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Introduction 
Goal Two of the Australian Water Recycling Centre of Excellence (AWRCoE) is that ñA national validation 
framework for water recycling be establishedò. In a first phase, the structure and essential components of 
a national framework for validation of recycled water systems were identified and a pathway for 
implementation was recommended which included two core components: 

¶ The creation of a Protocol Development Group (PDG) as the centre piece of the proposed national 
validation framework and responsible for the development of nationally accepted guidelines for the 
validation of water recycling technologies, and 

¶ The implementation of a research program aimed at addressing priority knowledge gaps identified 
as barriers to a national validation framework and transferring outcomes of the research to 
nationally endorsed guidelines and validation protocols. 

The research program referred to as NatVal Priority Research Program was delivered from September 
2013 to December 2015 with a total cash and in-kind value of approximately $6.3 million. 

This program-level report provides an overview of the research conducted and describes how the five 
subprojects under this priority research program contributed individually and collaboratively to the 
objectives mentioned above. This report is supplemented by five executive summaries (in appendices) 
providing further details on each subproject and associated research outcomes. In addition, a number of 
standalone technical reports and publications have been released by the subproject research teams 
which are available on the AWRCoE website. 

Gap analysis and program scoping 
The initial scoping report delivered by Water Quality Research Australia on behalf of AWRCoE entitled 
ñNatVal Road Map Report - The road map to a national validation framework for water recycling 
schemesò (Muston & Halliwell 2011) included a systematic analysis of knowledge gaps which could be 
considered as barriers to implementation of the recommended framework. 

These gaps covered a range of areas such as governance and policies, risk assessment and treatment 
technologies. The research needed to fill gaps associated with technology and risk assessment was also 
identified as summarised in Table 6 adapted from Muston and Halliwell (2011). 

Based on this gap analysis and taking into considerations time and resource factors, the AWRCoE 
Project Advisory Committee (PAC) for the NatVal project developed a list a priority research projects as 
follows: 

¶ Validation of membrane bioreactors (MBR); 

¶ Integrity monitoring of Reverse Osmosis (RO) membranes for virus rejection; 

¶ Validation of biological systems; 

¶ Validation of ozone processes; 

¶ Development of an integrated testing strategy in a multiple barrier approach; 

¶ Standardisation of methods for pathogen (including virus) isolation, culture, detection and 
enumeration; and 

¶ Methods for quantitative microbial risk assessment in source water characterisation. 

Following this initial process, Melbourne Water was able to make its existing research data on ozone 
disinfection available and the validation of ozone disinfection was no longer considered a research need. 
Proposals were sought from research providers and following a PAC review and Research Advisory 
Committee (RAC) endorsement process, the list of research projects was finalised as: 

¶ Validation of MBR; 

¶ Validation of RO and Nano-Filtration (NF) membranes; 

¶ Validation of Activated Sludge Treatment (AST) processes; 

¶ Development of an integrated testing strategy in a multiple barrier approach; and 

¶ Standardisation of methods for pathogen (including virus) isolation, culture, detection and 
enumeration. 
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Program description 
The program was organised in five independent subprojects, with three of the five subprojects (SP1, SP2 
and SP3) dedicated to the development of validation protocols for specific treatment processes and two 
subprojects (SP4 and SP5) focusing on research which can support the validation of treatment processes 
generally (Figure 1). 

 

Figure 1. Overview of NatVal Priority Research Program. 

 

Figure 2 describes governance arrangements for the NatVal Priority Research Program underpinned by 
the following elements: 

¶ The Project Advisory Committee (PAC), composed of international and national experts, met on 
a three- to six-monthly basis and focused on the overall NatVal research program and the effective 
integration of its subprojects. The PAC reviewed progress and milestone reports, attended key 
workshops, contributed via its designated members to each of the subproject advisory working 
groups and provided recommendations to the AWRCoE Research Advisory Committee (RAC). The 
PAC convenor is a member of the RAC. 

¶ The Subproject Advisory Working Groups (SAWGs) were composed of one PAC member 
(subproject champion), the Program Manager, representatives from industry partners and 
independent experts as required. SAWGs operated strictly in an advisory role, assisting the 
Program Manager in the assessment of subproject progress and providing guidance to research 
teams.  

¶ The Program Manager coordinated the delivery of the program (including budgeting, progress 
tracking, milestone reviews and reporting) and managed day-to-day interaction with subproject 
leaders. The Program Manager was the main point of interface with the Protocol Development 
Group. 
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Figure 2. NatVal Priority Research Program governance framework. 

 

Participants to the program included a number of research institutions and utilities across a number of 
states as summarised in Table 1. The overall program budget was approximately $6.3 million including 
$3.4 million as in-kind. 

Table 1. NatVal Priority Research Program participants. 

Universities / Research 
Providers 

Utilities / Private Sector 

CSIRO 

Curtin University 

Griffith University 

National Measurement Institute 

University of New South Wales 

University of Queensland 

Victoria University 

WaterFutures 

Melbourne Water 

SA Water 

SouthEast Water 

Sydney Water Corporation 

Water Corporation 
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Industry engagement and adoption strategy 
In addition to the industry partners directly involved in subprojects, each research team conducted 
specific engagement with industry as required by their research activities. This included consultation with 
utilities, manufacturers and regulators and direct technical engagement through site visits and requests 
for operator input. 

At the AWRCoE and NatVal program level, a number of stakeholder consultation initiatives have been 
undertaken to support the development of the National Validation Framework (referred to as WaterVal), 
including: 

¶ Initial roadshows and workshops to identify the key requirements and benefits of a national 
validation framework; 

¶ Specific workshops involving all relevant sectors (regulators, utilities, designers, manufacturers, 
operators and researchers) to develop recommendations for the design of the framework and to 
identify knowledge gaps and focus areas for research; and 

¶ Engagement of industry partners through their representation on various committees such as 
Subproject Advisory Working Groups, PAC and RAC. 

To ensure effective adoption of research outputs and to facilitate the translation process, milestones were 
aligned across subprojects and focused on outcomes as follows: 

¶ Milestone 1 ï Contract execution 

¶ Milestone 2 ï Literature reviews and preliminary draft validation protocols (where applicable) 

¶ Milestone 3 ï Interim report of experimental research activities 

¶ Milestone 4 ï Final report on all experimental research and final draft validation protocols (where 
applicable) 

¶ Milestone 5 ï Final project report and close-out. 

The three subprojects focusing on specific treatment technologies were tasked with developing draft 
validation protocols and to achieve further consistency, a validation protocol template (AWRCoE 2015) 
was developed by the PDG and made available to the researchers at the start of the program. As 
described in Table 2, it includes nine steps against which researchers were able to map their research 
outputs and to some extent structure their reports. For example, the literature review was split across 
elements 1 to 4 whereas the monitoring and validation research outputs could be structured around steps 
4 to 7. 

 

Table 2. Validation protocol template steps 

Step Description 

1 
 

Identification of the mechanisms of pathogen removal by the treatment process unit 

2 
 

Identification of target pathogens and/or surrogates that are the subject of the 
validation study 

3 
 

Identification of factors that affect the efficacy of the treatment process unit in 
reducing the target pathogen 

4 
 

Identification of operational monitoring parameters that can be measured continually 
and are related to the reduction of the target pathogen 

5 
 

Identification of the validation method to demonstrate the capability of the treatment 
process unit 

6 
 

Description of a method to collect and analyse data to formulate evidence-based 
conclusions 

7 
 

Description of a method to determine the critical limits, as well as an operational 
monitoring and control strategy 

8 
 

Description of a method to determine the LRV for each pathogen group in each 
specific treatment process unit performing within defined critical limits 

9 Provision of a means for revalidation or additional onsite validation where proposed 
modifications are inconsistent with the previous validation test conditions. 
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Researchers and the PDG were able to formally engage at two combined workshops and researchers 
were invited to contribute to PDG discussions on specific protocols on an ad-hoc basis. In combination 
with the use of the validation protocol template, this approach allowed a relatively seamless translation of 
research outputs into consistent protocols (Table 3) which are now integrated within WaterVal. This 
optimised research output translation process is not limited to these projects but can also be applied to 
future research on treatment technologies. 

 

Table 3. Translation of NatVal Priority Research Program outputs into validation protocols. 

Technology Research inputs 

Membrane 
Bioreactor 

 

The MBR technology is considered in many decentralised systems and 
despite the understanding that high LRVs can be achieved, proponents 
and manufacturers have experienced difficulties in demonstrating that 
the system integrity could be continuously monitored. 
 
Subproject 1 provided the underlying evidence for a national validation 
protocol and delivered: 

¶ A comprehensive review of log reduction data from literature and 
operational sites to establish default LRVs for MBR; 

¶ An evidence based operating envelope and monitoring program 
dealing with hazardous events and under which the risk to public 
health can be managed consistently; and 

¶ A promising validation method relying on the online monitoring 
of permeate turbidity for which further evidence will be required. 

 

Reverse 
Osmosis and 
Nano-Filtration 

 

High pressure membrane filtration is known to deliver very high removal 
of pathogens however, based on current integrity monitoring techniques, 
only much lower removal credits can be granted by regulators. There is 
a lack of consistency between jurisdictions about the potential impact of 
operating conditions on surrogates and about the type and frequency of 
integrity monitoring considered acceptable. 
 
Subproject 2 provided the underlying evidence for a national validation 
protocol and delivered: 

¶ A comprehensive literature review of log reduction data, 
hazardous events and integrity monitoring techniques; 

¶ A thorough assessment of the impact of operating conditions on 
the suitability of surrogates and indicators leading to the 
definition of conservative integrity testing conditions; and 

¶ A method to obtain approval for up to 4-log removal credits 
based on a range of surrogates and best practice integrity 
monitoring strategies. 

 
Ozone 
Disinfection 

Ozone disinfection is not in widespread use for recycled water in 
Australia but the availability of a validation protocol would facilitate 
adoption in specific applications. While this process is well known in 
drinking water applications, the translation to recycled water applications 
required new evidence and a specific strategy. 
 
