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FOREWORD 

The Water Research Foundation (WRF) is a nonprofit corporation dedicated to the 
development and implementation of scientifically sound research designed to help water utilities 
respond to regulatory requirements and address high-priority concerns. WRF’s research agenda is 
developed through a process of consultation with WRF subscribers and other water professionals. 
WRF’s Board of Directors and other professional volunteers help prioritize and select research 
projects for funding based upon current and future industry needs, applicability, and past work. 
WRF sponsors research projects through the Focus Area, Emerging Opportunities, Tailored 
Collaboration, and Facilitated Research programs, as well as various joint research efforts with 
organizations such as the U.S. Environmental Protection Agency and the U.S. Bureau of 
Reclamation.  

This publication is a result of a research project fully funded or funded in part by WRF 
subscribers. WRF’s subscription program provides a cost-effective and collaborative method for 
funding research in the public interest. The research investment that underpins this report will 
intrinsically increase in value as the findings are applied in communities throughout the world. 
WRF research projects are managed closely from their inception to the final report by the staff and 
a large cadre of volunteers who willingly contribute their time and expertise. WRF provides 
planning, management, and technical oversight and awards contracts to other institutions such as 
water utilities, universities, and engineering firms to conduct the research.  

A broad spectrum of water issues is addressed by WRF's research agenda, including 
infrastructure and asset management, rates and utility finance, risk communication, green 
infrastructure, food waste co-digestion, reuse, alternative water supplies, water loss control, and 
more. The ultimate purpose of the coordinated effort is to help water suppliers provide a reliable 
supply of safe and affordable water to consumers. The true benefits of WRF’s research are realized 
when the results are implemented at the utility level. WRF's staff and Board of Directors are 
pleased to offer this publication as a contribution toward that end. 

 
 

Charles M. Murray Robert C. Renner, P.E. 
Chair, Board of Directors Chief Executive Officer 
Water Research Foundation  Water Research Foundation 
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EXECUTIVE SUMMARY 

KEY FINDINGS 
 

 The Health Canada tool is well-suited for use in risk assessment and water safety 
planning for the studied WTWs. 

 Routine pathogen monitoring would not improve risk estimation significantly at either 
plant, though monitoring for other purposes could provide benefits. 

 Monthly average process data predicted risks similar to those predicted with daily 
process data, indicating that the tool framework produces reliable risk estimates. 

 The tool allowed for relatively easy assessment of failure scenarios and produced 
outputs describing important risk features such as the risk-driving pathogen and the 
relative contributions of physical removal and chemical disinfection for Giardia 
control. 

 
OVERVIEW 
 

The drinking water laws for water suppliers in England, Wales, and Scotland require risk 
assessments of treatment works and connected supply (distribution) systems, as well as continuous 
review and upkeep of the risk assessment. Risk analysis, as required for water suppliers, is a 
significant undertaking involving data collection, quantitative analysis, and risk characterization. 
This study demonstrates use of the spreadsheet-based Health Canada quantitative microbial risk 
assessment (QMRA, Health Canada 2014) tool for analysis of two water treatment works (WTWs) 
in the UK. The tool was designed for users with and without specialized training in risk analysis 
and for overcoming the significant challenges associated with risk analysis of complex WTWs. 
Application of the tool to the WTWs required analysis of processes not currently part of the tool 
and resulted in recommendations for future tool development.  

OBJECTIVES 

The objectives of this study were to:  
 
 Demonstrate application of the Health Canada tool for analysis of two drinking water 

treatment plants 
 Research treatment processes not currently part of the tool (but in use at the WTWs), 

and make recommendations for including them in the tool 

BACKGROUND  

In the UK, risk assessments are conducted using a water safety plan (WSP) approach and 
contain the following elements: 

 
 Documentation of potential hazards or hazardous events in the catchment area, during 

treatment, within the distribution system, and within building plumbing systems 
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 Characterization of risk for each hazard and hazardous event using a scoring system 
based on likelihood and consequence criteria both before and after taking account of 
existing permanent control measures 
 

The benefits of the water safety planning and risk assessment approach are multifold and 
include identifying and mitigating risks and, prior to events, the opportunity to assess the adequacy 
of barriers in place in the overall treatment works context, an opportunity to weigh competing risks 
against each other, and a framework for prioritizing risk management activities. 

The Health Canada tool produces site-specific risk estimates through use of site-specific 
raw water pathogen concentration data (when available), process water quality and operations data 
(contact time, disinfectant type and dose, temperature, pH) for estimation of inactivation by 
disinfection, and characterization of physical removal for estimation of pathogen removal. As a 
spreadsheet tool, the Health Canada tool can be used by most water treatment professionals. The 
tool facilitates analysis by providing data that are difficult for many practitioners to obtain, such 
as microbial dose-response parameters and default estimates for unit process operation log 
removals. The tool’s accessibility promotes meaningful risk assessment and reduces dependence 
on external experts and expert judgment when developing and refining WSPs. 

APPROACH 

Effective use of the Health Canada tool is a multi-step process. Those steps are: 
 
 Conducting an engineering assessment to identify specific microbial hazards for a 

source water, to collect process data, and to develop an understanding of the way 
microbial risks are managed at a given plant 

 Characterization of source water pathogen concentrations, either based on pathogen 
monitoring or use of default pathogen concentration estimates 

 QMRA analyses and risk characterization 
 

These steps were undertaken and documented for the WTWs assessed in this study. 
Engineering assessment reports generated QMRA model inputs and allowed project staff to 
develop a comprehensive view of microbial risk management at the WTWs. In our experience, a 
systematic engineering assessment frequently is as valuable as, if not more valuable than, risk 
calculations. Data collected in the engineering assessments, along with historic source water 
monitoring data, were used as inputs to the Health Canada tool. QMRA analyses conducted for 
the WTWs explored the adequacy of treatment barriers under normal operating conditions and 
under failure conditions such as reduced disinfectant dosing or failure of individual unit operations. 
Simulations were conducted at daily and monthly timescales to determine the temporal variability 
in risk (consistency in performance) of the WTWs and to determine whether monthly average 
process data allowed sufficiently accurate characterization of risk for the WTWs. 

RESULTS/CONCLUSIONS 

Engineering analyses of the WTWs identified livestock operations as important potential 
pathogen sources for both WTWs, and treated wastewater effluent as a potential source for one 
WTW. The WTWs employ multiple processes for reduction of bacteria, viruses, and Giardia, and 
rely on coagulation, dissolved air flotation (DAF), and filtration for Cryptosporidium control. The 
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WTWs employ several processes not specifically addressed in the Health Canada tool – DAF, 
filter backwash recycle (FBR), and secondary filtration in manganese contactors.  

Three sets of QMRA analyses were done for the WTWs. First, reverse QMRAs 
(determination of source water pathogen concentration for a given level of finished water risk) 
were used to determine the source water concentrations that would pose a risk above a benchmark 
health level and to assess the value of routine pathogen monitoring for refining risk estimates. For 
both WTWs, the level of treatment is high enough that even high concentrations of pathogens 
(relative to historic concentrations) in the source water do not pose a significant risk. Limited 
additional (beyond ongoing routine monitoring) source water pathogen monitoring would be 
unlikely to yield significant benefits in improved risk analysis. This finding does not imply that 
pathogen monitoring would yield no benefit for purposes other than developing input to, and 
refinement of, the Health Canada tool. For example, genotyping Cryptosporidium and Giardia, 
microbial source tracking, capturing event concentrations of pathogens, or ongoing surveillance 
for changes in pathogen occurrence at the WTWs would all be beneficial for purposes such as 
improved source water characterization and hazard identification. 

The second set of QMRA analyses was the assessment of risk under normal plant operating 
conditions. Risks were estimated using both monthly-averaged and daily-averaged process data.  
Outcomes of monthly and daily analyses were similar, indicating that monthly-averaged process 
data are adequate as model inputs for these WTWs. Analyses for routine plant operation indicate 
that Cryptosporidium risk predominates for both WTWs, followed by Giardia. Bacteria and virus 
removals are so high (and risks so low) under normal operations at the WTWs that they exceed 
the maximum that can be reliably estimated by the Health Canada tool.  

The third set of analyses involved assessment of the impact of failure of different processes 
on overall risk. Physical treatment failures (coagulation or clarification failures) would have lower 
short-term impacts on risk than chemical disinfection failures. However, physical treatment 
failures have the potential to become progressively worse given the practice of FBR. Failure of 
coagulation would have a much higher short-term impact on protozoa risks than failure of 
clarification. Complete failure of primary chlorination would have a profound impact on risk for 
one of the WTWs and a significant impact at the other. Given the importance of chlorine for control 
of bacteria and viruses, QMRA indicates that focusing on disinfection process control and 
reliability is a better route to risk management than maintaining high disinfectant concentration 
relative to that required for maintaining risks below a 10-6 DALY (disability adjusted life 
year)/year benchmark. 

A literature review on performance of DAF indicates that removal via well-designed and 
well-operated DAF processes is higher than that from equivalent sedimentation processes. This 
finding is tempered by the small number of studies available for comparing the two processes and 
by the high variability in removal reported within and between studies. FBR has a net effect of 
reducing overall removal for coagulation-clarification-filtration. However, FBR also has the 
potential to cause a build-up of pathogens in the process water, particularly if clarification 
processes underperform. The literature generally supports assigning a log removal of 0.5 for 
secondary filtration processes such as manganese contactors. Because no studies have been done 
on removal in manganese contactors, it cannot be predicted whether manganese contactor removal 
would differ significantly from that of other secondary granular filtration processes. A general 
finding of the literature review on DAF, FBR, granular activated carbon (GAC), and manganese 
contactors is that estimates of their performance are based on few studies, many of which were 
conducted prior to widespread adoption of practices like enhanced coagulation. 

©2017 Water Research Foundation. ALL RIGHTS RESERVED



 

xviii 

APPLICATIONS/RECOMMENDATIONS 

WTWs Recommendations 

Both WTWs manage microbial risks consistently and with a high margin for error. That 
high margin for error provides an opportunity to explore strategies for managing competing risks, 
such as disinfection byproduct (DBP) risks. Analyses with the Health Canada tool and a similar 
tool for predicting DBP formation could be done in parallel in an attempt to balance the risks and 
reduce health risks from all hazards (microbiological and chemical). Such analyses are complex, 
since chemical disinfection and other processes are in place for multiple purposes and because of 
the need to maintain multiple barriers to microbial breakthrough. Routine pathogen monitoring 
would not improve risk estimation significantly at either plant, though monitoring for other 
purposes could provide benefits. 

Health Canada Tool Recommendations 

The research team found that the Health Canada tool is well suited for use in risk 
assessment and water safety planning for the studied WTWs. Monthly average process data 
predicted risks similar to those predicted with daily process data, indicating that the tool framework 
(developed for accessibility to practitioners without specific risk analysis and computer 
programming training) produces reliable risk estimates. The tool allowed for relatively easy 
assessment of failure scenarios and produced outputs describing important risk features, such as 
the risk-driving pathogen and the relative contributions of physical removal and chemical 
disinfection for Giardia control. While the Health Canada tool can accommodate DAF, FBR, and 
second-stage filtration through user input selected process values, the research team recommends 
explicit addition of those processes to the tool for use by engineers at other WTWs. 

Research and Modeling Recommendations 

Given the importance of unit process removal estimates on plant designs and water 
regulation, the research team advocates renewed research on process performance to update and 
supplement available data. Studies on DAF indicate better performance than equivalent 
sedimentation processes, though removal estimates differ widely among studies, and the difference 
in performance between the processes is likely to depend on specific process designs and 
operation. FBR has a net effect of reducing the log reduction from a coagulation-clarification-
filtration process, since pathogens retained on filters are returned to process water and given 
additional chances to break through treatment. Maintaining sufficient clarification is key to 
avoiding build-up of pathogens in the process water for plants practicing FBR. In the absence of 
additional process performance data, QMRA analyses can include point estimates for risk over a 
range of unit operation removals or a more complete sensitivity analysis that quantifies the impact 
of assumptions of unit operation performance on risk estimates. 

RESEARCH PARTNERS 

Research partners in this study included UK DEFRA and an anonymous UK water 
supplier. Their contributions to the research and commitment to producing high-quality drinking 
water are greatly appreciated. 
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CHAPTER 1 
INTRODUCTION 

MICROBIAL RISK ASSESSMENT AND MANAGEMENT 

The drinking water laws of England, Wales and Scotland for water suppliers require risk 
assessment of treatment works and connected supply (distribution) systems, as well as continuous 
review and upkeep of the risk assessment (The Water Supply [Water Quality] Regulations, 2016). 
The risk assessment is conducted using a WSP approach (Purcell, 2010) and contains the following 
elements: 

 
 Documentation of potential hazards or hazardous events in the catchment area, during 

treatment, within the distribution system, and within building plumbing systems 
 Characterization of risk for each hazard and hazardous event using a scoring system 

based on likelihood and consequence criteria both before and after taking account of 
existing permanent control measures 
 

The benefits of the water safety planning and risk assessment approach are multifold and 
include identifying and mitigating risks, and prior to events, the opportunity to assess the adequacy 
of barriers in place in the overall treatment works context, an opportunity to weigh competing risks 
(e.g., microbial risks and DBP risks) against each other and a framework for prioritizing risk 
management activities. 

