Pond Sludge by Anaerobic Digestion 

Given the central treatment places in regional water areas, e.g. Camperdown Industrial for 

Wannon Water and SORF for Gippsland Water, we recommend that the regional water companies 

investigate the possibility of adding a mesophilic anaerobic digester (MAD) to their central 

treatment systems. In this case anaerobic digesters are likely to provide at least a 2 log10 decay of 

Cryptosporidium spp., at 35 ⁰C over 14 days retention. For decay of C. parvum in simulation of 

anaerobic digestion at 37 ⁰C Stadterman et al. (1995) reported 99.9% decay within 24 h, and Kato 

et al. (2003) reported >99% inactivation after 10 days. Thus, it can conservatively be expected that 

2 log10 decay of Cryptosporidium spp. will occur at 35 ⁰C over a 14 day retention in field anaerobic 

digesters. 

Additional advantages of anaerobic digestion, include the renewable energy generation via 

efficiently collecting methane gas, and reducing greenhouse gas emissions (Hutton et al., 2011). 

Yarra Valley Water has created a business plan for building an anaerobic digester at a treatment 

plant for co-digesting domestic sewage sludge and high energy waste streams. The produced 

electricity will be used onsite to reduce electricity costs. As the price of electricity continues to rise 

this approach will become more attractive. Average electricity prices, covering both the residential 

and business sectors, are forecast to increase by approximately 1% per year (on average in real 

terms) in the medium term (AEMO, 2012). A number of other waste streams can be effectively co-

digested with domestic sludge, including fats, oils, grease cheese whey, abattoir waste, piggery 

waste, food waste and liquid forms of sugar waste. Even relatively small WWTPs can develop a 

positive business case for installing anaerobic digesters for co-digestion of domestic sludge and 

organic waste (Simmonds and Kabouris, 2012). 
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9.5 Verification & Monitoring 

9.5.1 Verification  

It is proposed that samples be taken for assessing the numbers of pathogens both before and 

after pan-drying and stockpiling treatment. 

Due to the potentially low numbers of Adenovirus and Cryptosporidium spp. in raw sewage (close 

to the detection threshold) revised treatment times should be based on the initial levels of these 

pathogens in sludge: 

 For regional lagoon treatment systems (batch treatment), the levels of pathogens/indicators in 

fresh harvested sludge 

 For metropolitan plants (upstream continuous treatment processes), the levels of 

pathogens/indicators in raw sewage entering the plant 

The initial levels of indicators and pathogens can then be used to forecast the required treatment 

time to reach the microbial safety classes, T1, T2 and T3 

For regional lagoon systems it is proposed that verifications occur at each harvest.  

For plants with upstream continuous processes, such as ETP, pathogen decays occur to some 

degree in these processes, so it is practical to assess pathogen numbers in incoming sewage, in 

part due to potentially low numbers of Ascaris spp., close to the detection threshold. For these 

plants, base counts should be taken at a frequency according to the influent volume per year, over 

2 years to identify any seasonal variation in pathogens (Table 9.8). Seasonal variation has been 

seen in numbers of Cryptosporidium spp. at ETP (McAuliffe and Gregory, 2010). 

Table 9.8 Proposed Frequencies for Sampling Tests for Pathogen/Indicator Numbers in 

Treatment Systems with Continuous Treatment Processes. 

Level 
Influent range 
(ML/y) 

Sampling 
frequency  Examples systems 

1 > 50, 000 
 

Weekly ETP 
2 10, 000 - 49,999 Two-weekly 
3 1,000 - 9,999 Monthly Mt Martha WWTP 
4 100 - 999 

 
Two-monthly 

5 1 - 99   Quarterly   

Pathogens/indicators proposed to be assayed for verification and monitoring are shown in Table 9.12. Five 

pathogens/indicators are proposed for verification; E. coli, Salmonella spp., Adenovirus, Cryptosporidium spp. and 

Ascaris spp. 