The research data provided by Melbourne Water allowed the design of a 
national validation protocol focusing on defining the conditions under 
which USEPA disinfection tables can apply and how temperature 
correction is to be applied. 
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Program outcomes 
Subproject 1 overview ð National validation guidelines for MBR 

An executive summary for subproject 1 can be found in Appendix 2. 

Challenges 

¶ Lack of removal performance and operational monitoring data able to be directly compared 

¶ No direct or indirect continuous integrity monitoring strategy available 

¶ No clear evidence on the impact of hazardous events on MBR removal performance 

¶ Guidelines only available in Victoria. 

Outcomes 

¶ A critical review of current literature on LRV achieved by MBR (more than 1000 LRV data points 
obtained) and validation reports/guidelines was conducted. 

¶ A sampling campaign took place with a total of 180 visits to 11 different full scale MBRs in order to 
create a database of MBR performance and operation. 

¶ Bayesian Belief Networks, created and trained on the data collected, were used to identify 
significant influencing factors. Operation under the following conditions was confirmed to lead to a 
higher likelihood of a poor LRV: low HRT, high permeability, high permeate turbidity and low 
MLSS. These conditions were used to define a conservative operational envelope for validation 
testing. 

¶ Probability density functions (PDF) were fit to all data 
collected from literature and data from site sampling 
to establish default LRVs and a corresponding 
operating envelope. The 5

th
 percentile of resulting 

LRV PDFs were collated and the most conservative 
values for viruses, bacteria and protozoa were 
rounded down to form the basis of default LRVs, 
summarised in Table 4. 

Table 4. Tier 1 default LRV for each type 
of pathogen. 

Pathogen type Default LRV 

Viruses 1.5 

Protozoa 2 

Bacteria 4 
 

¶ Consequences of hazardous events were scoped in detail including chemical cleaning and 
membrane ageing due to their perceived impact on pathogen removal. An overview matrix of 
process failures from pilot testing and full-scale site investigation was provided which also 
considered recovery times. For 0.04 ɛm hollow fibre membranes operating at low to moderate flux 
(6 ï 25 L/(m

2
h)), intensive clean in place (CIP) and regular chemically enhanced backwash did not 

reduce LRV below typically observed process variability (5
th
 percentile). 

 

 

 

Figure 3. LRV before and after 
CEB with NaOCl. ó>ô indicates 
permeate concentrations 
below LOD. Fractions indicate 
the number of permeate trials 
at or above LOD. 

 

¶ Findings were translated into a draft validation protocol consistent with the nine-step template 
provided by the WaterVal Protocol Development Group. The protocol includes proposed tiers 
(default values, commissioning validation or indirect continuous integrity monitoring) for the 
validation of MBRs. 

Detailed research report available at www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=152451 
  

http://www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=152451
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Subproject 2 overview ð National validation guidelines for RO/NF 

An executive summary for subproject 2 can be found in Appendix 3. 

Challenges 

¶ Lack of evidence on impact of operating conditions on the LRV of pathogen surrogates and on 
measures of integrity 

¶ Lack of consistency on the type/frequency of integrity monitoring required to achieve LRVs. 

Outcomes 

¶ A critical review of current literature was conducted to consider the removal mechanisms by 
RO/NF membranes, monitoring techniques and correlations with virus surrogates. 

¶ The benefits, limitations and LRVs achievable using a range of surrogates or techniques were 
reviewed, in continuous or pulsed mode. These included Electrical Conductivity (EC), Total 
Organic Carbon (TOC), Dissolved Organic Matter (DOM), Sulfate, fluorescent dyes (Rhodamine 
WT, Uranine and Trasar

TM
) and S::CAN

TM
. 

¶ The impact of operating factors on the rejection of surrogates was assessed to ensure that the 
selected surrogates are not better rejected than viruses (conservative approach) but also to select 
the most appropriate conditions to conduct validation testing. 

¶ The rejections of MS2 phage, R-WT, DOM, sulphate and EC were studied as a function of cross-
flow velocity, permeate flux, recovery, membrane types, feed temperature, pH and ion strength 
within the operating range determined by membrane manufacturers, as summarised in Table 5. 
Overall, the removal of MS2 phage was not significantly influenced by typical changes in operating 
conditions and membrane types, LRVs being higher than 4-log under all conditions. Only the 
solutes (sulfate and EC) were significantly impacted by changes in operating conditions. 

Table 5. Impact of changes in operating conditions on the rejection of surrogates. 

 Operating conditions 
Rejection 

MS2 phage R-WT DOM Sulphate EC 

ҩ Permeate flux Ҧ Ҧ Ҧ ҩ ҩ 

ҩ Cross-flow velocity Ҧ Ҧ Membrane dependent ҩ ҩ 

ҩ Recovery Ҧ ҫ ҩ ҩ ҩ 

pH ҩ from 3 to 5 Ҧ Ҧ Ҧ ҩ ҩ 

pH ҩ from 5 to 8 Ҧ ҩ Ҧ Ҧ ҩ 

pH ҩ from 8 to 10 N/A Ҧ Ҧ ҫ ҫ 

ҩ Temperature Ҧ ҫ ҫ ҩ ҫ 

ҩҫ : increase or decrease Ҧ Υ ƴƻ impact  N/A : not applicable 
 

¶ Research on the impact of ageing on the ability 
of membranes to remove viruses showed that 
the reduction in conductivity removal and 
permeability decline would likely trigger 
membrane replacement well before 
experiencing significant reductions in LRV (LRV 
> 4-log at 80% EC removal). 

¶ Spiked salt removal was demonstrated as a 
conservative procedure for confirmation of MS2 
LRV in ageing membranes and a correlation of 
MS2 and NaCl LRV values was obtained at 
different levels of ageing. 

¶ Findings were translated into a draft validation 
protocol consistent with the nine-step template 
provided by the WaterVal Protocol Development 
Group, providing a pathway for the validation of 
LRVs of up to 4-log. 

 
 

Figure 4. Correlation between LRVNaCl and LRVMS2 
for RO membranes tested at different degree of 
ageing during four cycling experiments. 

Detailed research report available at www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=152187 
  

http://www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=152187
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Subproject 3 overview: National validation guidelines for ASP 

An executive summary for subproject 3 can be found in Appendix 4. 

Challenges 

¶ Lack of removal performance and operational monitoring data able to be directly compared 

¶ Lack of evidence on impact of operating parameters on the LRV of pathogens and surrogates 

¶ No guideline for the validation of the activated sludge process (ASP). 

Outcomes 

¶ The subproject included a comprehensive literature review to identify pathogen removal 
mechanisms and factors which may influence such removal. In general, pathogen reduction during 
the activated sludge process is driven by three mechanisms; (i) adsorption to suspended solids 
followed by settling of sludge flocs; (ii) natural decay of pathogens due to environmental stress; 
and (iii) predation by other organisms such as protozoa. 

¶ The pathogen and indicator microorganism removal efficiency varies according to the treatment 
process type, retention time, O2 concentration, pH, temperature, biological flora present in 
activated sludge, and the efficiency in removing suspended solids. Also, large scale activated 
sludge treatment processes are influenced by a range of physical and chemical factors including 
the level of aeration, mixing and seasonal temperature variations. 

¶ The study involved sampling three activated sludge treatment plants, Oxley Creek (sub-tropical), 
Beenyup (mediterranean), Boneo (cool temperate) and a trickling filter plant, Rosny (mild 
temperate oceanic) representing different geographical regions and population sizes. The 
performance of each plant was assessed by measuring LRVs and collecting a range of 
physicochemical parameters, both from historical records and during the current study. 

It was demonstrated that the ASP plants could consistently achieve E. coli removal with LRV geometric means 
ranging from 2.5 to 3.4 log10 (Figure 5). Virus LRVs were of comparable magnitude to those measured for E. coli 

but were site-specific for all three viruses tested. 

 

 

 

Figure 5. Comparative 
distribution of E. coli in 
influent and effluent 
across all four sites. 

 
¶ Human adenovirus was consistently detected in both influent (10

6
 to 10

8 
L

-1
) and effluent samples 

(10
3
 to 10

5
 L

-1
). The LRVs determined in the ASP WWTPs had a geometric means from 2.1 to 2.7 

log10 indicating that adenovirus can be used as a conservative indicator. 

¶ Principal component analysis and Bayesian belief network models were used to identify potential 
correlations between physicochemical parameters and microbiological removal however no clear 
correlation or relationship could be demonstrated. The physicochemical parameters monitored as 
well as the frequency of data collection varied across the treatment plants making it difficult to 
perform a direct comparison between treatment plants. 

 
Detailed research report available at: 
www.australianwaterrecycling.com.au/_literature_154072/Development_of_Validation_Protocol_for_Activated_Sludge_Process 

  

http://www.australianwaterrecycling.com.au/_literature_154072/Development_of_Validation_Protocol_for_Activated_Sludge_Process


 

9 

Subproject 4 overview: Comprehensive Bayesian recycled water 
validation 

An executive summary for subproject 4 can be found in Appendix 5. 

Challenges 

¶ Lack of a framework to provide consistency in the approach taken to validate an overall ñsystemò in 
addition to the validation of its individual components 

¶ Compounding of multiple conservative assumptions leads to the requirement for additional 
treatment steps and adding cost to recycled water schemes. 

Outcomes 

¶ A review of risk management tools applicable to water treatment led to the identification of key 
principles for a multiple barrier validation framework. Such framework should clarify the relationship 
between contaminants, indicators and surrogates and ensure the quantification of risk and 
treatment effectiveness is transparent and readily auditable. 

¶ Validation approaches for recycled water schemes tend to consider each process individually 
without quantifying the benefits of synergies and multiple barrier reliability. Multiple conservative 
assumptions are compounded, potentially leading to an over-investment in treatment steps. 
Probabilistic analysis, using conventional Monte Carlo assessment or Bayesian Networks (BNs) 
provides alternative means of combining LRVs from multiple barriers. 