This report demonstrates use of a tool that can facilitate development and refinement of 
WSPs. The tool (referred to as the Health Canada tool in this report) is a spreadsheet-based tool 
for estimating site-specific risks of pathogenic organisms. The Health Canada tool produces site-
specific risk estimates through use of site-specific raw water pathogen concentration data (when 
available), process water quality and operations data (contact time, disinfectant type and dose, 
temperature, pH) for estimation of inactivation by disinfection, and by characterization of physical 
removal for estimation of pathogen removal. As a spreadsheet tool, the Health Canada tool can be 
used by most water treatment professionals. The tool facilitates analysis by providing data that are 
difficult for many practitioners to obtain, such as microbial dose-response parameters and default 
estimates for unit process operation log removals. The tool’s accessibility promotes meaningful 
risk assessment and reduces dependence on external experts and expert judgment when developing 
and refining WSPs. 

Although configured for easy use by most water professionals, the Health Canada tool 
requires thoughtful development of site-specific inputs for successful application. The most critical 
step toward application of the tool is initial data collection and assessment. In this report the plant 
assessment and process data collection process are termed the engineering assessment. That 
assessment includes a review of the source water characteristics relevant to microbial risk, a review 
of treatment processes and monitoring in the plant, collection of general information on plant 
operation (in particular, information on disinfection practices) and collection of plant process data. 
In our experience, the engineering assessment process can be as helpful as the subsequent QMRA 
analyses in identifying opportunities for improved process control and risk management.  

A consideration for practitioners using the Health Canada tool is tailoring model inputs to 
reflect local conditions. Treatment performance estimations incorporated in the Health Canada 
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tool are based on a rigorous and comprehensive analysis and synthesis of available data describing 
the reduction in pathogenic organisms for treatment processes found at water treatment plants. Yet, 
it is well established that site-specific process performance is variable and dependent on local 
water quality, unit operation design, operations choices, and other factors. Variability in 
performance is illustrated in Figure 1.1, which shows Cryptosporidium oocyst removal in 
conventional treatment and direct filtration as reported in peer-reviewed studies 
(Assavasilavasukul et al., 2008; Baudin and Laîné, 1998; Brown and Emelko, 2009; Charles et al., 
1995; Cornwell and Lee, 1994; Cornwell and MacPhee, 2001; Dugan et al., 2001; Edzwald et al., 
2000; Edzwald and Kelley, 1998; Emelko, 2003, 2001; Emelko et al., 2000, 1999; Hashimoto et 
al., 2002; Hendricks et al., 2005; Huck et al., 2002, 2001; LeChevallier et al., 1991; LeChevallier 
and Norton, 1992; McTigue et al., 1998; Nieminski, 1994;  Nieminski and Ongerth, 1995; Ongerth 
and Pecoraro, 1996; Patania et al., 1995; Payment and Franco, 1993; Scott et al., 1997; Smeets et 
al., 2007; States et al., 1997; Swaim et al., 1996, 1996; Swertfeger et al., 1999; West et al., 1994; 
Yates et al., 1997). Conventional treatment entails coagulation, sedimentation, and filtration. Log 
removal estimates for both conventional treatment and direct filtration span 4-5 logs over all 
studies and can span 4 logs in a single study. For example, in a comparison of removal by filters 
in stable operation and near the end of a run, Emelko (2003) observed differences of greater than 
3 logs in the reduction of Cryptosporidium oocysts in a pilot plant. As described in more detail in 
Chapter 2, default removal estimates in the Health Canada tool are selected as a weighted average 
of removals reported in the literature. While representative of removal in general and a best first 
estimate of removal at a given facility, consideration of plant-specific design and operation and of 
whether the default removal estimate is applicable can lead to more meaningful QMRA results by 
utilizing the tool’s user defined pathogen reduction values. Evaluation of local processes against 
those described in the literature also provides an opportunity for identifying design or operations 
changes that could enhance removal. 

Although the Health Canada tool has removal data for the types of processes in place at the 
vast majority of treatment plants, it does not include performance data for all possible unit 
processes. For example, the two water treatment works analyzed in this study employ DAF 
clarification and second stage filtration, which are not currently choices in the Health Canada tool. 
In such cases, users may specify removal for a treatment process. Ideally, process removal 
estimates would be based on data collected on site. In the absence of data developed on site, 
removal estimates can be made on the basis of removals reported in the literature. Development of 
removal estimates for DAF clarification and for second stage filtration is described in Chapter 4 
of this report. 

The Health Canada tool estimates of pathogen reductions in chemical disinfection are 
based on the best-available science, but, like removal estimates for physical processes, are 
associated with both uncertainty and variability. Inactivation by chemical disinfection is estimated 
via batch survival studies in which a population of organisms is exposed to a disinfectant and the 
decline in the population is observed over time. Experiments are done over a range of temperatures 
and pHs and sometimes for different source waters, for a mixture of planktonic and particle 
associated organisms, and with inocula of different concentrations. Results of the survival studies 
are fit to empirical models and results of the empirical models may be abstracted as CT 
(concentration times time) tables.  
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Figure 1.1 Range of Cryptosporidium oocyst removal by conventional treatment and direct filtration  
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Uncertainties associated with the empirical models and CT tables for chemical disinfection 
include uncertainty in the impact of source water characteristics on pathogen survival, the 
applicability of the model for different organisms or even for the progeny of different isolates of 
the same organism, and the applicability of the model outside the experimental conditions used in 
the survival study. EPA CT requirements can include a safety factor that is intended to account for 
uncertainty in estimated log reduction in chemical disinfection. Chemical disinfection log 
reductions estimated by the Health Canada tool do not apply safety factors, since the tool is 
intended to estimate risks as accurately as possible and not to introduce factors of safety. 

QMRA and the Health Canada Tool in Water Safety Planning 

In water safety planning, water providers must consider all hazards (the physical entities 
or situations that could cause harm) that could impact plant source water when developing and 
maintaining WSPs. Hazards vary in their severity of consequence (e.g., mild diarrhea v. 
progression from diarrhea to hemolytic uremic syndrome [HUS]) and the frequency with which 
they occur (e.g., short-term increase in Cryptosporidium oocyst concentration during a runoff 
event v. persistent virus loading from leaking septic systems). Hazards with frequent occurrence 
or high consequence are of greater concern than those that occur less frequently or have less 
significant consequence. Deere et al. (2001) and Bartram et al. (2009) provided an example of a 
matrix that may be used to rank hazards as part of a WSP risk assessment (Table 1.1).  

 
Table 1.1 

Hazard assessment matrix 

Likelihood 
Severity of consequences 

Insignificant Minor Moderate Major Catastrophic 
Almost 
certain 

5 10 15 20 25 

Likely 4 8 12 16 20 

Moderately 
likely 

3 6 9 12 15 

Unlikely 2 4 6 8 10 

Rare 1 2 3 4 5 

 
While conceptually simple, the hazard matrix approach could be challenging to utilize, 

particularly for water personnel without specific training in risk assessment and management. 
Rather than use a hazards matrix approach such as that in Table 1.1, the Health Canada tool uses 
reference pathogens to represent the range of microbial hazards and quantitative measures of risk 
for quantifying the consequence of the hazards. In virtually all settings, there are many pathogens 
that could potentially occur and those pathogens occur sporadically. Because estimating risk for 
all relevant pathogens is impractical, the Health Canada tool and most QMRA analyses estimate 
risks for a subset of reference pathogens whose occurrence, fate and consequences are 
representative of the range of relevant pathogens. As detailed in Chapter 2, the reference pathogens 
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include protozoa (Cryptosporidium and Giardia), bacteria (Campylobacter and E. coli O157:H7) 
and one virus (rotavirus).  

For pathogens originating in source waters of drinking water works, the exposure pathway 
to human infection entails occurrence in source water, evasion of treatment (including secondary 
disinfection), and ingestion at point of use. The multi-barrier approach is advocated widely as the 
most efficacious and reliable approach for ensuring that drinking water reaching customers is safe 
(Deere et al., 2001). In their review of risk management related to the Walkerton, Ontario, E. coli 
O157:H7 outbreak and the North Battleford, Saskatchewan, cryptosporidiosis event, Hrudey and 
Hrudey (2002) identified a minimum of five elements that must be included in application of the 
multiple barriers approach: 

 
 Source protection 
 Treatment processes to remove or inactivate contaminants 
 Distribution system security 
 Monitoring programs for treatment process control and contaminant detection 
 Pre-planned and well-considered responses to adverse conditions 

 
Within a well-designed treatment process, there is typically a series of barriers selected to 

complement each other or to provide a margin of safety should any one of the other barriers 
underperform or fail. Selection and assessment of the suite of treatment barriers for microbial risk 
management requires an understanding of the hazards potentially present in the source water 
catchment, estimates of the range of reductions each barrier achieves under conditions expected at 
the treatment works, and consideration of the impacts (both positive and negative) of the processes 
on chemical hazards. Such an assessment is difficult because treatment processes are variable and 
estimating their performance for a specific source water or on a particular day is difficult. Processes 
vary in their ability to remove/inactivate different pathogens with source water quality, and in 
performance over the course of operation at a given treatment works.  

Petterson and Ashbolt (2016) reviewed the use of QMRA as a tool in water safety 
management. An important use of QMRA is assessment of the adequacy of treatment (planned or 
in operation) to deliver water meeting appropriate health-based risk targets. An illustration of the 
process described by Petterson and Ashbolt is presented in Figure 1.2. If source water pathogens 
concentrations are known, the level of treatment (log reduction) necessary to produce water with 
risk at or below a health target may be estimated. Conservatism in the estimate of level of treatment 
needed may be introduced by using high source water pathogen concentrations (e.g., 95th percentile 
concentrations) or by applying safety factors to an estimate of the level of treatment required. 
Alternatively, QMRA can be used in reverse fashion to estimate the source water critical pathogens 
level (termed the level of materiality; Ian Douglas, personal communication). This process is 
depicted with a dotted line that was added to the figure originally presented by Petterson and 
Ashbolt (2016). In this “reverse” QMRA, the level of treatment (sum of log reductions for all 
treatment processes) is known and the source water pathogen concentration is varied to determine 
the concentration that produces the target risk level in treated water. Conservatism may be added 
to the source water estimate through use of an estimate of log reduction in treatment for the worst 
month (the month with the least reduction in pathogens) or the worst day. This second use of 
QMRA allows comparison of actual source water pathogen concentration with concentrations 
posing a material risk (i.e., a risk approaching the health target) or in development of pathogen 
monitoring strategies. Results from use of QMRA to establish levels of materiality for the 
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reference pathogens for the two water treatment works highlighted in this study and for developing 
monitoring strategies are presented in Chapter 3. 

 

 
Source: Adapted from Petterson, S. R., and N. J. Ashbolt. 2016. “QMRA and Water Safety 
Management: A Review of Application in Drinking Water Systems.” Journal of Water and Health 
volume 14, issue 4, pages 571-589, with permission from the copyright holders, IWA Publishing. 
 
Figure 1.2 Approach for defining treatment requirements based on source water pathogen 
concentration or estimating source water concentration based on a health target and 
removal in treatment 
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Overview of the Health Canada Tool 

A probabilistic QMRA model initially developed by Health Canada as part of the risk 
assessment process for enteric pathogens in drinking water (McFadyen et al., 2006) has been 
developed into a tool to explore the potential disease burden, with associated uncertainty, for user-
defined scenarios in a given drinking water system. The intended audience includes regulatory 
authorities and drinking water providers. Exposure is calculated based on user inputs of reference 
pathogen concentrations in the source water. Protozoa (Cryptosporidium and Giardia), enteric 
viruses (a model virus) and bacteria (E. coli O157:H7 and Campylobacter) are used as reference 
pathogens (i.e., representative pathogens). The impacts of water treatment are described as 
organism-specific removal/inactivation impacts of filtration and disinfection. The log removal 
values for each treatment stage are weighted mean values taken from a large literature survey 
(Hijnen and Medema, 2007). Log inactivation (disinfection) relations and parameters are based on 
published literature and CT tables, where available. The exposure information, along with dose–
response models for each reference organism are used to estimate the potential disease burden (in 
DALYs/person per year), and assess how a given system is addressing overall microbiological 
risk.  

Use of the Health Canada tool is a two-step process. The first step is an engineering 
assessment in which facets of the plant relevant to microbial risk and pathogen reduction are 
reviewed and data required for executing the Health Canada tool are collected. The second step is 
use of the tool to produce risk estimates. Users input process data, source water pathogen 
concentration estimates and treatment process train information. Outputs allow users to evaluate 
the adequacy of treatment barriers, determine which pathogen(s) drive risk and evaluate what-if 
scenarios such as the temporary loss of a treatment process or the impact of adding a barrier. 

Overview of the Current Study 

In the current study, the Health Canada tool was used to assess two water treatment works 
(referred to as WTW A and WTW B in this report) located in the UK and operated by a major 
water supplier. The plants differ in source water characteristics and treatment trains. Engineering 
assessments were conducted for the plants and data collected in the assessments were used to 
determine the level of materiality (critical source water pathogen concentration) for each reference 
pathogen and to assess the value of routine source water pathogen monitoring. QMRA analyses 
were done with monthly-averaged and daily-averaged process data to assess the adequacy of 
treatment barriers, to determine the risk-driving pathogens, and to determine the degree to which 
risk varies over a typical year of operation. Subsequent analyses explored the impact of failure of 
different components of treatment on risk. 