9.5.2 Monitoring 

For monitoring, assessing only the number of E. coli is proposed (Table 9.12). In the case of both 

Adenovirus and Cryptosporidium spp., final numbers after efficient treatment will be well below the 

threshold levels for current methods (103 / g DS, and 130 / g DS, respectively). Therefore 

proposed treatment times must be based on numbers of these pathogens in raw sewage. 
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Table 9.9 Proposed Pathogens Tests for Verification and Monitoring 

  Verification Monitoring   

Pathogen/indicator 
Sampling 

of raw 
sewage Class 

Product 
testing* 

numbers in 
raw 

sewage 

Product 
testing 

E. coli + 1 <102 + <10E+02 

  + 2 <103 + <10E+03 

Salmonella spp. + 1 <1.0 x 103 - - 

  + 2 <1.0 x 104 - - 

Adenovirus + 1 <5.0 x10-1 - - 

  + 2 <5.0 - - 

Cryptosporidium spp. † + 1 <3 x 10-2 - - 

  + 2 <3 x 10-1 - - 

Ascaris spp. ‡ + 1 <1.0 - - 

  + 2 <10 - - 

 * risk infection limits shown 

† For Cryptosporidium spp. treatment time to be based only on initial numbers. 

‡ For Adenovirus treatment time to be based only on initial numbers. 
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Chapter 10 Discussion 

10.1 Economic, environmental and social benefits of reduced treatment times 
for biosolids 

The results of this project have extended the findings obtained from our earlier studies at 

Melbourne metropolitan treatment plants that estimated treatment times for producing 

microbiologically safe biosolids. In this study we have estimated treatment times to produce 

microbiologically safe biosolids from lagoon systems. The results from both studies are essential 

to inform: 

 Certification of pan-drying and/or stockpiling treatment of sludge under current regulation  

 Future revision of the Vic EPA Biosolids Land Application Guidelines (EPAV, 2004) and the 

National Water Quality Guidelines (NRMMC, 2004) management of sewage sludge. 

10.2 Decay rates of indicators and pathogens 

 In field studies, indicator decay rates in Heyfield sludge treated by stockpiling were comparable 

to rates in ETP MAD sludge treated by air drying and stockpiling (Chapter 7). 

 In laboratory simulations, indicator and pathogen decay rates in rural sludge were either 

comparable or higher than rates than in ETP MAD sludge treated by air drying and stockpiling 

(Chapter 7). 

Therefore, decay coefficients obtained from ETP field and simulation data were used for 

forecasting treatment periods to reach microbial safety limits (Chapter 10). 

10.3 Toward certification under current regulations 

It is proposed that rural water companies use data obtained from this project to gain certification 

for less than 3 y for drying pan and/or stockpiling treatment, given the non-detectable levels of 

Ascaris spp (Chapter 10). 

10.4 Toward revised regulations 

The architects of the EPA regulations for Biosolids Land Application (EPAV, 2004) had little 

available data at the time to address microbial safety, and therefore needed to be conservative is 

setting pathogen limits and sampling protocols.  

Any revised treatment times should be based on the initial levels of pathogens in sludge as 

follows: 

 For regional lagoon treatment systems (batch treatment), the levels of pathogens/indicators in 

fresh harvested sludge 

 For metropolitan plants (continuous treatment), the levels of pathogens/indicators in raw 

sewage entering the plant 

The initial levels of indicators and pathogens can then be used to forecast the required treatment 

time. 
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10.5 Toward treatment of lagoon pond sludge by anaerobic digester process  

It is likely that Cryptosporidium spp. will be included in revised regulations. As the level of C. 

parvum in lagoon pond sludge is quite high (5.34 x 102 on average) this requires 2 - 2.5 years 

treatment time by air drying and/or stockpiling to decay below the risk limit of 1.0 x 10-4 pppy 

(Chapter 9). 

It would be useful to establish a process to efficiently promote decay of Cryptosporidium spp. in 

lagoon pond sludge. One way to improve the decay of Cryptosporidium spp. would be to increase 

the treatment temperature. We therefore suggest that regional water companies investigate the 

possibility of setting up mesophilic anaerobic digesters, or possibly Advanced Anaerobic Digesters 

(AAD), to be located at central facilities, to treat harvested lagoon pond sludge (Section 9.8). 