¶ Where LRVs are known to be uncertain, current techniques adopt lower-range values such as 5
th
 

percentile values. Using a Monte Carlo simulation to combine barriers rather than the current 
approach based on summing individual LRVs can provide benefits, especially in cases where LRV 
distributions are quite broad (Figure 6). The same level of conservatism (e.g., the use of a 5

th
 

percentile LRV value) can be maintained regardless of the number of barriers. 

 

 

 

Figure 6. Relative increase in 
attributable LRV for a 
combined multiple barrier 5th 
percentile, compared to 
summed individual barrier 5th 
percentiles 

 

¶ BNs were assessed as a platform for recycled water treatment validation, developing a Bayesian 
validation framework which is consistent with risk-based management principles. These networks 
capture beliefs about a system in a concise form and relationships between variables can be 
unambiguously defined and therefore audited. Relationships can also be ólearnedô, combining 
historical data and expert opinion with new information generated through validation testing. BNs 
can accommodate the equivalent of Monte Carlo simulations for quantitative risk assessment as 
well as the consideration of discrete hazardous events within different risk exposure scenarios. 

¶ The concepts of ñnaµveò and ñsemi naµveò BNs was also introduced for water recycling systems. 
This proved to be of significant value for identifying the predictive capability of various operational 
parameters in complex systems where relationships between what can be measured and pathogen 
LRVs are often not well defined. 

¶ A number of examples or case studies were considered to demonstrate the range of applications 
of BNs and simulate the validation of a variety of treatment trains, including SA Waterôs Bolivar 
Sewage Treatment Plant, Melbourne Waterôs Eastern Treatment Plant and SA Waterôs Glenelg 
Water Recycling Plant. 

Detailed research report available at: 
www.australianwaterrecycling.com.au/_literature_153253/Comprehensive_Bayesian_Recycled_Water_Validation 

http://www.australianwaterrecycling.com.au/_literature_153253/Comprehensive_Bayesian_Recycled_Water_Validation
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Subproject 5 overview: Methods for pathogen isolation, culture, detection 
and enumeration 

An executive summary for subproject 5 can be found in Appendix 6. 

Challenges 

¶ Various methods are used for isolation, culture and detection of reference pathogens, which makes 
comparison of data difficult 

¶ Methods are in some cases limited in application due to highly variable results 

¶ Lack of consistency on virus indicators and surrogates. 

Outcomes 

¶ A literature review was conducted focusing on indicators and surrogates for viruses, bacteria and 
protozoa, leading to specific recommendations for water recycling applications. 

¶ Shortly before the commencement of this project, Keegan et al. (2012) reported method 
improvements for virus concentration and culture and the focus of virus method improvement was 
to verify the reports of Keegan et al. (2012). 

¶ Virus recoveries were inconsistent for both viruses used and for different concentration techniques 
(direct PEG or filtration + PEG) suggesting that a processing step was causing a loss of spiked 
virus (or infectivity). Overall, the direct PEG method gave better recoveries for both adenovirus and 
coxsackievirus, although recovery rates were lower than reported by Keegan et al. (2012) for 
samples collected from the same locations. Future work should focus on using a wider range of 
primary and secondary effluents. 

¶ In terms of Cryptosporidium, recovery methods based on initial sample dilution followed by 
concentration using either calcium carbonate precipitation or filtration were compared in primary 
and secondary effluent. Recoveries were very similar in primary effluent but the calcium carbonate 
flocculation method performed consistently better in secondary effluent. The infectivity of oocysts 
recovered appeared to vary, and in primary effluent, the infectivity was higher for oocysts 
recovered by direct centrifugation and filtration. Given its simplicity, the performance of the direct 
centrifugation method is still adequate for oocyst concentration, but including a recovery control is 
essential to identify changes in recovery performance. 

A single round of inter-laboratory comparison was conducted for virus and Cryptosporidium analyses. The results for 
the primary effluent samples for both viruses (Figure 7) and Cryptosporidium were comparable across the different 
laboratories, particularly for adenovirus detection by PCR. There was greater variation between the results from the 
different laboratories for secondary effluent, most likely due to differences in assay detection limit, low levels of virus 
present and also potentially due to differences in recovery rate. 

 

 

Figure 7. Virus 
comparison data in 
primary effluent, 
for enterovirus by 
culture (top left 
panel) and PCR 
(top right panel) 
and for adenovirus 
by culture (bottom 
left panel) and PCR 
(bottom right 
panel). 

The black column 
indicates the number of 
viruses / 10 L spiked 
into the sample, the red 
column indicates a 
below detection limit 
result. 

 

 
Detailed research report available at www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=153271 
  

http://www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=153271
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Collaborations between subprojects 
As discussed above and summarised in Figure 1, three of the five subprojects (SP1, SP2 and SP3) were 
dedicated to the development of validation protocols for specific treatment processes, whereas two 
subprojects (SP4 and SP5) were focusing on research which can support the validation of treatment 
processes generally. All subprojects shared some technical or research elements and the program aimed 
to align approaches facilitate the direct exchange of data. 

Three program level workshops were organised at project inception (July 2013), at the start of the 
experimental research program (April 2014) and approximately two-third of the way through the said 
program (February 2015). Subproject leaders were encouraged to identify key interface points and links 
between their respective research activities. Specific areas which led to significant collaboration include: 

¶ Identification of adequate pathogen indicators and surrogates for specific treatment processes. 

The literature review conducted by SP5 was expanded to include the consideration of viral indicators 
for MBR. Several meetings took place between the SP1 and SP5 project teams and content expert 
PAC members before a consensus was reached on the microorganisms which were to be sampled 
and tested as part SP1 field campaigns. 

¶ Use of Bayes Nets to identify key influencing factors and relevant operating parameters for specific 
treatment technologies. 

MBR features a large number of potentially interrelated factors that could contribute to LRV. As a 
collaboration between SP1 and SP4, a Bayesian network was constructed and successfully 
implemented to assess the impact of these factors on indicator LRV. The MBR Bayesian network 
was trained on over 100 site visits worth of data. Node connections were informed through an 
iterative process, incorporating expert knowledge workshops and automated structure learning. 

Similarly, the teams explored the application of BNs to pathogen LRV estimation from data collected 
from full-scale activated sludge systems as part of SP3. The data provided included influent/effluent 
pathogen concentrations from four activated sludge sewage treatment plants. Based on the complex 
biological nature of these systems, it was apparent that a naïve/semi naïve BN approach was more 
suitable than a causal model, however clear links between operating conditions and LRV could not 
be established. 

¶ Review and comparison of methods for the concentration and enumeration of viruses and 
protozoa. 

A number of subprojects involved the concentration and enumeration of target pathogens and 
indicator microorganisms to characterise the LRV of various technologies and configurations. At an 
early stage in the program, the microorganism analysis techniques proposed to be applied were 
reviewed by project leaders and content-expert PAC members, helping to ensure best practice was 
applied and potentially allowing results to be compared between projects (eg. source water 
concentrations). 
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Conclusions and updated gap analysis 
The technology and risk management gaps identified in ñNatVal Road Map Report - The road map to a 
national validation framework for water recycling schemesò (Muston & Halliwell, 2011) led to the design of 
the NatVal Priority Research Program. Table 6 summarises the systematic assessment of how these 
gaps were addressed by the research conducted under this program (this does not cover gaps in areas 
such as governance and policies). 

The key areas which remain significant gaps and potential barriers to further adoption of a national 
validation framework were identified as follows: 

¶ Quantification of microorganisms in raw and treated water 

The research conducted under this program demonstrated the complexity associated with the 
concentration and enumeration of viruses and protozoa, not only in primary effluent but also in 
treated water. It also highlighted issues with spiking of indicator microorganisms with the 
evidence pointing towards a different behaviour between spiked and indigenous organisms. This 
reinforces the need to develop certified standards (to confirm the performance of the analytical 
techniques) and reference methods which can be implemented in a consistent manner across 
multiple laboratories. 

¶ Validation of activated sludge processes (secondary treatment) 

The research program outcomes emphasised the complex relationships between environmental 
factors, operating parameters and pathogen removal performance. It also highlighted the 
variability between sites, designs and operating environment. Nevertheless, there is an 
increasing body of knowledge confirming that significant LRV can be achieved for a range of 
pathogens through activated sludge treatment. Further research is required to identify key 
influencing factors and to establish standard operating envelopes and critical control points. 

¶ Chemicals 

Principles applied to the research under this program, including the process of translation of 
research outcomes into validation guidelines and recommendations, are not specific only to the 
validation of pathogen removal. A similar approach could be followed to establish validation 
protocols for the removal of chemicals by a range of processes such as RO/NF. 

¶ Packed beds 

Filtration and adsorption systems such as dual-media filtration or biologically activated carbon 
are commonplace within the industry, both in recycled and drinking water treatment applications. 
Specific research aimed at collating historical information and generating new data on pathogen 
removal performance and integrity monitoring could provide the basis for the development of 
validation protocols for such treatment technologies. These protocols would be consistent with 
accepted risk management methods currently applied across both the recycled and drinking 
water industries. 
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Table 6. Knowledge gap areas for which further research was recommended. 

 

Knowledge gaps Initiative Addressed Comments 

In-situ verification and monitoring and national validation 
guidelines for MBRs 

NatVal Subproject 1: 
National Validation 
Guidelines for 
Membrane Bioreactors 

YES 
The research project outputs have led to the development and 
release of a validation protocol for MBR endorsed by the 
WaterVal Protocol Development Group 

In-situ verification and monitoring and national validation 
guidelines for high-pressure membrane systems 
 
Evaluation of full potential of LRVs for RO membranes 
 
Effect of high pressure membrane ageing on integrity for 
chemicals and pathogens 
 
Effect of catastrophic failures such as o-rings 
 

NatVal Subproject 2: 
National Validation 
Guidelines for Reverse 
Osmosis and Nano-
filtration Membranes 

YES 

The research project outputs as well as research outputs from 
the WateReuse Research Foundation project WRRF-13-02 
have led to the development of a validation protocol for RO 
currently being reviewed by the WaterVal Protocol 
Development Group 

National validation guidelines for ozone disinfection 
WaterVal Protocol 
Development Group 

YES 
Prior research by Melbourne Water was analysed and 
translated into a validation protocol endorsed by the WaterVal 
Protocol Development Group 

Development of an integrated testing strategy in a multi-
barrier approach 
 
Development of a standardised approach for integrating 
"hazardous event" conditions into treatment performance 
assessment 

NatVal Subproject 4: 
Comprehensive 
validation strategies for 
water recycling systems  

YES 

The research project addressed the issue of compounding 
conservativeness and provided a framework (Bayesian Nets) 
for comprehensive assessment of multi-barrier treatment 
performance including hazardous events. 
 