Both of the plants evaluated in this study employ DAF, and one of the plant process trains 
includes a manganese contactor, while the other includes GAC beds. One plant returns settled 
backwash to the head of the plant as FBR. Because these processes are not specifically part of the 
current Health Canada tool, a literature review and analyses were conducted to understand their 
log reduction (or, in the case of FBR, decrement in process performance) and to explore their 
impact on microbial risk. 

In Chapter 2, this report begins with an overview of methods used in the Health Canada 
tool and for engineering assessments. Chapter 3 presents findings from the engineering analyses, 
risk-based monitoring plan development and QMRA analyses. Chapter 4 presents findings of 
research on DAF, FBR and manganese contactors. The report concludes with an assessment of the 
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use of the Health Canada tool as a component of water safety planning and suggestions and 
recommendations for its improvement. 
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CHAPTER 2 
METHODS 

THE HEALTH CANADA QMRA MODEL 

Overview of the Health Canada Tool 

A probabilistic QMRA model initially developed by Health Canada as part of the risk 
assessment process for enteric pathogens in drinking water (McFadyen et al., 2006) has been 
developed into a tool to explore the potential disease burden, with associated uncertainty, for user-
defined scenarios in a given drinking water system. The intended audience includes regulatory 
authorities and drinking water providers. Exposure is calculated based on user inputs of reference 
pathogen concentrations in the source water. Protozoa (Cryptosporidium and Giardia), enteric 
viruses (a model virus) and bacteria (E. coli O157:H7 and Campylobacter) are used as reference 
pathogens (i.e., representative pathogens). The impacts of water treatment are described as 
organism-specific removal/inactivation impacts of filtration and disinfection. The log removal 
values for each treatment stage are weighted mean values taken from a large literature survey 
(Hijnen and Medema, 2007). Log inactivation (disinfection) relations and parameters are based on 
published literature and CT tables, where available. The exposure information, along with dose–
response models for each reference organism are used to estimate the potential disease burden (in 
DALYs/person per year), and assess how a given system is addressing overall microbiological 
risk.  

Use of the Health Canada tool is a two-step process. The first step is an engineering 
assessment in which facets of the plant relevant to microbial risk and pathogen reduction are 
reviewed and data required for executing the Health Canada tool are collected. The second step is 
use of the tool to produce risk estimates. Users input process data, source water pathogen 
concentration estimates and treatment process train information. Outputs allow users to evaluate 
the adequacy of treatment barriers, determine which pathogen(s) drive risk and evaluate what-if 
scenarios such as the temporary loss of a treatment process or the impact of adding a barrier. 

A simplified view of the Health Canada tool for a hypothetical conventional treatment plant 
is presented in Figure 2.1. At the most basic level, a user specifies source water pathogen 
concentrations and unit processes in the treatment train. The model returns pathogen reductions 
for the overall treatment process (the sum of the reductions for each unit operation) and calculates 
the risk associated with drinking the finished water. Log reductions shown on Figure 2.1 are 
provided as an illustration of the methodology. Inactivation estimates are key elements of the 
model and account for both disinfectant decay and non-ideal flow. 
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Figure 2.1 Simplified illustration of the Health Canada tool methodology; hypothetical 
plant with conventional treatment 
 

Inputs to the model are specified in the interface shown in Figure 2.2. For a specific plant, 
inputs are: 

 
 The mean and standard deviation for source water concentration for five reference 

pathogens 
 The processes comprising treatment 
 Disinfection process data 
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Figure 2.2 User inputs and user interface 

 
The model produces many outputs such as 
 
 Log reduction for each reference pathogen and each unit process 
 Daily risk of infection, illness or DALYs for each reference pathogen 
 Annual risk of infection, illness or DALYs for each reference pathogens 

 
Because it is impractical to estimate occurrence and risk for all potential pathogens and 

because data (source water occurrence and abundance, treatability, and dose-response) are 
available for only a small subset of potential drinking water pathogens, the Health Canada tool 
uses reference pathogens in risk estimation. With the exception of QMRAs intended to explore 
risk of only a single pathogen, QMRAs of drinking water systems have all used the reference 
pathogen construct. Reference pathogens are selected because they are representative of a class of 
pathogens, because they have been implicated in drinking water outbreaks, and because they have 
important qualities such as resistance to treatment. Reference pathogens employed in the Health 
Canada tool are presented in Table 2.1, along with a justification for selecting each reference 
pathogen and the pathogen that was monitored for each reference pathogen.  
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Table 2.1 
 Health Canada QMRA tool reference pathogens 

Reference 
pathogen 

Justification 
Pathogen 
monitored 

Cryptosporidium 
spp. 

Cause of numerous outbreaks and significantly more 
resistant to treatment than other common drinking 
water pathogens. The two most important species in 
drinking water borne exposures are C. parvum and C. 
hominis. 

Cryptosporidium 
spp. 

Giardia spp. 

Cause of numerous outbreaks, more resistant to 
treatment than most organisms (except 
Cryptosporidium). For many plants, treatment is set to 
achieve a target removal of Giardia. The most 
important species in drinking water borne exposures is 
G. lamblia. 

Giardia spp. 

Campylobacter 
spp. 

Occurs frequently in human sewage as well as 
livestock and wildlife runoff. Occurrence differs from 
that of the other bacterial reference pathogen (E. coli 
O157:H7). Important species in drinking water 
exposure are C. jejuni and C. coli. 

Campylobacter 
spp. 

E. coli O157:H7 

Infections can progress to hemolytic uremic syndrome 
(HUS)– a much more serious outcome than typical 
gastrointestinal (GI) illness. E. coli O157:H7 can be 
shed by cattle and other animal hosts upstream of 
drinking water intakes. 

E. coli O157:H7 

Rotavirus 

Known to occur frequently and in high numbers in 
sewage. Very low infectious dose. An important 
etiological agent of GI illness and particularly 
dangerous to infants and children.  

Enteric virusesa 

a Using enteric viruses for occurrence of viruses and rotavirus as a reference pathogen 
produces a conservative estimate of risk. Rotavirus has a very low infectious dose (i.e., a 
relatively high per-pathogen likelihood of initiating infection), but is not necessarily the most 
prevalent enteric virus. Enteric viruses are more prevalent and have a range of infectious 
doses. 

 
In the Health Canada tool, reference pathogen source water concentrations are assumed to 

be lognormally distributed. While this assumption is limiting, it has been used effectively in other 
QMRA analyses and a lognormal distribution assumption is very commonly applied in analysis of 
environmental pathogen abundance data. Even with an extremely large data set (relative to most 
pathogen data) of Cryptosporidium occurrence data, benefits analyses conducted for the US EPA’s 
Long Term 2 Enhanced Surface Water Treatment Rule (LT2 SWTR) relied on an assumption that 
Cryptosporidium density was lognormally distributed in the finished water of each plant. Westrell 
et al. (2003) relied on an assumption of lognormally distributed Cryptosporidium parvum, 
Campylobacter jejuni and rotavirus in source waters in their study of the impact of treatment plant 
failures on risk. That study is notable because its goal is similar to that of the Health Canada tool. 
Other studies have used nonparametric approaches for generating pathogen densities in QMRA 

©2017 Water Research Foundation. ALL RIGHTS RESERVED



 

13 

studies. Smeets et al. (2008) conducted a bootstrap analysis of available Campylobacter raw water 
data and determined that a lognormal distribution was the best fit to use in subsequent modeling 
activities. In that study, the authors commented that the most commonly used distributions for 
characterizing raw water pathogen density are the lognormal and negative binomial. 

Removal along the treatment train is the sum of removal assigned or calculated for the unit 
operations. The log reduction ( ) values for each treatment stage are weighted mean values taken 
from a large literature survey conducted by Hijnen and Medema (2007), except for the removal 
estimates for membrane filtration (microfiltration and ultrafiltration), which are based on a 
literature review by Health Canada (unpublished review in support of revisions to the Guideline 
for Turbidity in Drinking Water). Hijnen and Medema (2007) examined the quality of each 
literature value and assigned a weighting factor (scale of 1 to 5) to each datum. High quality data 
were given more weight (e.g., full-scale data were weighted higher than pilot plant removal 
estimates, removals based on pathogen data were weighted higher than those based on surrogate 
particles, etc.). Using the weights and literature log removal values, the authors calculated a 
weighted mean log removal for each unit process Table 2.2. 

Chemical and ultraviolet light (UV) disinfection log reductions are calculated using plant 
process data (contact time, temperature, pH, disinfectant concentration [for chemical disinfection], 
fluence [dose] [for UV disinfection]), and using peer-reviewed and published inactivation models 
(Table 2.3 – Table 2.7). In the absence of experimental data, chemical inactivation rates were 
assumed to:  

 
 Follow first-order kinetics (i.e., log-inactivation proportional to CT values) 
 Double for every 10 degree Celsius increase in temperature  

 
Regulatory safety factors used in CT tables were removed unless there was a scientific 

basis provided for their inclusion. Where CT values exceeded observed literature values, 
maximum inactivation levels (on a log scale) were capped at an upper limit.  

For chemical disinfection, pathogen inactivation is estimated through an N-CSTR 
(continuous stirred tank reactor) calculation module. The N-CSTR model extends the disinfection 
calculations to consider non-ideal hydraulics typical of water treatment disinfection processes and 
provide an improved, reactor-specific estimate of mean removal in disinfection. The N-CSTR 
model is described more fully in Chapter 4.  

After the period of initial demand, disinfectant decay depends, primarily, upon 
temperature, and to a lesser extent on other water quality parameters such as pH. To capture the 
impact of daily temperature changes on primary disinfection performance, free chlorine decay was 
assumed to follow first-order kinetics and the free chlorine decay constant was modeled using 
Arrhenius kinetics (Fisher et al., 2012; Hallam et al., 2003; Monteiro et al., 2015; Powell et al., 
2000): 

 
 	 ⁄ ⁄   (2.1)

 
where = Temperature-dependent rate constant 

 = Frequency factor (dimensions of 1/time) 
 ⁄  = Activation coefficient (units of K) 

 = Temperature in °C. 
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Values reported in the literature for frequency factor and activation coefficient vary widely. 
The decay constant generally decreases with level of treatment (Fisher et al., 2012; Monteiro et 
al., 2015; Powell et al., 2000). For this study, representative values for frequency factor and 
activation coefficient were drawn values reported by Powell et al. (2000) and equal to 8.13×109 h-

1 and 7520°C, respectively. Future studies should explore the sensitivity of risk estimates to the 
choice of decay rate constants. 

Based on recommendations from the EPA's LT2 Enhanced SWTR guidance toolbox (EPA, 
2010a) and methods developed by Smeets et al. (2006), an N-CSTR ozone model was adopted for 
the revised Health Canada tool. The N-CSTR model represents the overall hydraulic retention time 
distribution by a theoretical number, , of CSTRs. A user may elect to provide a baffle factor 
(t10/T) or a discrete number of CSTRs as input to the revised QMRA model. When a baffle factor 
is provided, the model estimates an approximate number of NCSTRs that would correlate to the 
hydraulic performance described by the baffle factor. The baffle factor is essentially the ratio of 
t10 to theoretical mean residence time and is an indicator of the dispersion in retention time which 
can be approximated from these two reference points. This is done by calculating the t10:theoretical 
ratio using a relationship developed by Nauman and Buffham (1983). The cumulative residence 
time distribution for the N-CSTRs model is given by Equation 2.2: 

 

 
1

Γ
 (2.2)

 
where   is the dimensionless residence time (residence time ÷ mean hydraulic residence time),  
 Γ  is the gamma function evaluated at  (the theoretical number of tanks in series) and 
  is the number of tanks in the tanks in series model and is a continuous variable.  
 

The integral on the right-hand side of Equation 2.2 is the incomplete gamma function. For 
the direct implementation of N-CSTR calculations in Excel, the gamma function can be used to 
calculate the cumulative distribution function for a given time, . The derivative of the cumulative 
distribution function (i.e., the density function) is approximated as the forward difference between 
the value of the cumulative distribution at two separate time points. The derivative is known as the 
probability distribution function and provides the probability of a fluid element remaining in the 
reactor vessel for a certain period of time. 

To enable implementation of the non-ideal hydraulics model in the Health Canada tool 
(spreadsheet-based), the total hydraulic residence time is divided into 1000 time segments. The 
disinfectant concentration is calculated for each time segment based on the decay kinetics. The 
fraction of microorganisms remaining for each time segment is then calculated based on traditional 
CT values (the product of the disinfectant concentration, C, and the time value, T). The sum of all 
microorganisms remaining within all 1000 time segments is then used to calculate the overall 
inactivation for the disinfection process. 
  