Treating sludge at 35 ⁰C for 14 days by anaerobic digestion should provide a 2 x log10 decay of 

Cryptosporidium spp. In practice harvested and dewatered lagoon pond sludge would be mixed 

with fresh sewage from a local source to provide low enough solids contents for pumping and 

mixing.  Anaerobic digesters also have the advantage to easily allow extracting methane gas from 

sludge, to provide energy and heat, and reduce greenhouse gas emissions. After anaerobic 

digestion, sludge could be dewatered and stockpiled for further treatment. 

10.6 Accelerated decay of Cryptosporidium spp. under daily thermal cycling 

An alternative to anaerobic digestion to promote rapid decay of Cryptosporidium spp. would be 

thermal cycling by windrowing sludge.  Li et al (2010) report that daily temperature cycles at three 

ranges, 4 to 17.3 ⁰C, 12 to 27.6 ⁰C and 9 to 36.4 ⁰C, led to increased decay of C. parvum oocysts 

incubated in deionised water, due to partial or complete induced in vitro excystation.  The 

estimated numbers of days for 1 log10 decay of C. parvum oocyst infectivity were 71.5, 28.7 and 

4.9 days, for each temperature range respectively.  While this scenario may not relate to decays of 

C. parvum in lagoon ponds, due to thermal stability of wastewater in large volumes, daily thermal 

cycles are likely to occur at the surface of stockpiled sludge.   

Therefore, laying out sludge to about 10 cm depth might be a means to provide thermal cycling, to 

accelerate decay of C. parvum oocysts in sludge. To support this proposed process the decay of 

C. parvum oocysts in sludge during daily temperature cycling should be investigated, based on 

local temperature ranges at regional and metropolitan sludge treatment facilities. 

10.7 Further Research 

10.7.1 Effect of temperature on pathogen decay in sludge 

 It would be useful to assess the decay of pathogens and indigenous flora in sludge at lower 

temperatures, in the range 0 ⁰C to 10 ⁰C, to potentially reduce the proposed temperature limit 

during air-drying and stockpiling, and to advise about treatment in WWTPs located in higher 

altitude locations in Victoria. 

10.7.2 Effect of anaerobic digestion on decay of pathogens 

 To more accurately assess the decay of pathogens in anaerobic digestion we recommend,  

o Investigating the decay of bacterial, viral and parasitic pathogens and indicators  

 Across field anaerobic digestion treatment (e.g. at South Melton WWTP, ETP and 

Mt Martha WWTP) 

 Simulated anaerobic digestion for Ascaris spp., eggs which are not usually 

present and high enough numbers for assessing log removal values. 

o Assess the effect of optimising mixing of sludge in simulation anaerobic digestion on 

pathogen decay. 
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10.7.3 Alternative process for efficient decay of Cryptosporidium spp. in sludge 

Laying out sludge to about 10 cm depth might be a means to provide thermal cycling, to 

accelerate decay of C. parvum oocysts in sludge. To support this proposed process, the decay of 

C. parvum oocysts in sludge during daily temperature cycling should be investigated, based on 

local temperature ranges at regional and metropolitan sludge treatment facilities. 
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Chapter 11 Conclusion 

11.1 Decay rates of indicators and pathogens 

 In field studies, indicator decay rates in Heyfield sludge treated by stockpiling were comparable 

to rates in ETP MAD sludge treated by air drying and stockpiling (Chapter 7). 

 In laboratory simulations, indicator and pathogen decay rates in rural sludge were either 

comparable or higher than rates than in ETP MAD sludge treated by air drying and stockpiling 

(Chapter 7). 

Therefore, decay coefficients obtained from ETP field and simulation data were used for 

forecasting treatment periods to reach microbial safety limits (Chapter 9). 