Adoption by industry may present a challenge as the method 
recommended is a departure from traditional approaches. 

Standardised methodology for virus isolation, culture and 
detection for recycled waters 
 
Comparison of the use of molecular and culture-based 
techniques for validation of water treatment barriers 
 
Use of laboratory-grown versus indigenous strains of 
microbial organisms 
 
Improvements to and standardisation of protocols for the 
concentration of pathogens 

NatVal Subproject 5: 
Methods for pathogen 
isolation, culture, 
detection and 
enumeration 
 

PARTIAL 

The research project included some activities to address all 
identified gaps but results were not conclusive enough to 
consider these gaps addressed. 
 
Further research is required, especially with regard to the 
concentration of pathogens and the behaviour of indigenous 
versus laboratory-grown organisms. 
 
Such research should be linked to the development of 
standards which is identified as a separate gap. 
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Knowledge gaps Initiative Addressed Comments 

In-situ verification and monitoring and national validation 
guidelines for biological wastewater systems 
 
Biological process surrogates and indicators 

NatVal Subproject 3: 
National Validation 
Guidelines for Activated 
Sludge Treatment 

PARTIAL 

The research project was focused on activated sludge 
treatment. Outputs did not directly lead to the development of a 
validation protocol. Gaps remain in the identification of suitable 
physico-chemical surrogate parameters that can be linked to 
pathogen reduction performance. 
 
A similar WateReuse Research Foundation project has started 
in 2015 and the combined results of this and the NatVal project 
may help address this gap. 

In-situ verification and monitoring and national validation 
guidelines for low-pressure membrane systems 
 
Correlation of LRV with pressure decay on new and aged 
membranes to assess long-term removal of viruses 
 

 NO 

The use of Direct Integrity Testing is currently recognised in a 
number of (jurisdiction specific) validation guidelines. 
 
The development of a national validation protocol is under 
consideration by WaterVal 

Suitable chemical indicators for various treatment 
processes 
 
Enhanced surrogate measures for chemical treatment 
performance 
 
Management and risk assessment of transformation 
products 

 NO 
The focus of this phase of research was on pathogens. 
Chemicals may be considered in a second phase. 

Efficacy and prediction of pathogen removal in packed 
beds and adsorption systems 

 NO 
This remains a gap which is of significance to the industry and 
may be considered under WaterVal 

Needs assessment and development of priority reference 
standards for validation of water recycling schemes 

 NO 
This remains a gap which is of significance to the industry and 
may be considered under WaterVal in conjunction with further 
research on pathogen concentration and quantification methods 

Benchmarking of water quality and of different 
technologies using bioanalytical tools 

 NO 
The use of bioanalytical tools will require further demonstration 
before it can be considered by regulators. 

Characterisation of water source (focusing on stormwater)  NO  

Need for more cost-effective methods for assessing UV 
RED using actinometric methods 

 NO 
This gap is very technology-specific and best addressed at 
manufacturer or utility level 

Evaluation of particle counters for on-line monitoring of 
membrane performance 

 NO 
This gap is very technology-specific and best addressed at 
manufacturer or utility level 
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Appendix 1 - Program outputs 
Table 7 provides a summary of the program outputs. It does not include manuscripts under preparation. 

Table 7. Overview of program outputs. 

Subproject Selected outputs 

1 ï  
MBR 
 

Technical reports 
Subproject report including executive summary, literature review, research report, 
draft MBR validation protocol and MBR default values report. 
 
Peer-reviewed journal articles 
Trinh T, Branch A, Hambly AC, Carvajal G, Coleman HM, Stuetz RM, Drewes JE, Le-
Clech P, Khan SJ, 2014, 'Hazardous events in membrane bioreactors - Part 1: 
Impacts on key operational and bulk water quality parameters', Journal of Membrane 
Science, vol. 497, pp. 494 ï 503. 
 
Branch AD, Trinh T, Zhou B, Leslie G, Le-Clech, 2015, 'Chemical cleaning in 
membrane bioreactors: Implications for accreditation in water recycling', Australian 
Water Association: Water Journal, vol. 42, no. 4, pp. 60 ï 64. 
 
Branch A, Trinh T, Carvajal G, Leslie G, Coleman HM, Stuetz RM, Drewes JE, Khan 
SJ, Le-Clech P, 2016, 'Hazardous events in membrane bioreactors - Part 3: Impacts 
on microorganism log removal efficiencies', Journal of Membrane Science, vol. 497, 
pp. 514 ï 523. 
 

Conference papers 
Branch A; Leslie G; Le-Clech P, 2014, 'The current state of under validation of MBR 
in Australia', Australian Water Association AWA (ed.), presented at Ozwater 2014, 
Brisbane, 29 April - 1 May 2014. 
 
Branch A; Trinh T; Zhou B; Leslie G; Le-Clech P, 2015, 'Chemical cleaning in 
Membrane Bioreactors: Implications for accreditation in water recycling', in Australian 
Water Association AWA (ed.), presented at Ozwater 2015, Adelaide, 12 - 14 May 
2015. 
 

2 ï  
RO/NF 
 

Technical reports 
Subproject report including executive summary, literature review, research report and 
draft RO/NF validation protocol. 
 
Peer-reviewed journal articles 
Pype M.-L., Lawrence M.G., Keller J. and Gernjak W. (2016) Reverse osmosis 
integrity monitoring in water reuse: The challenge to verify virus removal - A review. 
Water Research, 98 384-395. doi:10.1016/j.watres.2016.04.040. 
 
Conference papers 
Pype M-L, Cran M, Le-Clech P, Gray S, Leslie G, Busetti F, Arrigan DMW and Gernjak W, 
2014, óDeveloping Australian national guidelines to validate reverse osmosis processes in 
water recyclingô, International Water Association IWA, Korea, 2014. 
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Subproject Selected outputs 

3 ï  
AST 

Technical reports 
Subproject report including executive summary, literature review, research report and draft 
AST validation protocol. 

 
Peer-reviewed journal articles 
Ahmed W, Sidhu JP, Smith K, Beale DJ, Gyawali P, Toze S, 2015, óDistributions of 
fecal markers in wastewater from different climatic zones for human fecal pollution 
tracking in Australian surface watersô, Applied Environmental Microbiology, vol. 82, 
no. 4, pp. 1316 ï 23. 
 
Conference papers 
Sidhu JP, Ahmed W, Smith K, Palmer A, Hodgers L, Wylie J, Nichlos C, Low J, Toze 
S, 2015, óComparative removal of enteric virus during activated sludge processô, 
International Water Association IWA, presented at IWA World Water Congress 2014, 
Lisbon, 21 ï 26 September 2014. 
 

4 ï  
Multiple 
Barriers 

Technical reports 
Subproject report including executive summary, research report, case studies and 
Bayes primer report. 
 
Peer-reviewed journal articles 
Carvajal  GE, Roser DJ, Sisson SA, Keegan A,  Kahn SJ, 2015, óModelling pathogen 
log10 reduction values achieved by activated sludge treatment using naive and semi-
naive Bayes network modelsô, Water Research, vol. 85, pp. 304 ï 15. 
 
Conference papers 
Carvajal  GE, Roser DJ, Sisson SA, Kahn SJ, 2015, óMultivariate analysis of activated 
sludge pathogen removal through Bayesian network modellingô, in Australian Water 
Association AWA (ed.), presented at Ozwater 2015, Adelaide, 12 - 14 May 2015. 
 

5 ï  
Methods 

Technical reports 
Subproject report including executive summary, literature review, research report and 
inter-laboratory study. 
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Appendix 2 ð NatVal subproject 1: National validation 
guidelines for membrane bioreactors 
Subproject 1 (SP1) has critically assessed the current state of membrane bioreactor (MBR) validation in 
Australia and conducted a significant research program in order to propose a streamlined and 
appropriate validation protocol. A successful validation protocol will ensure that a process can and will 
continually meet log removal value (LRV) requirements for pathogens. SP1 focused on determination of 
the relationship between MBR operational parameters and LRV in order to highlight the key influencing 
parameters. In addition, online monitoring options were evaluated for their capacity to correlate with and 
provide continual assurance pathogen reduction performance. Furthermore, hazardous events that were 
perceived to compromise the removal efficiency of pathogens, such as chemical cleaning, were 
investigated with respect to their impact on overall pathogen reduction. The findings of this project have 
underpinned the development of a national validation protocol for MBR. 

 

Subproject 1 Leader 

Pierre Le-Clech 

UNESCO Centre for Membrane Science and Technology 

The University of New South Wales, Sydney, NSW 2052 

Contact: p.le-clech@unsw.edu.au 

 

Subproject 1 Partners 

University of New South Wales 

Victoria University 

Melbourne Water 

 

Subproject 1 Research Report 

Branch A & Le-Clech P 2015, National Validation Guidelines for Water Recycling: Membrane Bioreactors, 
Australian Water Recycling Centre of Excellence, Brisbane. 

ISBN: 978-1-922202-67-3 

www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=152451 

mailto:p.le-clech@unsw.edu.au
http://www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=152451
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Introduction 

This subproject was initiated to develop appropriate validation guidelines for MBRs in Australia. The 
uncertainty as to whether an MBR can be accredited to the required LRV presents significant financial 
risk for suppliers and designers. In at least one instance, no efforts were made to validate a MBR due to 
fears that overall scheme delivery would be slowed. Instead, an ultrafiltration unit was placed after the 
MBR, essentially introducing 100% membrane redundancy and resulting in an increase CAPEX and in 
energy consumption estimated at 30%. 