©2017 Water Research Foundation. ALL RIGHTS RESERVED



 

15 

Table 2.2 
Health Canada tool pathogen removal values by coagulation through filtration 

Treatment process 
Estimated log reduction/standard deviation, by pathogen 

Cryptosporidium Giardia Rotavirus Campylobacter E. coli O157:H7 
Coagulation and 
clarification 

1.86/0.94 1.61/0.94 1.76/0.97 1.55/0.95 1.6/0.9 

GAC, no coagulation 1.11/0.71 1.23/0.94 0.77/0.78 0.55/0.29 0.5/0.3 
Direct filtration 2.97/1.33 2.86/1.08 0.59/0.47 1.36/0.44 1.36/0.44 
Granular filtration 
following 
coagulation/clarificationa 

2.41/1.27 1.92/1.07 1.11/0.70 0.87/0.38 0.87/0.38 

Slow sand filtration 4.66/1.32 4.88/0.97 2.18/1.09 2.69/1.08 2.69/1.08 
Microfiltration (membrane) 6.13/0.88 6.62/0.45 1.10/1.08 4.60/1.87 4.60 
Ultrafiltration (membrane) 6.41/0.44 6.18/0.82 4.12/1.13 8.00 8.00 
a The removals achieved by ‘Coagulation and Clarification,’ and by ‘Granular filtration following coagulation/clarification’ are 
added together for conventional filtration processes 
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Table 2.3 
Disinfection models for Cryptosporidium 

Disinfectant Log reduction relation Notes Reference 

Free 
chlorine 

log , 	
2

7200
	  

 2-log demonstrated @ pH 7, 25°C; CT = 7200 
mg/L-min  

 Model log reduction is capped at 4-log 
Korich et al. 1990 

Chloramine log , 0.0000011	 . .  

 Hom model using k=1.1×10-6, n=2.53, 
m=1.28 

 2.3-log demonstrated at pH=8, 22ºC 
 Model log reduction is capped at 5-log 

Finch et al. 1997 

Ozone log , 0.0397	 	1.09757  

 Less conservative model than previous EPA 
guidance documents  

 EPA applied 90% confidence boundary to the 
data set  

 Insufficient evidence for inactivation beyond 
3-log, although Finch et al. (1997) observed 
4.7-log with CT=36 at pH=6.9 and 22ºC 

 Model log reduction is capped at 6-log 

EPA 2006 

Chlorine 
dioxide 

log , 0.001506	 	1.09116  

 Less conservative model than previous EPA 
guidance documents  

 EPA applied 90% confidence boundary to the 
data set 

 3.0-log inactivation demonstrated at pH=8 
and 22ºC  

 Model log reduction is capped at 6-log 

EPA 2006 

Ultraviolet log , 1.2344 ln 0.1283 
 Some tailing observed at 3-log, although other 

researchers observed up to 5-log 
 Model log reduction is capped at 5-log 

Hijnen et al. 2006 
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Table 2.4 
Disinfection models for Giardia 

Disinfectant Log reduction relation Notes 

Free 
chlorine , 	 0.2828	 . . 0.933

 

 Curve fit to data from the EPA Surface Water 
Treatment Rule (SWTR) (1991) 

 No safety factors applied to CT tables, but used 
99% upper confidence limit (UCL) statistical fit of 
experimental data 

 4-log inactivation demonstrated at pH 6-9 
 Model log reduction is capped at 8-log 
 Reference: EPA, 1999 

Chloramine 
,

	 0.0000068	 0.0000764	
0.001619  

 Curve fit to data from the EPA SWTR (1991) 
 2-log inactivation demonstrated at pH=8 
 Log reduction calculated by model capped at 4-log 
 Reference: EPA, 1999 

Ozone , 	 0.0087	 0.0334	 1.545  

 Curve fit to data from the EPA SWTR (1991) 
 EPA safety factor of 2 removed for model 
 2-log inactivation demonstrated at 5ºC, pH 7  
 Model log reduction is capped at 4-log 
 Reference: EPA, 1999 

Chlorine 
dioxide 

, 	 0.0003949	 0.0041565	
1.2843  

 Curve fit to data from the EPA SWTR (1991) 
 Safety factor of 1.5 in EPA table - removed for 

model calculations 
 2-log inactivation demonstrated 
 Model log reduction is capped at 4-log 
 Reference: EPA, 1999 

Ultraviolet ,			 1.2085 ln 0.071 

 3-log inactivation demonstrated, but with tailing 
(Craik et al., 2000); observations cited at 4-log 

 Model log reduction is capped at 4-log 
 Reference: Hijnen et al., 2006 
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Table 2.5 
Disinfection models for rotavirus 

Disinfectant Log reduction relation Notes 

Free 
chlorine , 	

3	 	0.692	 . 	⁄
0.0667	 1.590	 12.430	

 Curve fit to original data from Sobsey et al. (1988) 
(Hepatitis A virus [HAV]); data cited in EPA SWTR 
(1999) 

 EPA CT tables included a safety factor of 3 
 CT are values based on HAV, although rotavirus 

may be 20-25 times more easily inactivated 
 4-log inactivation demonstrated at 5ºC, pH 6-9 
 Model log reduction is capped at 8-log 

Chloramine , 0.2439	
100

.
. 	  

 Curve fit to data from the EPA SWTR (1991) 
 CT values were based on HAV; rotavirus may be 5-

times more resistant than HAV 
 2-log inactivation demonstrated at 5ºC, pH=7 
 Model log reduction is capped at 4-log 

Ozone , 	 	 .
 

 Curve fit to data from the EPA SWTR (1991) 
 Safety factor of 3 removed for model calculations 
 CT values based on poliovirus 1, but rotavirus may 

be 3-30 times more easily inactivated 
 2-log inactivation demonstrated at 5ºC, pH 7 
 Model log reduction is capped at 4-log 

Chlorine 
dioxide ,

. 0.03507	 0.82447 	 

 Curve fit to data from the EPA SWTR (1991) 
 Safety factor of 2 in EPA table removed for model 

calculations 
 CT values based on HAV; rotavirus may be 20-

times more easily inactivated 
 4-log inactivation demonstrated at 5ºC, pH 7 
 Model log reduction is capped at 5-log 

Ultraviolet ,			 0.102	  
 5.0-log inactivation demonstrated, but with tailing;  
 Model log reduction is capped at 5-log 
 Reference: Hijnen et al. (2006) 
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Table 2.6 
Disinfection models for Campylobacter 

Disinfectant Log reduction relation Notes 

Free chlorine 	 	
3.64
0.5

 

 Used average values across all temperature and pH 
conditions cited 

 Proportional based on 3.64-log at CT=0.5 mg/L-min 
 3.6-log inactivation demonstrated at various pH and 

temperature values 
 Model log reduction is capped at 8-log 
 Reference: Blaser et al., 1986 

Chloramine ,
3.77
15

 

 Used average values across all temperature and pH 
conditions cited 

 Proportional based on 3.77-log at CT=15 mg/L-min 
 3.8-log inactivation demonstrated at various pH and 

temperature values 
 Model log reduction is capped at 8-log 
 Reference: Blaser et al., 1986 

Ozone , 	
60	

4.828	 31.9  

 Uses CT values for E. coli  
 No Campylobacter studies available 
 Demonstrated 5.0-log inactivation 
 Model log reduction is capped at 8-log 

Chlorine 
dioxide , 		

2
0.38

	 20

2
0.18

	 20
	 

 Uses CT values for E. coli  
 No Campylobacter studies available 
 Demonstrated 2.0-log inactivation 
 Model log reduction is capped at 4-log 

Ultraviolet ,			 0.880	  

 Combined result from Butler et al. (1987) and Wilson et al. 
(1992). 

 4.5 - 5.0 log inactivation demonstrated in studies 
 Model log reduction is capped at 5-log 
 Reference: Hijnen et al., 2006 
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Table 2.7 
Disinfection models for E. coli O157:H7 

Disinfectant Log reduction relation Notes 

Free chlorine . ,			 	 3.8962 .  

 Curve fit for 7 serotypes of E. coli O157:H7  
 Demonstrated 4.5-log inactivation 
 Model log reduction is capped at 8-log 
 Reference: Rice et al., 1999 

Chloramine . ,			 		

2
64

	 25

2
40

	 25
	 

 Proportional, based on 2-log at CT=64 (15°C) & 
CT=40 (20°C) 

 Demonstrated 2.0-log inactivation 
 Model log reduction is capped at 4-log 
 Although the equation for T>25 is included here for 

completeness, it is not used in the model 
 Reference: Kirmeyer et al., 2004 

Ozone . ,			 	
60	

4.828	 31.9  

 Multiple data points, fit to linear relationship with 
temperature 

 Demonstrated 5.0-log inactivation 
 Model log reduction is capped at 8-log  
 Reference: Hunt and Mariñas, 1997 

Chlorine 
dioxide . ,			 		

2
0.38

	 20

2
0.18

	 20
	 

 Based on 2-log inactivation for CT=0.38 (15°C) and 
CT=0.18 (20°C) 

 Demonstrated 2.0-log inactivation 
 Model log reduction is capped at 4-log 
 Reference: LeChevallier and Au, 2004 

Ultraviolet . ,			 0.214	  

 k-value of 0.642 reduced by factor of 3 for observed 
environmental strain resistance 

 5.5-log inactivation observed in cited studies (Wilson 
et al., 1992) 

 Model log reduction is capped at 5.5-log 
 Reference: Hijnen et al., 2006 
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Daily individual water consumption (oral ingestion) is input by the user and is a point 
estimate (not a distribution). In general, daily water consumption of 1 L per person per day is 
recommended for use in the Health Canada tool, though users can select other values (point 
estimates). The EPA exposure factors handbook (EPA, 2011) water ingestion rates for water as a 
beverage are presented in Table 2.8. Data presented are for all ages (data are also presented by age 
group in the exposure factors handbook) and for all respondents and for respondents who reported 
only consuming water from a community water system. These data indicate that ingestion varies 
widely among individuals, but that a point estimate of 1 L per capita per day is a conservative 
assumption (with respect to mean risk in the population) because part of the population does not 
consume any water served by a community water system. Table 2.8 also summarizes daily intake 
data in the UK. In those data, boiled and unboiled water consumptions are presented.  

 
Table 2.8 

Drinking water ingestion rates for customers of US community water systems 

Source Description 

Mean daily 
intake (mL), 

all ages 

95th percentile 
intake (mL), all 

ages 
EPA 
(2011) 

Entire population (total water intake) 869 2717 
Only respondents reporting ingestion of water 
(total water intake) 

1033 2881 

DWI 
(2008) 

Total water intake (boiled and unboiled). 
Outcomes of two surveys listed separately. 

1275, 1314 2484, 2535 

Unboiled water intake. Outcomes of two 
surveys listed separately. 

415, 595 1420, 1786 

Dose-Response and Disease Burden Estimates  

The average pathogen dose that individuals ingest is the product of the finished water 
pathogen concentration and the daily ingestion volume. The probability of infection given the 
ingested dose is calculated using pathogen-specific dose-response models as reported in the 
literature (Table 2.9). The exponential dose-response model is derived under the assumptions that 
all ingested pathogens have an equal and independent probability of initiating infection and that 
the ingested dose is Poisson distributed (that is, pathogens are homogeneously distributed in the 
water consumed). Mathematically, the exponential dose-response model is  

 
 1  (2.3)

 
where  = Mean pathogen concentration in the ingested (finished) water 
   = Ingested volume and 
  = Dose response model parameter (likelihood that an individual organism 

 initiates an infectious focus). 
 

The beta Poisson model is derived assuming the ingested pathogen dose is Poisson-
distributed and that the probability that pathogens in a dose initiate an infectious focus is beta-
distributed. The Health Canada tool uses an approximation to the beta Poisson model (the 
approximate beta Poisson model) given in Equation 2.4: 
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 1 1   (2.4)

 
where  and  are the model parameters. 
 

Table 2.9 
Dose-response models and parameters for Health Canada tool reference pathogens 
Pathogen Model    Source 

Cryptosporidium Poisson 0.018 - - Messner et al., 2001 
Giardia Poisson 0.01982 - - Rose and Gerba, 1991 

Rotavirus 
Beta-

Poisson 
- 0.265 0.4415 Haas et al., 1999 

Campylobacter Beta-
Poisson 

- 0.024 0.011 Teunis et al., 2005 

E. coli O157:H7 Beta-
Poisson 

- 0.0571 2.2183 Strachan et al., 2005 

 
Not all infections result in illness. In the Health Canada tool, the probability of illness is 

calculated as the product of the probability of infection (from the relations presented in Table 2.9) 
and the probability of illness given infection. The probability of illness given infection is assumed 
to be independent of dose and was selected based on a review of the literature. The probability of 
illness given infection for the reference pathogens is presented in Table 2.10. 

 
Table 2.10 

Reference pathogen probability of illness given infection 
Reference pathogen Probability of illness given infection 

Cryptosporidium 0.7 
Giardia 0.24 

Rotavirus 0.88 
Campylobacter 1.0 
E. coli O157:H7 1.0 

 
The annual probability of infection is calculated based on daily probability of infection and 

is given by: 
 

 , 1 1 ,  (2.5)

 
The risk of illness is then 
 

 |  (2.6)
 

To translate the risk of illness per year for an individual to a disease burden per person, the 
DALY is used as a common metric that takes into account diverse health outcomes. The key 
advantage of the DALY (as opposed to a “raw” risk value) as a measure of public health is cited 
as its aggregate nature, since it combines life years lost (LYL) with years lived with disability 
(YLD) to calculate the disease burden. DALYs are calculated as: 
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  (2.7)
 

where:  YLD =  the sum of the [(outcome fraction) × (duration) × (severity weight)] for 
each health outcome contributing to morbidity and  

LYL=   [(life expectancy) − (age at death)] × severity weight.  
 
DALYs associated with each Heath Canada model reference pathogens are presented in 

Table 2.11. 
 