11.2 Drying pan and stockpiling treatment times of lagoon sludge under 
current regulations 

It is recommended that rural water companies use the project data to gain certification of 

harvested sludge that had undergone further treatment by air drying and/or stockpiling for periods 

of less than 3 years (Chapter 10). 

11.3 Toward revised regulations for land application of biosolids 

11.3.1 Revised treatment classes 

It is recommended that two microbial safety grades (Class 1 and Class 2, based on the 
internationally approved infection risk limit of 1.0 x 10-4 pppy, be applied in the future revised 
guidelines (Chapter 9). 
 

11.3.2 Pathogens and indicators 

Verification 

 Five pathogens/indicators are proposed for verification; E. coli, Salmonella spp., Adenovirus, 

Cryptosporidium spp. and Ascaris spp.(section 9.9.1) 

Monitoring 

 For monitoring, assessing only the number of E. coli is proposed (section 9.9.2) 

11.3.3 Air Drying and or Stockpiling as a Prescribed Process 

 It is recommended that air drying and/or stockpiling be listed as a prescribed treatment 

process: as an auxiliary addition to current regulations and full addition to future revised 

regulations. 

11.3.4 Regulation of air drying and or stockpiling 

It is recommended that operational management of air drying and stockpiling be utilised with 

HACCP systems. 

 DS values should be kept below 20% for the first 14 weeks of drying 

 During treatment the temperature of sludge should optimally remain ≥10.0 ⁰C. Should the 

sludge temperature fall below 10.0 ⁰C for any period of time greater than 1 week, then that 

amount of time should be added to the treatment period.  

11.3.5 Revised treatment times 

Revised treatment times for drying pan and or stockpiling of sludge should be based on the initial 

levels of pathogens in sludge (Section 9.5.1): 
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 For regional lagoon treatment systems (batch treatment), the levels of pathogens/indicators in 

fresh harvested sludge should be used. 

 For metropolitan plants (continuous treatment), the levels of pathogens/indicators in raw 

sewage entering the plan should be used. 

 The initial levels of indicators and pathogens can then be used to forecast the required 

treatment times. 

11.3.6 Revised sampling rates 

 Sludge in pans or stockpiles should be fully mixed before sampling.   

 For sludge in pans or stockpiles up to 2,500 dt, 3 composite samples are recommended. 

Stockpiles more than 2,500 t in size are difficult to manage in the event of a fire.  

11.4 Toward HACCP operational management systems 

In treatment plants, a practical HACCP system should be setup to aid microbial quality values of 

biosolids. Factors in drying-pan treatment should include physical parameters of time and 

temperature, and the biological factor of E. coli. 

 

11.5 Toward treatment of lagoon pond sludge by anaerobic digester process 

Given the central treatment places in regional water areas, e.g. Camperdown Industrial for 

Wannon Water and the Soil and Organic Recycling Facility (SORF) for Gippsland Water, we 

recommend that the regional water companies investigate the possibility of adding a mesophilic 

anaerobic digester (MAD), or possibly Advanced Anaerobic Digestion (AAD), to their central 

treatment systems (Section 11.5), to;  

 Substantially reduce the numbers of Cryptosporidium spp., in order to reduce air drying and or 

stockpiling treatment time to about 1 year, compared to 2+ years if sludge was not treated by 

MAD. 

 Allow co-digestion of sludge and organic waste to support a positive business case 

 Include the renewable energy generation via efficiently collecting methane gas, to reduce 

energy costs and reduce greenhouse gas emissions. 

11.6 Alternative process for efficient decay of Cryptosporidium spp. in sludge 

Laying out sludge to about 10 cm depth might be a means to provide thermal cycling, to 

accelerate decay of C. parvum oocysts in sludge (Section 11.6). 

11.7 Value of updated microbial assay methods 

Assays of Cryptosporidium parvum and Ascaris spp.  

 These methods have been improved to provide lower threshold limits for live and total counts: 

~130 oocysts/g DS for C. parvum, and ~0.29/g DS for Ascaris spp. As well as allowing more 

effective measurement of their numbers in sludge, these methods practically inform the 

recommended revised verification and monitoring processes. 