Only one state based validation guideline developed by the Victorian Department of Health exists for 
MBR in Australia. The industry perspective is that this guideline is very conservative and potentially 
difficult to implement, especially for smaller schemes. Regardless, the fact that only one state based 
guideline exists is evidence that there is insufficient guidance in other states, which has led to 
inconsistent and case by case assessment of MBRs in Australia. 

From the regulators perspective, there is significant uncertainty about the effect and significance of 
operational parameters for MBR pathogen reduction performance, and on the capacity of online 
monitoring options to correlate with LRV. There is still limited available data on the suitability of 
surrogates used for performance monitoring with respect to target pathogens. 

The overall aim of this subproject was to develop validation protocols for MBRs in water recycling 
schemes. In order to achieve this, multiple objectives were identified: 

¶ Objective 1. Collect data from literature, existing validation reports/guidelines and sampling 
activities in order to identify the LRV applicable to MBR and the mechanisms responsible, identify 
significant factors that influence LRV and to establish the current practice for MBR validation in 
Australia. 

¶ Objective 2. Perform multivariate analysis, including the use of Bayesian Belief Networks, to isolate 
the complex relationships between operational parameters and determine factors that significantly 
influence LRV. 

¶ Objective 3. Assess the potential for online monitoring to correlate with LRV in order to provide 
continual assurance. 

¶ Objective 4. Document and quantify the impact of various hazardous events that could lead to 
diminished LRV in MBRs including integrity failure and shock loading as well as events that occur 
during operation such as ageing of membranes and chemical cleaning. 

¶ Objective 5. Translate evidence based conclusions from research outputs, as well as the 
perspectives gained from a review of current practice into appropriate validation guidelines for 
MBR, consistent with the 9-step validation protocol template as developed by the WaterVal 
Protocol Development Group. 

The team conducted a critical review of current literature on LRV achieved by MBR (more than 1000 LRV 
data points obtained), validation reports/guidelines, and a sampling campaign with a total of 180 visits to 
11 different full scale MBRs in order to create a database of MBR performance and operation. Bayesian 
Belief Networks, created and trained on the data collected, were used to identify significant influencing 
factors. The new data obtained, combined with the assessment of current validation practice, was used to 
populate the 9-step validation protocol template provided by the Water Protocol Development Group. 

Outputs of this research have been used in the development of proposed validation guidelines for MBRs. 
This subproject summary is supported by a detailed research report (Branch and Le-Clech, 2015). 

Review of MBR literature on LRV and Online Monitoring 

Published scientific literature was evaluated in order to identify the mechanisms and expected 
performance of pathogen removal in MBRs as well as potential online monitoring strategies. 

Pathogen reduction mechanisms in MBR include: 1) size exclusion by the clean membrane, 2) adsorption 
to suspended solids (MLSS) increasing the effective particle size and removal in waste activated sludge, 
3) exclusion by the fouling layer and 4) biological predation. The principal removal mechanism will vary 
depending on the pathogen concerned. 

For pathogens larger than the membrane pore size, typically 0.04 ï 0.4 ɛm in MBR, size exclusion is the 
predominant mechanism. For viruses, which size (typically < 0.1 ɛm) is in the order of the membrane 
pore size, rejection by MBR is greater than that expected of a brand new membrane alone, due to the 
dynamic fouling layer and a strong tendency to adsorb to MLSS. For this reason, there is limited evidence 
of significant differences in virus removal due to pore size in full scale MBRs. 
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It is not typical for all pathogens to accumulate within the bioreactor of an MBR after being rejected by the 
membrane for two reasons: (1) biological predation will occur to some extent and (2) overall accumulation 
can be limited through sludge wasting (ie proportional to solids retention time). 

Turbidity is the most convenient online monitoring technique to infer membrane integrity and hence 
pathogen removal in MBR. Turbidity measures light (or laser) scatter at 90°, proportional to the amount of 
suspended solids in a solution. An MBR contains a significant amount of MLSS adjacent the membrane 
(2,000 ï 14,000 mg/L). As a result, significant loss of membrane integrity should result in spikes in 
turbidity due to transfer of detectable quantities of SS. At this point, corrective actions such as diversion 
of product water could take place automatically to protect against loss of containment of pathogens. 

Direct membrane integrity testing techniques, such as pressure decay testing (PDT), are not favoured in 
MBR due to the difficulty in maintaining control PDT in the harsh operating environment, the limitation to 
specific membrane configurations (certain hollow fibre and tubular, not flat sheet) and the lack of 
correlation between PDT and LRV in MBR; due to the action of mechanisms other than pure size 
exclusion. 

Even though more than 1000 LRV data points has been reported in over 30 published papers for MBR in 
the last 20 years, the corresponding operational data is not often reported or provided in a consistent 
manner. As a result, no correlations or identification of statistically significant operating parameters could 
be made directly from literature alone. 

Review of Current Validation Practices 

Key elements were evaluated from the Victorian validation guidelines (VDoH 2013) and also from two 
validation reports, two recycled water quality management plans and one set of validation testing results. 

Turbidity was the chosen monitoring technology in all situations. In one case, an attempt was made to 
correlate turbidity with MLSS and achievable LRV. Operating parameters were documented in most 
reports, however analysis of their influence on LRV was limited or non-existent. 

Default or indicative values for LRV in MBR were claimed based on direct microfiltration listed in the 
Australian Guidelines for Water Recycling Phase 1 2006, Table 3.8, for two of five sites. No indicative 
value is listed for MBR in VDoH 2013, although there is one for activated sludge alone. 

Three of the five sites conducted challenge testing and the indicators used for virus, bacteria and 
protozoa were predominantly somatic coliphages (FRNA bacteriophage at 1 site), Escherichia coli and 
Clostridium perfringens, respectively. These indicators were consistent with surrogates listed in VDoH 
2013. However, no attempt was made to correlate the use of these indicators with target pathogens, 
enteroviruses and Cryptosporidium. Sampling frequency and period was less than that recommended in 
VDoH 2013 and different in all cases, with the total number of sampling events varying between 14 and 
30 over a period of 7 to 14 weeks. The VDoH 2013 recommends analysis of 3 different fouling conditions, 
at 3 points in the filtration cycle for 6 consecutive cycles each on non-consecutive days, spread over 
extreme seasonal periods unless a worst case period can be justified. This equates to a minimum of 54 
samples taken over a year. One site did not need to conduct challenge testing as it provided literature for 
performance of the membranes and had historical challenge test data on the activated sludge plant that 
was upgraded. 

Sampling and Analysis of Full Scale Site Data  

No adequate data set, containing both microorganism removal and operational parameters, was available 
to allow correlation and determination of influencing factors on LRV. MBR removal mechanisms are 
complex and interdependent, leading to difficulties when applying simplistic modelling approaches. 

Indicator LRV data for viruses (somatic coliphage, FRNA bacteriophage), bacteria (E. coli) and protozoan 
(C. perfringens) was collected alongside a shortlist of operational and monitoring parameters during a 
sampling campaign across 11 full scale MBRs for a total of 180 site visits. Bayesian belief networks were 
constructed to elucidate significant relationships and determine influencing parameters. 

Based on a preliminary analysis, operation under the following conditions was confirmed to lead to a 
higher likelihood of a poor LRV: low HRT, high permeability, high permeate turbidity and low MLSS. 
These conditions were used to define an operational envelope for validation testing. 
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Consequences of Hazardous events on MBR LRV 

Consideration of hazardous events and likely monitoring/control strategies is important for on-going 
validation of MBR systems and the potential consequences of hazardous events were scoped in detail. 
Chemical cleaning and membrane ageing were included as hazardous events due to their perceived 
impact on pathogen removal by the membrane. 

An overview matrix of process failures from pilot testing and full scale site investigation was provided 
which also considered recovery times. 

To date, chemical cleaning has been assessed at 3 full-scale sites. For 0.04 ɛm hollow fibre membranes 
operating at low to moderate flux (6 - 25L/(m

2
h)) intensive clean in place (CIP) and regular chemically 

enhanced backwash did not reduce LRV below typically observed process variability (5
th
 percentile) as 

shown in Figure 8 and Figure 9. However, when 0.4 ɛm flat sheet membranes operated at high flux (30 
L/(m

2
h)) underwent intensive CIP with NaOCl and Oxalic acid, a significant reduction in LRV occurred. 

Permeability change before and after cleaning was negligible for hollow fibre membranes, but increased 
5 fold upon cleaning flat sheet membranes. A significant change in permeability from nominal conditions 
is considered to be a site specific indicator that membrane rejection may have reduced. 

 

Figure 8. LRV for total coliforms, E. coli and Clostridium perfringens and turbidity for 5 days following a CIP 

 

Figure 9. LRV before and after CEB with NaOCl. ó>ô indicates permeate concentrations below LOD. Fractions 
indicate the number of permeate trials at or above LOD 

Membrane performance after 10 years was not significantly different to LRV documented for the same 
plant at 5 years operation. After membrane replacement, size exclusion improved resulting in an increase 
in retention of larger microorganisms. However, the new highly permeable membranes appeared to have 
lower virus rejection in situ than older fouled membranes. LRV for all indicators in situ was > 3.5 before 
and after replacement. 
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Pilot scale assessment of hazardous events demonstrated that plugging and shielding of damage to 
hollow fibre membranes could occur rapidly (< 15 min) and result in recovery of LRV to nominal values. 
Plugs were reversible and could be removed during backflush. High NaCl intrusion reduced virus 
rejection, believed to be due to dispersion of particles from sludge, but recovered within 2 days, upon 
washout from the reactor. Most other chemical shock loads induced severe fouling, that may have 
mitigated excess breakthrough as a result of reduced activated sludge performance. 