Table 2.11 
Summary of DALY risk values for the Health Canada tool reference pathogens 

 
Crypto-

sporidium Giardia Rotavirus Campylobacter E. coli 
O157:H7 

DALYs due to 
morbidity 

(YLD) 
1.29E-03 1.29E-03 4.31E-03 3.19E-03 1.42E-02 

DALYs due to 
mortality (LYL) 

4.15E-04 4.15E-04 4.15E-03 1.41E-03 1.04E-02 

ENGINEERING ASSESSMENT  

The primary inputs to the Health Canada tool are source water pathogen data and water 
treatment plant process engineering characteristics, along with site-specific performance data 
where available. Source water pathogen data may be derived from literature reviews, local source 
water quality studies, or collected at the treatment plant raw water intake over the course of a 
monitoring program whose target pathogens and sample frequency are tailored to the pathogens 
and characteristics of the plant’s source water. Plant engineering and performance data are defined 
and collected during a plant assessment as described in this document. 

The QMRA plant assessment is an iterative process that begins with an initial outreach to 
staff at the utility to establish key points of contact and to collect general plant information. Next, 
a plant visit is arranged. After the plant visit, additional data, such as detailed monitoring results, 
may be requested to complete the data collection phase of the QMRA modeling process. In general, 
the critical data collected during the plant assessment process are related to filter and disinfection 
process operation and pathogen monitoring, since those data are central to estimating the pathogen 
levels in the plant effluent. 

Engineering assessments were conducted for the two study plants with the purpose of 
characterizing the types of processes used and identifying any plant-specific information that 
would inform the inputs to the QMRA model. Engineering assessments were preceded by an initial 
outreach to utility management with the purpose of collecting data including  

 
 Plant process flow diagrams 
 Several years of source water physical, chemical and microbiological data, including 

Giardia and Cryptosporidium, E. coli and virus data 
 Several years of process water quality data, particularly including parameters 

determining disinfection CT and efficacy, such as disinfectant residual, contact time, 
temperature, pH 
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 WSPs 
 Details of any unique process characteristics 

 
With this preliminary information in hand, a site visit was planned for each WTW to allow 

first hand observation of the plant processes and identification of system features potentially 
posing unique or significant microbial risks. Through close communication with the water utility, 
a schedule was agreed upon whereby utility management and technical staff with immediate 
knowledge of plant operations would be available. These visits comprised 

 
 In-person two-day site visits of each plant 
 Review of preliminary information with plant staff 
 Detailed walk-through of each plant, observing processes, instrumentation, raw water, 

and process monitoring locations 
 Review of first day’s findings and discussion on day 2, focusing on questions 

developed during day 1 
 Request of any additional material identified as an information need during the visit 
 Follow-up communication after the site visit as needed to complete engineering 

assessment 

Statistical Analysis of Source Water Pathogen Data 

Source water pathogen data inputs to the Health Canada tool include the mean and standard 
deviation for the raw water concentration for each reference pathogen. The Health Canada tool 
assumes source water concentration is log-normally distributed for all of the reference pathogens. 
In risk-based sampling analysis, mean and standard deviations for raw water pathogen 
concentration were calculated via maximum likelihood estimation. Because most pathogen 
concentration data sets were left censored, the technique proposed by Haas et al. (1999) for 
parameter estimation for censored data sets was used for parameter estimation. The likelihood 
function suggested by Haas et al. (1999)  

 

 ln ln 1 ln 	  (2.8)

 
where:  ln  = the log likelihood  

 = 1 for samples above the detection limit and = 0 otherwise 
 = the probability density function 
 = the cumulative density function and 
 = the pathogen concentration if there was a positive detection or otherwise the 

detection limit. 
 
Equation 2.8 was used to estimate the mean and standard deviation for normally, 

lognormally, gamma and Weibull distributed data. In most cases the lognormal distribution 
provided the best fit to pathogen data (on the basis of the Akaike Information Criterion). When the 
gamma distribution provided a better fit, the improvement in fit over that of the lognormal 
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distribution was small. Therefore, only lognormal distribution fits are reported in this study and 
used in QMRA analyses.  

For pathogens with no positive detections, Equation 2.8 could not be used to estimate 
source water pathogen concentration mean and standard deviation. In those cases, the source water 
mean concentration was estimated assuming the pathogen is persistently present at concentrations 
less than the method limit of detection (including correction for recovery) and assuming pathogens 
are distributed homogeneously in the source and the concentration does not vary significantly over 
time. While these assumptions are not fully consistent with the occurrence of pathogens in surface 
waters, they are more realistic than an assumption that pathogens are present persistently at the 
method detection limit for a set of samples all without detection.  

Rather than replacing non-detect observations with some value based on the detection limit 
(the detection limit, half the detection limit), the Poisson distribution was used to evaluate the 
chance of obtaining a discrete number, , of organisms, given the concentration, ,	in a source 
water sample  of volume, : 

 

 |
!
	  (2.9)

 
where:  = Number of organisms detected in sample  
   = Mean pathogen concentration in the source water 
  = Volume of raw water sample  

 
The probability of detecting no organisms in a sample is then  
 

 0| 	  (2.10)
 

For a set of  samples of equal volume and assuming no change in average concentration 
among sample events, the probability of detecting no organisms in  samples is binomially 
distributed and calculated as: 

 

 | ,
!

! 	 !
	 1  (2.11)

 
where:  = Number of samples with no organisms detected 
   = Total number of samples 
  = Probability of detecting no organisms assuming organisms in a sample 

 
The probability of detecting no organisms in all of the samples ( ) becomes 
 

 | ,  (2.12)
 
For a set of  samples with volumes , a similar derivation leads to 
 

 No	detection ∑  (2.13)
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Equations 2.12 and 2.13 may be evaluated at different probabilities of no detection to 
determine an estimate of mean concentration. An upper 95th percentile estimate of the underlying 
mean concentration in the source water is equal to 

 

 	percentile
ln 0.95
	

 (2.14)

 
for a set of  samples of equal volume  and 

 

 	percentile
ln 0.95
∑

 (2.15)

 
for a set of samples with different volumes. Equations 2.14 and 2.15 are consistent with confidence 
limits for Poisson parameters suggested by Garwood (1936). Ninety-fifth percentile estimates of 
mean concentration were recovery corrected prior to use as inputs in the QMRA tool. 
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CHAPTER 3 
FINDINGS 

ENGINEERING ASSESSMENTS 

Engineering assessments were conducted for the two study plants. Engineering 
assessments entailed  

 
 Outreach to the utility and collection of data including 

o Plant process flow diagrams 
o Source water quality data 
o WSPs 

 In-person site visits of the two plants 
 Reporting and review of site visit findings and identification of system features 

potentially posing unique or significant microbial risks 
 

Findings from the site visits are reported below. 

WTW A 

Watershed and Source Water 

The WTW A intake is on a large river with one of the largest catchments in the UK. 
Although the intake is located at the outskirts of a large metropolitan area, much of the drainage 
to the WTW A intake is animal pasture, including intensive cattle feedlots and heavily managed 
agricultural croplands. A sewage treatment works, which serves a residential catchment with 
15,000 people, is situated on the river, 2 km upstream of the WTW A intake. The plant WSP 
indicates that the utility monitors an upstream sewage treatment works and would close the plant 
intake if an incident occurred at the sewage treatment works.  

Cattle feedlots indicate elevated risks for human-pathogenic Cryptosporidium, Giardia, 
Campylobacter, and E. coli O157 (EPA, 2010b), as well as other pathogens not used as reference 
pathogens in the Health Canada tool. Historic Cryptosporidium, Giardia and E. coli data provided 
by the utility indicate sporadic presence of low counts of Cryptosporidium in the source water and 
relatively consistent detection of Giardia in the source water. No raw water virus culture data were 
available for analysis, though a limited data set provided after the site visits indicates infrequent 
detection of enterovirus and adenovirus in the river via qPCR (quantitative polymerase chain 
reaction). E. coli are virtually always present in the raw water. Given the proximity of feedlots, a 
conservative assumption is that E. coli O157:H7 and other pathogenic E. coli are sometimes 
present in the raw water. Turbidity at the WTW A intake is typically less than 30 nephelometric 
turbidity units (NTU); although flooding due to upstream weather events elevated this to 38 NTU 
during the visit, and a reading as high as 104 NTU was recorded during the two years preceding 
the visit. Highest turbidities occur during the months of November through February. Total organic 
carbon (TOC) averages 20 mg/L in the raw water, and there is a year-round presence of pesticides 
in the catchment and raw water; these are drivers of process selection at WTW A, particularly with 
regard to DBPs. 
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The river intake is pumped to a pre-settlement tank within which the water travels a 
serpentine route during a 2-hour residence; no coagulant is added at this stage. This flowing 
reservoir is an integral part of the intake that is never bypassed. Flow is consistent and is equal to 
plant flow which averages 27,000 m3/d, with a 95th percentile flow of 31,000 m3/d. There is 
minimal decrease in turbidity through pre-settlement, though settled sediment is drawn off from 
the head of the channel twice daily. Raw water microbiology samples are collected immediately 
downstream of the settlement tank. The pH of the raw water ranges between 7.8 and 8.5. 

Treatment Processes 

Figure 3.1 presents a diagram of the processes at WTW A. Elements of interest that were 
discussed and observed during the site visit are presented below.  

Ahead of flocculation and DAF, pH is adjusted, and alum is dosed based on monitoring of 
UV254. All aeration occurs along the inlet end of each DAF tank, with the blanket constantly 
moving from the inlet end to a trough at the downstream end, carried by the water flowing 
underneath. The DAF process reduces turbidity to an average of 1.9 NTU (95th percentile: 4.1 
NTU). 

Downstream of the DAF, filter aid is added upstream of the six rapid gravity filters (RGF). 
Each filter consists of 400 mm of anthracite on 700 mm of sand. Individual filter effluents are 
typically <0.08 NTU, and all were <0.02 NTU during the site visit. Filter runs are typically 38 
hours, and are rarely shorter. The maximum filter run duration is 48 hours. Filter backwash is sent 
to waste (not recycled), and the rinse post backwash is returned to the pre-settlement reservoir. 
Post backwash rinse turbidity is less than 0.3 NTU. 

Filtered water is sent to a tank from which it is pumped to the head of five GAC beds. 
Between the tank and GAC, ozone is injected for pesticide reduction via side-stream piping at a 
constant applied dose of 0.5 mg/L. This dose, applied upstream of a static mixer, results in a 
residual of ~0.04-0.08 mg/L, for 5.5 min contact time at full flow. This would provide an ozone 
CT of 0.25-0.3 mg-min/L, assuming constant residual during contact period. However, residual is 
monitored at a single point only, and high ozone demand is present in this water. A measured 
residual of 0 or of >0.15 mg/L initiates upward or downward adjustment of the applied dose. Ozone 
is used throughout the year, as pesticides that are applied seasonally in the catchment can be 
released year-round. No change of applied dose is made to compensate for temperature. 

The five 3-meter GAC beds (four in-service, one in backwash) are three years old and have 
not yet been changed; the utility anticipates changing them after five years. A portion of the GAC 
outlet water is reserved in a clean backwash water tank for backwashing the RGF and GAC filters. 
The GAC beds are backwashed at 68 hours, and the backwash is returned to the pre-settlement 
tank. 

Primary and Secondary Disinfection and Distribution 

Following GAC, free chlorine (sodium hypochlorite) is dosed to 1.2 mg/L, then sent to the 
contact chamber (T10 CT = 82 mg-min/L). Chlorine residual is trimmed post contact with sodium 
bisulphite to 0.6-0.7 mg/L, then ammonia sulphate is added for chloramination. During the site 
visit, online instrumentation at the works outlet indicated free chlorine residual of 0.09 mg/L, total 
chlorine residual of 0.7 mg/L and pH was 7.2.  Chloraminated water is sent to a clean water tank. 
Chloramine CT is not taken into account by the utility for disinfection, but would be 46 mg-min/L, 
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based on total chlorine of 0.6 mg/L. Final treated water is pumped into the distribution system 
which serves 150,000 - 175,000 customers; the first customer is immediately near the plant. 
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Figure 3.1 WTW A process flow diagram 
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WTW B 

Watershed and Source Water 

Catchments supplying three reservoirs are the sources for WTW B. The reservoirs are in 
pastoral settings, surrounded by sheep paddocks. Long residence time in the reservoirs is thought 
to minimize Cryptosporidium occurrence in the source water. Many waterfowl are noted on the 
waters, especially during migration. High runoff in the reservoir catchments occurs September 
through March, but high rainfall events can occur during summer. One of the reservoirs is pumped 
and two are gravity fed to the treatment works, where the three source waters are blended in a 
common raw water pool. The treatment works typically draws from all three reservoirs equally, 
but when the gravity-fed reservoirs are full, pumping from pumped reservoir may be avoided. 
During the visit, the pumped reservoir continued to be pumped though one of the gravity-feed 
reservoirs was full. The combined raw water is very soft water, with pH consistently at about 4.5. 

Treatment Processes 

Figure 3.2 presents a diagram of the processes at WTW B. Elements of interest that were 
discussed and observed during the site visit are presented below. There are no plant-specific 
performance pilot studies for WTW B. Total flow through the plant is 23,000 m3/d on average and 
peak flow is 26,000 m3/d. The plant design flow is 36,000 m3/d, but performance issues with the 
DAF process limit the operation to 29,000 m3/d. 

The DAF process is described here in greater detail because performance problems with 
the DAF process indicate a potential for elevated microbial risk. The DAF process operates by 
injecting oversaturated water under the DAF tank. Bubbles form as air comes out of solution and 
collisions and interactions between bubbles and water constituents result in attachment of 
microorganisms and coagulated compounds to bubbles. When bubbles reach the surface a sludge 
blanket forms. The sludge blanket is skimmed toward one end of the tank by roller skimmers. It 
was noted by utility that the DAF nozzles used at WTW B are outdated and will be updated. 
Published studies (e.g., Edzwald, 2010) indicate that nozzle choice and maintenance are key 
elements in efficient application of DAF. Turbidity at the DAF outlet ranges from 3 to 6 NTU, but 
other works operated by the private utility and with better nozzles achieve less than 1 NTU. Also, 
the roller skimmers at WTW B are not optimal, as the skimmer brushes turn down at the outlet end 
of the tank, forcing some particles back into the water. 

There are five 800 mm sand filters, each with 100 mm pea gravel beds. Following 
backwash of the individual filters, the filter outlet is sent into process when turbidity is below 0.6 
NTU. Combined filter outlet turbidity averages 0.10 NTU (95th percentile is 0.23 NTU). 

The plant source water contains ~250 µg/L manganese. Ferric sulphate addition contributes 
even more manganese (as a contaminant). As the regulatory limit for manganese is 50 µg/L, WTW 
B incorporates three parallel manganese contactors downstream of the rapid gravity filters. 
Chlorine is added at 0.9 mg/L as a manganese oxidant. The utility considers the contactor process 
to achieve 0.5 log removal of Cryptosporidium. Regulation 26 of the UK Water Supply 
Regulations (The Water Supply [Water Quality] Regulations, 2016) requires pretreatment to 
achieve a turbidity of 1.0 NTU prior to primary disinfection. The manganese contactors 
downstream of the RGF and upstream of the contact tank typically produce water with turbidity 
<0.2 NTU (average of 0.11 NTU and 95th percentile of 0.17 NTU). The outlet of the contactors is 
used for filter backwashes. 
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Figure 3.2 WTW B process flow diagram 
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The supernatant from backwash of filters and manganese contactors are pooled in a basin, 
and, throughout the day, the supernatant from the basin is returned to the head of the plant at the 
raw water pool. When flowing, supernatant return is controlled at 10% of system flow. As noted 
in the review of studies on FBR in Chapter 4, full scale studies of FBR have not shown degraded 
clarification performance, though studies have hypothesized that FBR could amplify influent 
pathogen concentrations if removal in DAF is too low or if recycle rate (as a percentage of total 
plant flow) is too high. 

Two questions were raised regarding the backwash supernatant return at WTW B. One is 
that microbial pathogens could be returned to the head of the plant, increasing risk by enhancing 
the numbers of pathogens being treated. However, as microbiology samples are collected from an 
instrumentation sidestream from the raw water pool (no chemical reagents released from 
instruments), any returned microorganisms should be detected by routine monitoring. A second 
concern was that the manganese contactor outlet contains an average free chlorine residual of 0.9 
mg/L, and that the backwash supernatant could contain chlorine residual, such that microbial 
samples collected while this water was blending in the raw water pool could undercount true 
bacteria and virus concentrations. However, the blending of the manganese contactor supernatant 
with filter backwash supernatant minimizes the likelihood that free chlorine would be present. A 
grab sample of the backwash supernatant during the site visit confirmed the absence of chlorine in 
the returning backwash supernatant. 

Primary Disinfection and Distribution 

Sodium hypochlorite is dosed between the rapid gravity filters and manganese contactors 
at 1.0 mg/L. Chlorine concentration decays to 0.9 mg/L through the manganese contactors. 
Additional dosing may occur in response to online monitors to assure a residual of 0.8 mg/L going 
into the clean water tank. Overall free chlorine CT is calculated by the utility to be 158 mL-min/L 
based on the clean water tank T10 value. The pH in the clean water tank averages 8.5, as lime is 
dosed at three points to raise pH: pre-flocculation, and pre- and post-filtration (pre-manganese 
contactors). Average free chlorine concentration at the distribution system point of entry is 0.57 
mg/L. 

Water age varies in the distribution system, ranging from several days in some locations to 
three weeks elsewhere. The system supplies water to 126,000 consumers. The majority of the 
distribution system is gravity fed, though one village is served by pumping from the treatment 
works. Though the first customer is not immediately near the plant, chlorine CT in the distribution 
system has not been incorporated in the Health Canada tool inputs for calculation of log reduction 
by disinfection at this plant. 

The utility receives feedback from local hospitals and public health departments. Outbreaks 
of illness that could have had a water source have been seasonal (spring and early autumn), but 
seasonality is diminishing. A reduction in the number of outbreaks in recent years may be due to 
treatment works optimization as well as better operation (implementation of instrumentation) of 
public swimming pools. Annually, there are thousands of cases of cryptosporidiosis in the region 
of the WTW (5 million people) and the predominant source is believed to be food (especially 
salads). 
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Microbial Risks 

Like WTW A, WTW B presents multiple barriers to pathogen breakthrough. 
Cryptosporidium has been observed in WTW B’s raw water less frequently than in the WTW A 
raw water. Giardia has been observed in a higher proportion of samples from the WTW B source 
water than the WTW A source water, though at lower average counts. Sheep paddocks in the plant 
catchment suggest a potential elevated occurrence of human-pathogenic Campylobacter in the 
source water. Specific features of WTW B relating to elevated microbial risk that are discussed in 
detail in the QMRA process modelling section include: 

 
 Sub-optimal DAF performance 
 FBR 
 Manganese contactors as second stage filtration 

 
The utility’s (and EPA Long Term 2 Enhanced Surface Water Treatment Rule [LT2]) 

approach of assigning 0.5 log removal for Cryptosporidium appears reasonable given the design 
of the process. However, since pathogen removal in manganese contactors appears not to have 
been studied systematically, characterization of that process deserves additional consideration.  

RISK-BASED SAMPLING PLANS 

Two analyses were conducted to assess the adequacy of treatment and to determine the 
value of routine pathogen monitoring for the two plants. First, reverse QMRAs (estimating the 
source water pathogen concentration that produces a target level of risk) were performed for the 
two plants. Those analyses produced estimates of pathogen “level of materiality,” i.e., source water 
pathogen concentrations at which the pathogen poses a material risk. Second, source water 
pathogen data were fit to statistical distributions and 95th percentile pathogen densities were 
estimated for each of the reference pathogens in the Health Canada tool. Finally, 95th percentile 
pathogen raw water concentrations were compared with levels of materiality of each plant and 
each pathogen to assess whether any pathogens pose a material risk and whether routine sampling 
would improve risk estimates. Here, improved risk estimates imply more accurate and more certain 
risk estimation, not necessarily lower risks. Using the 95th percentile estimate of source water 
pathogen concentration (as opposed to the mean or median concentration) and basing levels of 
materiality on worst case treatment conditions adds conservatism to the assessment. 

Preliminary QMRA models were developed for the WTW A and WTW B and used to 
estimate the raw water pathogen concentrations associated with a 10-6 DALY individual risk for 
each pathogen (Cryptosporidium, Giardia, Campylobacter, E. coli O157:H7 and rotavirus 
[representative of all viral pathogens]). We refer to estimation of source water pathogen 
concentration for a given level of risk as a “reverse” QMRA. The reverse QMRA models were 
developed to establish concentrations of the reference pathogens associated with “material” risks. 
In this study, a risk is considered material if it reaches the World Health Organization (WHO) 
benchmark of 10-6 DALY/year individual risk. The following assumptions were made to develop 
inputs to the model. 

 
 Because ozonation is applied at WTW A only for control of taste and odor, and 

recognizing that ozone demand is high, we assumed ozone produces no significant 
inactivation at WTW A. 
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 Pathogen reduction by primary disinfection (free chlorine) was estimated using two 
years of process data provided by the utility. CT was calculated based on T10 and 
disinfectant concentration at the beginning of chlorine contact and assuming chlorine 
decay during contact time. Low temperature (4°C) and average pH were assumed to 
reflect worst-case inactivation. For WTW B, it was assumed that significant 
inactivation occurs in the clean water tank only. For WTW A it was assumed that 
significant inactivation occurs only by free chlorine in the clearwell. Together, these 
assumptions all contribute to a conservative (low) estimate of removal in primary 
disinfection. 

 Pathogen reduction via physical processes for WTW A were assumed equal to default 
values (Table 2.2) and that removal via coagulation/DAF/filtration is similar to that via 
coagulation/sedimentation/filtration. 

 We assumed no removal in the manganese contactor. 
 No removal was assumed for secondary disinfection (chloramines). 

 
Reverse QMRA results are presented in Table 3.1. As described in Chapter 1, level of 

materiality is the source water pathogen concentration that results in a target health risk (in this 
case, 10-6 DALY) for treated water. When source pathogen concentration is consistently below the 
level of materiality, the pathogen does not pose a material risk under normal operating conditions 
and routine monitoring for the pathogen would not significantly improve risk estimates. Not 
surprisingly, since the two treatment operations are similar and since no removal was assumed for 
ozone at WTW A, levels of materiality for the two plants were similar. Removals of bacterial and 
viral pathogens were orders of magnitude above the Health Canada tool’s ability to predict 
accurately for both plants. Accordingly, the levels of materiality reported in Table 3.1 for E. coli 
and rotavirus correspond to the QMRA maximum removal prediction. 

 
Table 3.1 

Reverse QMRA results 

Treatment works Pathogen 
Level of materiality (raw water 

concentration for a 10-6 DALY risk) 

WTW A 

Cryptosporidium 261 oocysts/100 L 
Giardia 945 cysts/100 L 

E. coli O157:H7 
>9×108 Most probable Number 

(MPN)/100 L 
Rotavirus 107 PFU (plaque forming units) /100 L 

WTW B 

Cryptosporidium 263 oocysts/100 L 
Giardia 4650 cysts/100 L 

E. coli O157:H7 >9×108 MPN/100 L 
Rotavirus 7.4×106 PFU/100 L 

 
Raw water pathogen concentration data and estimates of mean pathogen concentration, 

standard deviation, 95th percentile mean pathogen concentration and 99th percentile mean pathogen 
concentration are presented in Table 3.2. All data were fit best by lognormal distributions. 
Alternatives to the lognormal distribution included normal distributions, gamma distributions and 
Weibull distributions. In Table 3.2, N is the number of samples and NBDL is the number of samples 
with results below detection. Pathogen and fecal indicator bacteria densities in the WTW A raw 
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water were generally higher than those for WTW B, reflecting greater wastewater impacts to the 
WTW A source water than to the WTW B source water. WTW A experienced a relatively high 
Cryptosporidium detection frequency, whereas detection was much less common for WTW B.  

 
Table 3.2 

Source water pathogen density characterization 

Treatment 
works Pathogen N NBDL 
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WTW A 

Cryptosporidiuma 490 257 8.17 386 75.3 189.1 
Giardiaa 106 75 5.45 322 37.3 82.7 
E. colib 407 54 1.078×105 3680 9.21×105 6.725×106 

Rotavirusc No data 

WTW B 

Cryptosporidiuma 90 86 3.92 1.719 9.56 101.2 
Giardiaa 83 82 8.09 1.101 9.48 101.3 
E. colib 528 0 6.02×103 4320 6.68×104 1.812×105 

Rotavirusc No data 
a (Oo)cysts/100 L 
b MPN/100 L 
c PFU/100 L 

 
Perspective on the protozoan estimates is provided by Bukhari et al. (1997) who sampled 

influent and effluent Cryptosporidium and Giardia concentrations at seven sewage treatment 
works in England. They observed a maximum Cryptosporidium oocyst concentration of 60 
oocysts/L and a maximum Giardia concentration of 720 cysts/L in the 94 sewage treatment works 
effluent samples collected and analyzed. Because sewage will be diluted significantly upon 
discharge to surface waters, 95th percentile estimates of Cryptosporidium and Giardia 
concentrations for both plants are significantly less than the peak concentrations in undiluted 
wastewater plant effluent.  

Regarding viruses, a EPA report (EPA, 2010b) summarizes data on rotavirus concentration 
in sewage treatment work effluents. The range of reported maximum concentrations in 
undisinfected secondary effluent is 0-1500 PFU/L. Although other studies have reported sewage 
treatment work effluent concentrations for adenovirus and norovirus, those studies do not provide 
a useful comparison with the levels of materiality because the studies used qPCR and there is no 
ready conversion from genomic units/L to PFU/L. The rotavirus dose-response relation used in the 
Health Canada tool is based on a study that used cell culture methods for quantifying rotavirus 
concentration. Thus, virus occurrence data based on cell culture studies are the most appropriate 
source for pathogen occurrence data for the QMRA model. 