Establishment of default LRV values for MBR 

A default or indicative LRV could be used to provide a basis for conservative accreditation of MBR 
systems where extensive validation testing is not considered feasible. 

Probability density functions (PDF) were fit to all data collected from literature (n > 1000 LRVs) and data 
from site sampling (example in Figure 10). In addition, an operating envelope was established based on 
the same sites and sources. Also, the results from sampling of 2 sites to a total of 8 samples for 
Cryptosporidium, Giardia, enteroviruses, reoviruses and adenoviruses were reported (all > 4 LRV). 

 

Figure 10. E. coli LRV probability density function from site visits and validation reports 

The 5
th
 percentile of resulting LRV PDFs were collated and the most conservative sets of viruses, 

bacteria and protozoa were rounded down to form the basis of default LRV. The following values were 
proposed as conservative indicative LRVs for MBR: 

¶ Virus: 1.5 

¶ Bacteria: 4.0 

¶ Protozoa 2.0 

The 95th percentile of permeate turbidity for the corresponding operating envelope was 0.4 NTU. Hence, 
as long as permeate turbidity remains less than 0.4 NTU and MBRs are operated within the range of 
conditions specified in Table 8 of Appendix C, LRVs are likely to remain above default values. 

Proposal of a Validation Protocol 

The findings of this research were translated into a draft validation protocol consistent with the template 
provided by the PDG. 

The proposed validation protocol is based extensively on the existing VDoH 2013 guidelines however, 
some alterations were made including a reduction in sampling requirements, consideration of eligibility for 
pre-validation and listing significant influencing parameters as a result of Bayesian analysis. 

The reduction in sampling requirement was justified by recommending samples should only be taken 
under the most conservative conditions, i.e. highest permeability (lowest fouling). The LRV determined 
during challenge testing should represent the worst case expected during operation. 
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Appendix 3 ð NatVal subproject 2: National validation 
guidelines for reverse osmosis and nanofiltration 
membranes 
This subproject aimed to create a framework based on literature review, operational experience from 
stakeholders, experimental results, scientific knowledge and manufacturer software to develop validation 
and verification monitoring protocols for the rejection of pathogens (in particular viruses) using online 
monitoring and challenge testing techniques for RO/NF. The full research report compiles all 
experimental data produced and describes how this translated into a validation protocol for RO/NF. 

 

Subproject 2 Leader 

Marie-Laure Pype 

Advanced Water Management Centre 

University of Queensland 

Level 4, Gehrmann Building, Research Road 

Saint Lucia QLD 4072, AUSTRALIA 

Contact:  m.pype@awmc.uq.edu.au 

 

Subproject 2 Partners 

The University of Queensland 

The University of New South Wales 

Curtin University 

Victoria University 

West Australian Water Corporation 

 

Subproject 2 Research Report 

Pype M-L, Alvarez de Eulate E, Antony A, Arrigan D, Busetti F, Le-Clech P & Gernjak W 2015, National 
Validation Guidelines for Water Recycling: Reverse Osmosis Membranes, Australian Water Recycling 
Centre of Excellence, Brisbane. 

ISBN: 978-1-922202-31-4 

www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=152187 

http://www.australianwaterrecycling.com.au/LiteratureRetrieve.aspx?ID=152187
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Introduction 

Validation and monitoring of treatment by high pressure membranes (reverse osmosis - RO, and 
nanofiltration - NF) is critical to ensure the risk to public health associated with pathogens is adequately 
managed. To-date, there is no accepted Australian or international validation protocol for this type of 
membranes, despite conventional monitoring techniques such as electrical conductivity (EC; only for 
RO), total organic carbon (TOC) or sulphate rejection having been used for this purpose albeit based on 
ad-hoc approval by regulators. An agreed validation protocol establishing a correlation between log 
removal value (LRV) and indirect continuous online monitoring would provide confidence to recycled 
water treatment plant operators and project developers. In particular, the ability to accredit LRV of three 
and above could reduce the investment costs and simplify treatment process trains by removing 
unnecessary treatment barriers. 

The team conducted a literature review, considering the three types of removal mechanisms by RO/NF 
membranes and focusing on those involved in virus removal. The review also covered monitoring 
techniques and correlations with virus surrogates (MS2 phage) based on removal data gathered from the 
literature. 

An experimental study was conducted to assess the impact of operating conditions on the rejection of 
surrogates in order to establish conservative operating conditions under which testing should be 
conducted. The team also considered new integrity monitoring techniques based on the spiking 
(continuous or pulse) of surrogates that can be monitored online or semi-continuously. Finally, the impact 
of fouling/ageing cycles on the rejection of MS2 phage and EC was systematically assessed. 

Two studies were conducted in parallel on (i) the development of a new electrochemical sensor for online 
measurement of sulphate and (ii) testing the commercially available sensor S::CAN in full-scale. 

 

Literature review 

High pressure membrane filtration is a very effective physical barrier to remove inorganic and organic 
contaminants including pathogens such as viruses. Viruses are the smallest pathogens and the ones 
found in wastewater can be as small as 24 nm. High pressure membranes are using three different types 
of removal mechanisms: size exclusion, charge repulsion and adsorption/diffusion. The main removal 
mechanism for viruses is size exclusion, and charge repulsion improves their removal. Membrane studies 
generally used MS2 phage as virus model due to its characteristics being similar to enteric viruses (size 
and surface charge). The advantages of this surrogate are the possibility to culture in high quantity and 
the fact that it is harmless to human health. However, its quantification is time consuming (24h) and not 
practical in full-scale application. Hence, it is advantageous to find a non-biological surrogate to avoid the 
risk involved in performing challenge test with native viruses. Moreover, the use of non-biological 
surrogate allows online or near online measurement which is currently not possible with live organism 
such as bacteriophages. 

The aim of the project was not to develop a new surrogate or a new monitoring technique, but to provide 
all the information necessary to support a validation framework. Several surrogates and membrane 
integrity monitoring are found in the literature and have been described previously. Electrical conductivity, 
TOC and sulphate are already used in full-scale to monitor the integrity of RO membranes. Dissolved 
organic matter is another surrogate naturally present in feed water gaining interest. From the literature 
data, a correlation study has been conducted in order to determine the best potential surrogate for MS2 
phage. This correlation study proved that R-WT is a good substitute to MS2 phage in contrast to EC. 
Sulphate and DOM have the potential to be used to validate the RO/NF process up to 3 LRV, which is 
lower than MS2 phage but higher than EC. Thus, they are of high interest in the context of NF/RO 
validation and have been selected for further research. 

Rhodamine WT (R-WT) 
Rhodamine WT is a non-reactive dye chemical approved by the USEPA for use in drinking water (Zornes 
et al., 2010). It has a molecular weight (MW) of 487 g mol-1 and a pKa of 5.1. Thus, this marker should 
be well removed by high pressure membranes due to its larger size than the membrane cavities (size 
exclusion mechanism) and its negative charge at a typical feedwater pH (charge repulsion mechanism). 
For these reasons, and also due to its low cost and ease to quantify by fluorescence, R-WT is considered 
an appropriate non-microbiological alternative to MS2 phage. Its rejection by RO membrane ranged from 
2.8 - 4 LRV. 
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Pulsed marker technique 
This technique is a deviation of the R-WT monitoring technique. A high concentration of dye is pulse-
spiked in the feed side and monitored online by fluorescence detection in the permeate side. This 
technique permits validating RO membrane for 3.3 ï 4.3 LRV using uranine (Surawanvijit et al., 2015). 
Uranine is also a non-reactive, non-toxic tracer dye (Smart and Laidlaw, 1977; Behrens et al., 2001) 
having a MW of 332 g mol-1, which is lower than R-WT. 

TRASARTM 
TRASAR

TM
 (Nalco company) is a fluorescent tracer dye attached to an antiscalant and it is also gaining 

interest (Kelle Zeiher et al., 2003; Portillo, 2015). The cities of San Diego (California, USA) and Big 
Spring (Texas, USA) conducted a study comparing MS2 phage and TRASAR

TM
 integrity monitoring 

techniques (MWH, 2007; Steinle-Darling et al., 2015). TRASAR
TM

 was dosed continuously as pure 
chemical to the RO feed and the permeate concentration was determined using a portable 
microprocessor-based analyser (TRASAR

TM
 Pen Fluorometer, Nalco). Under this condition, the 

TRASAR
TM

 marker achieved more than 4 LRV. 

Total organic carbon (TOC) 
Total organic carbon measurement is one of the current online techniques used in full-scale to monitor 
RO membranes but it can only be used to validate LRVs typically below 3 due to the limited rejection of 
organics by the RO process (Adham et al., 1998; Kitis et al., 2003; Kumar et al., 2007). It can also be 
argued that TOC rejection varies during operation as it is a function of the organic composition. 
Nevertheless, TOC compounds are smaller than viruses by at least an order of magnitude and thus TOC 
will generally be more conservative than virus measurement. 

Electrical conductivity (EC) 
Electrical conductivity is one of the current online techniques used to monitor the integrity of the RO 
process. It measures all the ions present in the feed and permeate water. This technique can currently 
validate this process for 1.4 - 2 LRV (Zornes et al., 2010). 

Sulphate 
Sulphate (SO42-) is already used in some plants to monitor the integrity of RO membranes and is 
measured offline by ion chromatography. The advantage of sulphate is its natural presence in feed water 
which can be used to validate LRV of up to 3-log (Kruithof et al., 2001a). In the case of low sulphate feed 
concentration, MgSO4 can be spiked into feed water. The full research report refers to research 
conducted within this project to develop a new online sulphate sensor using electrochemical techniques. 
Different tests have been carried using a commercially available ionophore which binds to sulphate ions. 
The ionophore helps to transfer sulphate from one phase (the RO feed or permeate) into the sensor 
phase. A sulphate sensor prototype was developed with a limit of detection (LOD) of 0.6 µM using this 
commercially available ionophore combined to a pre-concentration step. Selectivity studies for a range of 
anions (PO43-, H2PO4-, SO32-, NO3-, CH3COO-, OH-, Cl- and SCN-) were carried out which showed 
potential interferences by the ions PO43-, NO3-, OH-, Cl-. To date, chloride ions interfere in the sulphate 
measurement, but this might be reduced using electrolysis to remove chloride, and the use of new, 
improved ionophores. 

Dissolved organic matter (DOM) 
Dissolved organic matter (DOM) is a heterogeneous mixture of aromatic and aliphatic hydrocarbon 
structures containing different functional groups. In the last decade, the use of excitation-emission matrix 
fluorescence (EEM) has been widely studied to analyse DOM in aquatic samples (Chen et al., 2003; 
Leenheer and Croue, 2003; Her et al., 2008; Singh et al., 2009; Hambly et al., 2010; Peiris et al., 2010a; 
Peiris et al., 2010b). Recently, two research groups demonstrated the feasibility to monitor the integrity of 
RO process using DOM rejection analysed by EEM (Singh et al., 2012; Pype et al., 2013). With this 
technique, it is feasible to obtain 1.9 ï 2.7 log credit. 

S::CAN 
S::CAN is a commercially available UV/visible spectrometer sensor able to monitor different water quality 
parameters including TOC, EC, turbidity and total suspended solids (TSS) as well as specific groups of 
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organic contaminants. This sensor is of interest in the context of validation as it is able to measure up to 
eight parameters simultaneously, which could support the online monitoring of RO/NF integrity. Thus in 
the context of the NatVal project, this sensor was tested to measure specific operational parameters 
including TOC, R-WT and some organic contaminants and indicator compounds such as metolachlor, 
trifluralin, metformin, carbamazepine and N-Nitrosodimethylamine in RO water. The findings of this study 
are briefly summarised as follows: 

¶ Due to the S::CAN low sensitivity and selectivity, it was not possible to directly measure organic 
contaminants at concentration limits described within drinking water guidelines, except for the 
pharmaceutical carbamazepine. S::CAN was only able to demonstrate 3 LRV for R-WT under 
standard challenge testing conditions and an online fluorescence probe would be better suited to 
demonstrate 4 LRV of R-WT. 

¶ TOC monitoring using S::CAN was compared to a more conventional online Sievers TOC analyser. 
It was difficult to correlate the results from these two instruments as the varying offsets between 
the two trends could either be a function of the instrument, substrate or calibration issues. 

 

Impact of operating conditions 

The rejection of surrogates depends on their intrinsic properties, but also on operating conditions (e.g. 
feed pressure, cross-flow velocity, etc.), the type of membranes and feed water quality (Antony et al., 
2012). It is important to understand the impact of these factors on the rejection of surrogates to ensure 
that the selected surrogates are not better rejected than viruses (conservative approach) but also to 
select the most appropriate conditions to conduct validation testing. 

The rejections of MS2 phage, R-WT, DOM, sulphate and EC were studied as a function of cross-flow 
velocity, permeate flux, recovery, membrane types, feed temperature, pH and ion strength within the 
operating range determined by membrane manufacturers. The benchmark conditions were at permeate 

flux 20 LĀm
2
Āh, cross-flow velocity 0.1 mĀs

-1
, 22 ± 0.5ϊC and pH 7 using a flat-sheet cross-flow bench-

scale filtration system with concentrate and permeate recirculation. The recovery experiment was 
conduct with a single 4ò spiral wound module membrane. 

Table 8 summarises the results of this study. Overall, the removal of MS2 phage was not influenced by 
changes in operating conditions and membrane types. Under all conditions, the LRV was higher than 4, 
which is the maximum LRV Australian regulators will credit to a single process (NRMMC et al., 2008). In 
general, only the solutes (sulphate and EC) were significantly impacted by changes in operating 
conditions. 

Table 8. Impact of changes in operating conditions on the rejection of surrogates. 

Operating 
conditions 

Rejection 

MS2 phage R-WT DOM Sulphate EC 

 UPermeate flux Ÿ Ÿ Ÿ  U  U

 UCross-flow velocity Ÿ Ÿ Membrane dependent  U  U

 URecovery Ÿ  W  U  U  U

pH  Ufrom 3 to 5 Ÿ Ÿ Ÿ  U  U

pH  Ufrom 5 to 8 Ÿ  U Ÿ Ÿ  U

pH  Ufrom 8 to 10 N/A Ÿ Ÿ  W  W

 UTemperature Ÿ  W  W  U  W

ᵁ  W: increase or decrease Ÿ : no impact  N/A : not applicable 

 

Influencing factors of RO membrane performance - ageing 

Although membrane ageing is known to change the physicochemical properties of the membrane active 
layer, the virus rejection efficiency was observed to remain consistent, under certain conditions. In a 
controlled lab experiment, LRVMS2 for virgin RO membranes was > 6.2-log with salt rejection of 97% 
(2000 ppm NaCl); aged membranes, featuring salt rejection as low as 80%, consistently resulted on 
LRVMS2 values greater than 4-log. Also, industrially aged membranes of 2 - 5 years, tested in this study, 
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were still a resilient barrier for MS2 sized particles, LRVMS2 always greater than 4.6-log. For the 
industrially aged membranes tested, when compared with aged virgin membranes, a higher LRVMS2 was 
observed at equivalent conductivity removal, but permeability was lower, suggesting development of an 
irreversible fouling layer. The irreversible fouling layer may assist with preservation of virus rejection, 
however, the reduction in conductivity removal and permeability decline would likely trigger membrane 
replacement, prior to significant reductions in LRV. Therefore, the potential risk of membranes losing their 
integrity as a mechanical barrier to pathogens (considering the smallest virus size is 24 nm) due to 
ageing is considered to be marginal. 

 

Spiked salt rejection for integrity monitoring 

Spiked salt conductivity is a simple test employed as quality assurance testing for RO membrane 
integrity, recommended by manufacturers. Commonly this test involves spiking 2000 ppm NaCl for a 
brackish water RO membrane or MgSO4 for a NF membrane and challenge testing at an applied 
pressure of 7 ï 15 bar. The type of salts, concentration and operating pressures may vary depending on 
manufacturers. Performance of spiked salt testing on a regular basis during operation would enable the 
comparison of current against benchmarked performance. While salt removal is not in principle directly 
equivalent to the rejection of MS2 or other pathogens of concern, it can be used as a conservative 
indicator of the state of the membrane. Spiked salt rejection can be especially useful when feedwater 
conductivity is low (i.e. the LRVEC able to be demonstrated is limited by the sensitivity of permeate 
conductivity meters). 

For pristine and aged RO membranes tested in this study, LRVNaCl was up to 4 times lower than the 
corresponding LRVMS2 and correlated well. Given the significantly smaller size of NaCl (the hydrated size 
of Na

+
 is 0.36 nm and Cl

-
 is 0.33 nm compared with the diameter of MS2 - 26 nm) and the correlation 

observed in this study, spiked salt rejection can be considered as a highly conservative procedure for 
confirmation of LRVMS2

 
in ageing membranes. A correlation of LRVMS2 and LRVNaCl values obtained for 

RO membrane tested at different levels of ageing during four different cyclic ageing experiments is 
presented in Figure 11. 

 

Figure 11. Correlation between LRVNaCl and LRVMS2 for RO membranes tested at different degree of ageing 
during four cycling experiments. 
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Conclusions for the validation of RO/NF membranes 

In the context of challenge testing, the research led to the following conclusions for the two surrogates 
which are generally used for challenge testing: 

¶ MS2: operating conditions do not significantly influence its removal; 

¶ R-WT: changes in operating conditions can impact its rejection and conditions giving the lowest 
LRVR-WT should be selected during challenge testing as follows: 
o Low pH 
o high temperature 
o high permeate recovery. 

In the context of operational monitoring, the following parameters should be continuously monitored: 

¶ Permeate flux 

¶ Cross-flow velocity 

¶ Recovery 

¶ pH 

¶ Temperature 

In the context of integrity monitoring, several surrogates can be used depending on the LRVs the RO 
process is validated for: 

¶ EC (LRV between 1 and 1.5-log; online measurement) 

¶ TOC (LRV Ò 2-log; online measurement) 

¶ DOM (LRV Ò 2-log; offline measurement) 

¶ Sulphate (LRV Ò 3-log; offline measurement) 

¶ R-WT or similar fluorescent dye (LRV Ò 4-log; online or offline measurement). 

The LRV of these indicators can be limited by the detection limit of the analytical instrument or their 
concentration in feedwater. Thus, indicator spiking such as sulphate or salt in the RO feed can increase 
the resulting LRV being demonstrated. 

In order to validate LRVs above 3 and up to 4, specialised dyes such as R-WT and TRASAR
TM

 can be 
used, spiked continuously or as a pulse. This approach can introduce a significant cost and more studies 
are needed to assess the long-term impact on membranes. 

Operating conditions may change significantly over time and revalidation may be required depending on 
the surrogate used to conduct the initial process validation. As an example, a revalidation may not be 
necessary when using MS2 phage as a surrogate based on its rejection not being significantly impacted 
by changes to operating conditions provided the process remains within the operating range defined by 
membrane manufacturers. 
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Appendix 4 ð NatVal subproject 3: National validation 
guidelines for activated sludge processes 
Reclaimed water from treated municipal wastewater is increasingly considered as viable and sustainable 
option to alleviate water shortages in Australia. Biological systems can form the major treatment 
component of a water-recycling scheme, particularly for small-scale schemes, or from an initial treatment 
stage within larger, multi-barrier scheme. High quality recycled water could be used for a variety of direct 
or indirect potable reuse, agricultural irrigation, managed aquifer recharge, industrial use, recreational 
use and environmental enhancement. 

The activated sludge process (ASP) is the most commonly used wastewater treatment option in Australia 
and around the world (Carducci and Verani, 2013; NRMMC, 2006; Tandukar et al., 2007). The primary 
objective is removal of bio-degradable organic matter and suspended solids. Therefore, performance of 
the wastewater treatment plant (WWTP) is generally measured on the basis of chemical parameters such 
as BOD, COD and nutrient removal (Carducci and Verani, 2013). To date, there has been limited 
information documenting how well ASP remove pathogens especially under Australian conditions. 