In Table 3.3, 95th percentile pathogen concentration estimates for the two plants are 
compared with raw water concentrations consistent with a 1×10-6 DALY risk (level of materiality). 
In all cases, the 95th percentile estimate of the mean concentration is less than the level of 
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materiality and in many cases the mean concentration is orders of magnitude less than the level of 
materiality. Though still below the level of materiality, the 95th percentile Cryptosporidium 
concentration for WTW A is within one order of magnitude of the level of materiality. Additional 
routine monitoring for Cryptosporidium in the WTW A source water could reduce uncertainty in 
the 95th percentile raw water concentration estimate and could reduce uncertainty in risk estimates. 
The costs of supplemental monitoring (beyond ongoing routine monitoring) should be weighed 
against the benefits of greater certainty in risk estimates if supplemental monitoring is considered. 
Level of materiality was determined for rotavirus, though those levels cannot be compared with 
raw water concentration estimates because the utility does not conduct routine raw water virus 
monitoring. In the absence of monitoring data, the rotavirus level of materiality can be compared 
to reported concentrations in sewage treatment works effluents. As noted above, rotavirus 
concentrations in undisinfected sewage have been reported in the range 0 to 1500 PFU/L. Levels 
of materiality for rotavirus for the two plants are significantly higher than reported undisinfected 
sewage rotavirus concentrations.  

 
Table 3.3 

Comparison of source water pathogen concentrations to levels associated with a material 
risk 

Treatment 
works Pathogen 

95th percentile mean 
concentration estimate 

Level of materiality 

WTW A 

Cryptosporidiuma 75.3 261 
Giardiaa 37.3 945 
E. colib 9.21×105 >9×108 
Rotavirusc No data 107 

WTW B 

Cryptosporidiuma 9.56 263 
Giardiaa 9.48 4650 
E. colib 6.68×105 >9×105 
Rotavirusc No data 7.4×106 

a (Oo)cysts/100 L 
b MPN/100 L 
c PFU/100 L 

 
We do not take the finding that estimated raw water pathogen concentrations are less than 

levels of materiality to indicate that treatment is overdesigned at the plants; the plants are designed 
with redundancy that provides continued protection in the event of failure or impaired performance 
of one or more barriers. In addition, the plants are designed to meet numerous chemical as well as 
microbial challenges. The finding does indicate that continued routine monitoring for protozoa or 
bacterial pathogens at either of the plants will produce limited improvement in risk estimates. 
Additional routine monitoring (not event monitoring) will produce increasingly smaller changes 
in 95th percentile mean concentration estimates and thus, limited refinements in risk estimates. A 
finding that additional routine monitoring would not contribute to better understanding of average 
risks is partly because the QMRA model is configured for assessing average risks (and not risks 
associated with extreme events) and partly because, even under the most challenging conditions, 
the treatment in place provides removal beyond that required given the highest raw concentrations 
anticipated at each of the two works. This finding also does not indicate that some monitoring 
(beyond routine monitoring) is not merited. Other monitoring could be designed to meet objectives 
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such as better source water characterization, improved estimates of removal via unit processes at 
the WTWs and characterization of event conditions. Collection of process performance data for 
pilot or full scale unit processes is likely to yield greater improvements in the accuracy of risk 
estimates than source water monitoring, since removal can differ widely among WTWs and 
removal at the study WTWs might differ from default removals used in the Health Canada tool. 
Additionally, since no virus data were available for this analysis, routine virus monitoring could 
be conducted to confirm assumptions that source water levels do not exceed the level of 
materiality. 

QMRA ANALYSES 

Overview 

QMRA analyses were conducted to assess the adequacy of treatment barriers and risk-
driving pathogen(s) under typical plant operation, to determine how risk varies seasonally, 
monthly, and daily, and to assess the impact of failure or impaired operation of unit operations. 
Three sets of QMRA analyses (described below) were conducted: 

 
 Basic analyses  
 Daily analyses  
 What-if scenarios related to process performance and control 

 
Basic analyses entail point risk estimations using the Health Canada tool. Risk estimates 

require water quality and process data such as disinfectant contactor mean hydraulic residence 
time, temperature, pH, disinfectant dose, and raw water pathogen concentration mean and standard 
deviation. Although the Health Canada tool estimates a distribution of risks corresponding to the 
distribution of raw water pathogen concentrations, its primary outputs (for this study) are point 
estimates of individual daily risk of infection and illnesses (as DALYs and numbers of infections 
and illnesses) as well as population risk estimates. Basic QMRA analyses conducted in this study 
utilized monthly-averaged water quality and process control data as inputs. 

Daily analyses entail estimation of risks for each day based on daily averages of water 
quality and process data. Because the Health Canada tool is not configured to allow easy estimation 
of risks for a large number of cases (such as risks for each day), the algorithms underlying the 
Health Canada tool were programmed as an R script (R Core Team, 2015). Minor differences 
between the Health Canada tool and R script include estimation of chlorine decay rate as a function 
of temperature (via Equation 2.1) and capping the sum of all log reductions via disinfection 
processes at 8 logs. The Health Canada tool caps the reductions of individual disinfection processes 
at 8 logs, but allows the net reduction via disinfection to exceed 8 logs. 

What-if scenarios related to process control were selected to assess the impact of redundant 
microbial reduction methods on risk and to allow consideration of process failures (partial or 
complete). What-if scenarios were explored using the Health Canada tool (with monthly-averaged 
process parameters as inputs). 

Basic and Daily QMRA Analyses 

The Health Canada tool allows input of a single set of source water pathogen 
concentrations and one operational value for each of the plant process conditions. As such, the 
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output of the model is limited to a single combination of source water pathogen concentrations and 
process removal profile. Thus, a user intending to characterize risk for a drinking water plant will 
default to the use of average pathogen concentrations and average operational conditions to 
determine overall risk. As an overview of risk, use of annual averages (or other long time period 
averages) may be acceptable, but as an actual quantification of microbial risk, the use of averages 
may fall short. Average process values could mask the impacts of short duration, sub-optimal 
operation during which risk may amplify by orders of magnitude. Use of long-term average data 
also results in mismatch between water quality and process control data. For example, disinfectant 
dose is likely chosen based on the water quality conditions and plant loading on a particular day, 
not on average conditions for a longer time period. The use of average annual temperatures is not 
responsive to seasonal and even daily swings that must be captured for calculation of chemical 
disinfection. Because daily operational data are available for the two study WTWs, the opportunity 
was taken to compare risk assessment of averaging process conditions against those of daily 
process values. 

Inputs to the model for coagulation through filtration were selected based on the findings 
of the plant engineering assessments. Disinfection process conditions were determined using daily 
on-line monitoring results from January 1, 2014 through December 17, 2015, provided by the 
WTWs. Parameters available were flow, contactor volumes, free and total chlorine residual, 
temperature, and pH. From these values, chlorine and (at WTW A) chloramine CTs were derived 
(chloramine concentration was assumed to be equal to total chlorine concentration). The daily data 
were used directly, or condensed to monthly averages, depending on the analytical approach 
followed. As described in Chapter 4, physical removal with DAF can be greater than via 
sedimentation for well-designed and operated processes. For WTW A, based on the review 
presented in Chapter 4, removal via coagulation-DAF was assumed 25% higher than that of an 
equivalent coagulation-sedimentation process. Based on reports of suboptimal DAF performance, 
removal via coagulation-DAF for WTW B was assumed 20% less than that for WTW A. Monthly 
annual DALY risk determinations were made for each month from January 2014 through 
December 2015, for average process data over the two years, and by averaging risk determined on 
a daily basis (Table 3.4).  

At both plants, the greatest risk is due to Cryptosporidium, followed by Giardia, 
Campylobacter, viruses, and E. coli O157:H7. Cryptosporidium is the driver for overall risk, as 
physical removal processes are the only barriers in place for the chlorine-resistant protozoa. 
Cryptosporidium risk exceeds that of the other pathogens by at least one order of magnitude and 
risks due to other pathogens can be considered negligible under operating conditions typical of the 
two plants. At both plants viruses and bacteria are so thoroughly reduced by the chemical 
disinfection that they do not materially contribute to overall risk and their reduction in treatment 
exceeds maximum log reductions assigned by the Health Canada tool. At WTW B, there was little 
difference in total pathogen annual DALY risk between lowest risk month (October, 2014) and 
highest risk month (July 2014), as shown in Table 3.4. This is because the physical treatment 
processes at WTW B (as well as WTW A) are assumed to operated consistently through the year, 
and source water pathogens do not vary widely. Because source water Cryptosporidium 
concentrations are similar between the plants, and because the barriers to Cryptosporidium are 
generally similar, highest month overall pathogen total risks were identical at the two plants, while 
the lowest risk months differed only by a factor of 2, with WTW B having the higher risk due to 
its suboptimal DAF process. 
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Table 3.4 
Comparison of annual risk (DALYs) of giardiasis and cryptosporidiosis based on daily risk 

estimates, annual average process data and monthly averages 

Model 

Annual individual risk 
(DALY/yr), WTW B 

Annual individual risk 
(DALY/yr), WTW A 

Cryptosporidium Giardia Cryptosporidium Giardia 
Daily process data, 2014-
2015 

8.59E-09 1.76E-10 7.98E-09 2.40E-11 

Average monthly values, 
2014-2015 

3.97E-09 8.39E-11 3.02E-09 1.22E-11 

January 2014 4.01E-09 1.26E-10 4.12E-09 3.67E-11 
February, 2014 3.97E-09 1.93E-10 4.15E-09 5.82E-11 
March, 2014 3.95E-09 1.76E-10 1.78E-09 1.71E-11 
April, 2014 3.91E-09 1.89E-10 1.77E-09 2.00E-12 
May, 2014 3.95E-09 1.98E-10 1.77E-09 4.33E-13 
June, 2014 4.04E-09 1.71E-10 2.38E-09 7.09E-14 
July, 2014 4.05E-09 1.69E-10 2.39E-09 1.75E-14 
August, 2014 3.94E-09 1.36E-11 2.39E-09 1.45E-13 
September, 2014 3.98E-09 2.62E-11 3.74E-09 2.33E-13 
October, 2014 3.93E-09 3.90E-12 3.75E-09 1.03E-12 
November, 2014 3.96E-09 2.19E-11 3.76E-09 4.41E-12 
December, 2014 3.86E-09 3.00E-11 4.11E-09 2.03E-11 
January 2015 3.86E-09 4.59E-11 4.12E-09 3.41E-11 
February, 2015 3.86E-09 3.15E-11 4.15E-09 1.99E-11 
March, 2015 3.93E-09 9.42E-11 1.78E-09 3.67E-11 
April, 2015 3.96E-09 9.39E-11 1.78E-09 4.92E-12 
May, 2015 4.02E-09 9.53E-11 1.78E-09 1.77E-12 
June, 2015 4.01E-09 3.43E-11 2.40E-09 3.80E-13 
July, 2015 4.03E-09 1.92E-11 2.40E-09 4.85E-14 
August, 2015 4.00E-09 6.92E-12 2.39E-09 1.31E-13 
September, 2015 4.10E-09 9.82E-11 3.78E-09 1.15E-12 
October, 2015 4.04E-09 4.74E-11 3.79E-09 6.09E-12 
November, 2015 4.01E-09 3.63E-11 3.78E-09 1.06E-11 
December, 2015 4.02E-09 9.31E-11 4.13E-09 3.72E-11 

 
Pathogen contributions to risk for high risk and low risk months for both plants are 

presented in Table 3.5. At both plants and under all conditions, Cryptosporidium is the most 
significant contributor to risk. The months and seasons of highest and lowest risk differed for the 
two plants. Seasonality in risk at WTW A is driven by seasonal changes in Cryptosporidium 
occurrence. Since there were few Cryptosporidium detections at WTW B, seasonality in pathogen 
total risk is minimal and driven by differences in Giardia risk. 
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Table 3.5 
Pathogen contributions to risk for the highest and lowest risk months 

Annual DALY risk (individual), WTW B, highest risk month (July, 2014) 
Cryptosporidium Giardia Rotavirus Campylobacter E. coli O157 Pathogen Total 

4.05×10-9 1.69×10-10 4.98×10-20 4.83×10-18 3.84×10-20 4.22×10-9 
Annual DALY risk (individual), WTW B, lowest risk month (October, 2014) 
Cryptosporidium Giardia Rotavirus Campylobacter E. coli O157 Pathogen Total 

3.93×10-9 3.90×10-12 4.98×10-20 8.80×10-18 7.00×10-20 3.93×10-9 
Annual DALY risk (individual), WTW A, highest risk month (February, 2014) 
Cryptosporidium Giardia Rotavirus Campylobacter E. coli O157 Pathogen Total 

4.15×10-9 5.82×10-11 7.21×10-12 1.70×10-17 5.43×10-13 4.22×10-9 
Annual DALY risk (individual), WTW A, lowest risk month (May, 2014) 
Cryptosporidium Giardia Rotavirus Campylobacter E. coli O157 Pathogen Total 

1.77×10-9 4.33×10-13 2.65×10-12 5.12×10-17 1.40×10-12 1.78×10-9 
 
Daily Giardia and Cryptosporidium risks for WTW A plant are shown in Figure 3.3. In 

Figure 3.3, Giardia and Cryptosporidium risks (as DALY) based on daily average water quality 
and process data (chlorine and chloramine concentration, pH, temperature, and contact time) are 
plotted as small filled symbols; risks calculated based on monthly average water quality and 
process data are plotted as larger open symbols. Daily values were calculated using a program 
written in R and performing the same calculations as those performed in the Health Canada tool. 
Values based on monthly-averaged water quality and process data were calculated using the Health 
Canada tool. Because Cryptosporidium removal via chemical disinfection is negligible and 
because removal via physical processes was assumed to be independent of season and water 
quality, variations in Cryptosporidium risk are entirely due to minor variations in Cryptosporidium 
occurrence between seasons.  
 