The overall objective of the project was to collect scientific data on enteric pathogen removal and its 
relationship with physicochemical parameters frequently recorded at Australian wastewater treatment 
plants. 
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Introduction 

Decreasing rainfall, frequent drought and population growth in urban environments along with an overall 
desire to achieve greater water sustainability have increased the demand for alternative water sources 
such as recycled water. This has resulted in an increased attention on the types of contaminants in 
wastewater and the need to protect the health of the public while implementing these water sustainability 
initiatives. One important means of safeguarding appropriate health standards is to ensure that 
contaminants are removed to appropriate levels in the treated water. This means that there needs to be 
the correct controls and monitoring of the treatment processes to continually meet the determined 
treatment requirements. One of the important initial steps is to be able to accurately validate what 
removal capacity a treatment process can achieve when it is operating optimally, and what conditions can 
cause failure in the established removal capacity. 

Many water recycling schemes use wastewater treatment plants (WWTPs) as a common treatment 
process. WWTPs have traditionally been designed and operated to maximise the removal of nutrients 
and suspended solids from municipal wastewater to prevent environmental contamination.  These 
WWTPs are now frequently required to produce high quality water (alone or in conjunction with other 
treatment steps) that can be recycled for a variety of direct or indirect potable reuse, agricultural irrigation, 
managed aquifer recharge, industrial use, recreational use and environmental enhancement. A large 
majority of these WWTPs utilise the activated sludge process (ASP) as a major treatment process. 

Due to the inherent complexity of the activated sludge process, to date data on the level of contaminant 
removal has been sparse and conflicting. In addition, differences in the design of the ASP process, the 
types of contaminants studied, along with variations in sampling and detection methodologies have made 
it difficult to gain an accurate understanding of the treatment capability of ASPs. This lack of adequate 
data precludes the development of adequate validation steps that can assist in establishing appropriate 
removal credits. 

The potential public health risk associated with recycled water predominantly originates from the potential 
presence of enteric viruses and protozoan parasites due to their high infectivity and low dose. These 
pathogens are also recognised to have high environmental resistance and are commonly found in higher 
numbers in untreated municipal wastewater than in other environmental sources.  The presence of 
viruses in treated water used for recycling may vary according to the type of treatment process, 
population size, geographical location and prevalence of disease in the community. This makes it difficult 
to generalise what and how much treatment a WWTP must achieve (Gerba et al., 2013). This means that 
any assessment of the treatment capacity of an ASP within a wastewater treatment train needs to be 
assessed on an individual basis, taking into account the common microbial constituents present in that 
wastewater, and how well the ASP performs under local conditions. 

The overall aim of this project was to collect data on pathogen removal in activated sludge plants that 
could be used in the development of a validation protocol to provide a standardised format for validating 
ASP plants in different regions across Australia. The secondary aim was to attempt to determine if there 
were relationships between the measured microbial log removal values and frequently recorded (and/or 
easily measured) physicochemical parameters. The identification of relationships would enable, through 
appropriate operational monitoring and verification, the demonstration that appropriate pathogen log 
removals were being achieved in these biological systems. It was also hoped that such relationships 
could also indicate when an ASP was not operating to specifications and therefore when pathogen 
removal could be impacted. 

Literature review 

The subproject included a comprehensive literature review to identify pathogen removal mechanisms and 
factors which may influence such removal. 

In general, pathogen reduction during the activated sludge process is driven by three mechanisms: (i) 
adsorption to suspended solids followed by settling of sludge flocs; (ii) natural decay of pathogens due to 
environmental stress; and (iii) predation by other organisms such as protozoa. The first two factors play a 
major role whereas predation, while less significant, contributes towards removal of bacterial and 
protozoan pathogens, and viral pathogens to a lesser extent, from wastewater matrices (Chabaud et al., 
2006; Gerba et al., 1978; Glass and O'brien, 1980; Kim and Unno, 1996; Medema et al., 1998; 
Stadterman et al., 1995). The principal removal mechanism is expected to vary with the type of pathogen 
in question, and depending on plant operational conditions. 

The degree of removal of pathogens during activated sludge treatment is influenced by a variety of plant 
operational variables and conditions, which can vary between treatment plants and which may often 
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deviate from the ideal parameters. The pathogen and indicator microorganism removal efficiency varies 
according to the treatment process type, retention time, O2 concentration, pH, temperature, biological 
flora present in activated sludge, and the efficiency in removing suspended solids.  Also, large scale 
activated sludge treatment process is influenced by a range of physical and chemical factors including 
the level of aeration, mixing and seasonal temperature variations. These factors are linked with the 
removal of pathogens and can be monitored during the activated sludge process. 

Measurement of pathogen LRVs at activated sludge treatment plants 

The study involved sampling three activated sludge treatment plants, Oxley Creek (sub-tropical), 
Beenyup (mediterranean), Boneo (cool temperate) and a trickling filter plant, Rosny (mild temperate 
oceanic). These WWTPs represented different geographical regions of Australia and different population 
sizes.  The selected treatment plants also varied in design and operating conditions. The performance of 
each plant was assessed by measuring LRVs and collecting a range of physicochemical parameters, 
both from historical records and during the current study. The historical records provided information on 
the stability of the plant operation and were used to demonstrate that the plant was operating to 
specifications during the time when microbial LRVs were assessed. 

The study of microbial removal efficiencies at each plant was done using selected microorganisms from 
the three major pathogen groups of concern in Australia, namely bacteria, viruses and protozoa. The 
bacteria were represented by E. coli as this bacterium is the most commonly used microbial indicator and 
has been used historically to inform the quality of treated effluent. It was also assumed that removal 
efficiencies for E. coli would be representative of other bacterial species. Three DNA viruses (adenovirus, 
polyomavirus and the Microviridae coliphage) were tested as potential viral surrogates. Adenovirus and 
polyomavirus were selected as it has been previously suggested that these viruses could potentially be 
suitable as representative indicator pathogens. Microviridae was tested because somatic coliphages had 
often been used to represent enteric viruses until recent advances in molecular technologies improved 
the detection capabilities for enteric viruses. Finally, Cryptosporidium was chosen as the representative 
protozoan pathogen due to its known resistance to environmental pressures and chlorination. 

The results found that E. coli numbers were fairly constant in the influent throughout the year at all the 
WWTPs ranging from 7 to 9 log10 L

-1
.  Effluent E. coli numbers were also constant in the effluent from 

each of the WWTPs, with mean values from 5.3 to 5.9 log10 L
-1

.  When these influent and effluent 
numbers were used to calculate LRVs, it was demonstrated that the ASP plants could consistently 
achieve E. coli removal with LRV geometric means ranging from 2.5 to 3.4 log10 (Figure 12). 

 

Figure 12. Comparative distribution of E. coli in influent and effluent across all four sites. 

The virus data from all four WWTPs (Figure 13) suggest that human adenovirus was consistently present 
in detectable numbers in both influent (10

6
 to 10

8 
L

-1
) and effluent samples (10

3
 to 10

5
 L

-1
). The LRVs 

determined for adenovirus in the ASP WWTPs had geometric means from 2.1 to 2.7 log10 indicating that 
adenovirus is indeed suitable for use as a conservative viral surrogate in a validation protocol. LRVs were 
of comparable magnitude to LRVs measured for E. coli, however the site-specificity for all three viruses 
meant that validation would need to be undertaken for each individual WWTP in order to determine 
appropriate virus log removal credits. 
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Figure 13. LRVs distribution for adenovirus, polyomavirus and Microviridae across all four sites. 

The initial attempts to detect Cryptosporidium parvum oocysts was found to provide numbers that were 
inconsistent in the influent of all WWTPs. Further research determined that this was caused by a low 
detection limit and issues associated with the recovery of oocysts from raw influent. Changes to the 
detection methodology including the volume of sample tested (decreased from 30 mL to 15 mL) and 
using Cryptosporidium sp. genus specific primers rather than C. parvum species specific primers 
provided results in the case of Beenyup and Boneo WWTPs. These two WWTPs respectively presented 
average Cryptosporidium sp. numbers in influent of 4.1 and 4.5 log10 L

-1
 and in effluent of 1.4 and 0.7 

log10 L
-1

. The calculated mean LRVs were 2.8 log10 for Beenyup WWTP and 3.8 log10 for Boneo WWTP. 
These initial removal rates are similar to those determined for viruses, however these were only 
preliminary conclusions based on limited data. More testing would be needed from these and other 
WWTPs in order for more accurate conclusions to be reached on the ability of activated sludge plants to 
remove Cryptosporidium from wastewater. 

Impact of sampling strategy 

The impact of using a paired sampling strategy (collecting the sample influent and delaying the collection 
of a matching effluent sample by the equivalent of the hydraulic retention time of the plant) versus 
simultaneous or random sampling was assessed at Oxley Creek WWTP. Samples were collected in 
triplicates (random samples 40x3; HRT samples 20 x3) and LRVs obtained based on the two sampling 
methods were compared to identify any statistically significant difference. The data analysis showed no 
statistically significant difference in LRVs (t test, P > 0.05) for adenovirus, polyomavirus and Microviridae. 
Paired sample collection requires the calculation of HRT at time of sampling, a parameter which may 
often vary as a function of plant inflow, which is itself influenced by precipitation and seasonal variation 
such as surge in population during the holiday season for smaller treatment plants. Therefore, the 
collection of simultaneous or random samples was considered appropriate for the determination of LRVs 
as part of the validation of ASP. 

It was also considered important to determine the ideal number of samples required for validation 
purposes. The results suggested that the analysis of 10 samples was not sufficient to capture variations 
in LRVs while the mean and geometric means of 20, 30, and 40 samples were statistically similar and 
therefore, little additional benefit was obtained by collecting more than 20 samples. This result is 
consistent with literature data on representative sample sizes for validation purposes. 

  
















