 
Figure 3.3 WTW A daily and monthly Cryptosporidium and Giardia risk 
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Based on analysis of daily data, the highest Giardia risk occurred in February, 2015, and 
was equal to 5.07×10-13 DALY/day. Had this risk been sustained for an entire year, the annual 
Giardia risk would have been 1.85×10-10 DALY/year, more than three orders of magnitude below 
the WHO target of 10-6 DALY/yr. On the day of the highest Giardia risk, the WTW A plant flow 
was at the 85th percentile value daily flows and the temperature was at the 20th percentile of daily 
average temperatures. The highest Cryptosporidium risk, 4.0×10-11 DALY/day, also occurred in 
February, 2015. Had the highest Cryptosporidium risk been sustained every day for an entire year, 
the annual Cryptosporidium risk would have been 1.5×10-8 DALY/year. 

 Risks based on monthly water quality and process data match those based on daily average 
water quality and process data closely. This close match is due to the relatively steady operation 
of the plant, the low and consistent concentrations of Cryptosporidium and Giardia in the raw 
water, and the assumption that physical removal does not vary with plant operation or season. 
Thus, for WTW A, it appears that monthly average process data provide a sufficient basis for risk 
estimation and should be used as inputs to the Health Canada tool. Whereas at this particular WTW 
and over the study period, daily risk estimates do not differ significantly from those based on 
monthly averaged process data, we agree with Signor and Ashbolt (2009) that risk analysis using 
daily process and raw water data can help identify the impact of short-duration events on annual 
risk and yield better risk management. 

Overall WTW A daily Giardia log reduction and log reduction via chemical disinfection 
(free chlorine and total chlorine) are shown in Figure 3.4. Overall Giardia removal (that is, Giardia 
removal by the combination of physical processes and chemical disinfection) is shown as black 
symbols and the percentage of removal attributed to chemical disinfection is shown as red symbols. 
The primary factors influencing log reduction in chemical disinfection on a given day are the plant 
flow rate (impacting the contact time and residence time distribution), the applied disinfectant dose 
and the temperature. Chemical disinfection shows seasonality, with approximately two to three 
logs lower reduction in winter than summer. A histogram showing the proportion of reduction 
attributable to chemical disinfection is presented in Figure 3.5. The proportion of Giardia removal 
attributable to chemical disinfection ranges between 28% and 62%. Solely on the basis of 
microbial risk management, it appears that free chlorine dosing could be reduced, particularly in 
the summer months, without a significant risk of missing the WHO 10-6 DALY/year target level. 
We acknowledge that free chlorine is used for multiple purposes at WTW A and reductions would 
be made only via doses that allow the plant to meet its other goals. We also note that, at WTW A, 
physical removal and chlorination are multiple barriers to Giardia, viruses and bacteria reaching 
the distribution system. Reducing free chlorine would mean a greater reliance on physical removal 
and would necessitate ensuring a high level of process control and reliability for physical removal 
processes. 
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Figure 3.4 WTW A Giardia log reduction by day 
 
 

 
Figure 3.5 Distribution of the proportion of Giardia reductions due to chemical disinfection, 
WTW A, 595 days 
 

A time series plot of daily risk for WTW B is presented in Figure 3.6, in which Giardia 
and Cryptosporidium risks (as DALY) based on daily average water quality and process data 
(chlorine and chloramine concentration, pH, temperature, and contact time) are plotted as small 
filled symbols and risks calculated based on monthly average water quality and process data are 
plotted as larger open symbols. Virus and bacteria risks are not shown because, just as for WTW 
A, virus and bacteria log removals exceeded the Health Canada tool maximum disinfection log 
reduction calculations. Risks based on monthly average process data are not significantly different 
from those based on daily process data. Small differences in predicted risks using monthly- and 
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daily-averaged data are generally due to dependence of Giardia chlorine disinfection on 
temperature, which varies over a given month. 
 

 
Figure 3.6 WTW B daily and monthly Cryptosporidium and Giardia risk 

 
The highest predicted Giardia risk for WTW B occurred in January 2014 and was   

2.01×10-12 DALY/day. Had this risk been sustained for an entire year, the annual Giardia risk 
would have been 2.13×10-9 DALY/year, more than two orders of magnitude below the WHO target 
of 10-6 DALY/yr. The peak Giardia risk occurred when the plant flow rate was at its 45th percentile 
value and water temperature was at its 23rd percentile value. Cryptosporidium risk at WTW B did 
not vary significantly over the study period because physical removal was assumed to be invariant 
and because raw water Cryptosporidium concentration is low at WTW B and does not exhibit 
seasonality. 

Overall WTW B daily Giardia log reduction and log reduction via chemical disinfection 
(free chlorine ahead of the manganese contactor and free chlorine prior to clearwell) are shown in 
Figure 3.7. Overall Giardia removal is shown as black symbols and the percentage of removal 
attributed to chemical disinfection is shown as red symbols. Chemical disinfection shows 
seasonality, though the seasonality differs from that of WTW A, perhaps reflecting a different 
operating strategy or a difference in water quality. Higher removals are achieved between July and 
October than during the rest of the year, though there is higher variability in removal during the 
July – October time period.  
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Figure 3.7 WTW B Giardia log reduction by day 

 
A histogram showing the proportion of reduction at WTW B attributable to chemical 

disinfection is presented in Figure 3.8. For WTW B, the proportion of Giardia removal attributable 
to chemical disinfection ranges between 26% and 59%. Solely on the basis of microbial risk 
management, it appears that free chlorine dosing could be reduced, particularly between July and 
October, without a significant risk of missing the WHO 10-6 DALY/year target level. As with 
WTW A, reducing free chlorine would mean a greater reliance on physical removal and would 
necessitate ensuring a high level of process control and reliability for physical removal processes. 
Advantages of reducing chlorine dosing include reduced DBP formation and reduction in chemical 
costs. These advantages must be weighed against other process objectives and the reliability and 
consistency of physical removal processes. 
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Figure 3.8 Distribution of the proportion of Giardia reductions due to chemical disinfection, 
WTW B, 712 days  

Risk Assessment during Suboptimal Operations 

The above risk values for WTW B and WTW A were determined under normal operating 
conditions. The Health Canada model allows adjustment of inputs to display risk levels under 
scenarios such as addition of new treatment processes or off-spec operation of existing processes. 
In this assessment, we evaluated the impact to risk at each plant of the complete or partial failure 
of each of three critical processes, coagulation, clarification (as DAF at the two plants), and 
chlorine disinfection. The time period evaluated was the highest risk month as determined above. 

Failed Clarification 

For the two WTWs, should the DAF process be disrupted such that there is no functional 
clarification (though coagulant is still dosed), the filtration process performs as direct filtration. 
Under normal operations, log reduction for physical removal at the two plants is the sum of 
removal in clarification (DAF) and filtration. If clarification fails, overall removal of 
Cryptosporidium and Giardia at WTW B is reduced by 1.4 log and 1.0 log, respectively, and by 
1.8 and 1.4 log, respectively, at WTW A. Risks in the worst month for each of the plants and under 
a failed clarification scenario are presented in Table 3.6. According to Health Canada tool 
estimates, risks at both plants would remain below the annual DALY benchmark of 1×10-6 despite 
loss of clarification. 

A review of studies on clarification and filtration presented in Chapter 4 indicates that 
maintaining effective clarification is critical for plants employing FBR. Without effective 
clarification, particles and organisms caught on filter media are returned to the process stream, 
resulting in a build-up of particles and pathogens and a higher likelihood of breakthrough in 
filtration. Further, a build-up of particles could impair other downstream treatment processes 
(particularly disinfection). Thus, any failure of clarification would require rapid correction to 
ensure risks are maintained within target levels. 
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Table 3.6 
Annual risk (DALY/year) under failed DAF scenario for the highest-risk month for each 

plant 

Plant 

F
ai

le
d

 (
F

) 
or

 
n

or
m

al
 (

N
) 

cl
ar

if
ic

at
io

n
 Pathogen 

Crypto-
sporidium Giardia Virus 

Campylo- 
bacter 

E. coli 
O157:H7 

Pathogen 
total 

WTW B  
N 4.05×10-9 1.69×10-10 4.98×10-20 4.83×10-18 3.84×10-20 4.22×10-9 
F 9.35×10-8 1.60×10-9 7.89×10-19 3.67×10-17 2.91×10-19 9.51×10-8 

WTW A 
N 4.15×10-9 5.82×10-11 7.21×10-12 1.70×10-17 5.43×10-13 4.22×10-9 
F 2.89×10-7 1.67×10-9 2.28×10-10 2.14×10-16 6.83×10-12 2.91×10-7 

Failed Coagulation 

Should the coagulation process be disrupted, the filter would perform as a simple granular 
media bed, and removal by secondary filtration (manganese contactors at WTW B and GAC at 
WTW A) would not be realized, per EPA Long Term 2 requirements that secondary filtration be 
preceded by coagulation to receive removal credit (EPA, 2006). As shown in Table 3.7, overall 
removal of Cryptosporidium and Giardia at WTW B would be reduced by 3.8 log and 3.1 log, 
respectively, and by 4.2 and 3.6 log, respectively, at WTW A. At each plant, the annual DALY 
risk limit of 1×10-6 would be exceeded by Cryptosporidium, and nearly by Giardia (highlighted 
cells in Table 3.7). As with failed clarification, failed coagulation could lead to continuing 
degradation in filter removal and degradation in performance of other downstream processes such 
as disinfection and would require rapid attention, given the high reliance of both plants on physical 
removal for protozoa. 

 
Table 3.7 

Annual risk (DALY/year) under failed coagulation scenario for the highest-risk month for 
each plant 

Plant F
ai

le
d

 (
F

) 
or

 
n

or
m

al
 (

N
) 

co
ag

u
la

ti
on

 Pathogen 

Crypto-
sporidium Giardia Virus 

Campylo- 
bacter 

E. coli 
O157:H7 

Pathogen 
total 

WTW A 
N 4.15×10-9 5.82×10-11 7.21×10-12 1.70×10-17 5.43×10-13 4.22×10-9 
F 6.47×10-5 2.28×10-7 4.97×10-10 4.47×10-16 1.43×10-11 6.49×10-5 

WTW B  
N 4.05×10-9 1.69×10-10 4.98×10-20 4.83×10-18 3.84×10-20 4.22×10-9 
F 2.13×10-5 2.19×10-7 1.72×10-18 7.67×10-17 6.10×10-19 2.15×10-5 
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Failed Primary Chlorine Disinfection 

In the event that chlorine injection fails at the primary injection point, reduction of chlorine-
susceptible pathogens, particularly viruses and bacteria, would be significantly compromised 
(Table 3.8). At WTW B, there are two chlorine injection points, one at the head of the manganese 
contactors, and the second ahead of the works outlet chamber, where the majority of the contact 
time is realized. Though the chlorine CT within the manganese contactors provides only 10% of 
the overall free chlorine CT at WTW B, the disinfection achieved within the contactors is sufficient 
to control viruses and bacteria to below the 10-6 DALY benchmark, even if primary chlorination 
fails. At WTW A, however, a failure of the single chlorine injection point would eliminate both 
primary free chlorine and secondary chloramine disinfection, and drive the virus and bacteria risk 
levels to 10-3 DALY/year. While Giardia disinfection would decrease by several logs at either 
plant, the filtration processes would maintain both Giardia and Cryptosporidium within acceptable 
levels. 

 
Table 3.8 

Annual risk (DALY/year) under failed chlorine disinfection scenario for the highest-risk 
month for each plant 

Plant F
ai

le
d

 (
F

) 
or

 n
or

m
al

 
(N

) 
co

ag
u

la
ti

on
 Pathogen 

Crypto-
sporidium Giardia Virus 

Campylo- 
bacter 

E. coli 
O157:H7 

Pathogen 
total 

WTW A 
N 4.15×10-9 5.82×10-11 7.21×10-12 1.70×10-17 5.43×10-13 4.22×10-9 
F 4.46×10-9 6.31×10-9 2.11×10-3 4.65×10-3 1.31×10-3 8.07×10-3 

WTW B 
N 4.05×10-9 1.69×10-10 4.98×10-20 4.83×10-18 3.84×10-20 4.22×10-9 
F 4.39×10-9 1.11×10-8 4.97×10-12 4.83×10-10 3.84×10-20 1.60×10-8 

Summary of Failure Scenario Findings 

All of the failure scenarios explored demonstrate the potential for significantly elevated 
risk. Physical treatment failures (DAF or coagulation failures) would have a lower short term 
impact on risk than a chemical disinfection failure. However, physical treatment failures have the 
potential to become progressively worse given the practice of FBR. Failure of coagulation would 
have a much higher short-term impact on protozoa risks than failure of clarification. Complete 
failure of primary chlorination would have a profound impact on risk at WTW A and a significant 
impact at WTW B. As currently designed and operated, both the WTWs achieve extremely high 
reductions in bacteria and viruses under normal operating conditions. Reductions are high enough 
at both plants that reducing the chlorine dose could be considered, provided other process goals 
related to chlorination are not compromised. Reduced chlorine dosing would yield benefits 
including reduced chemical costs and reduced DBP formation. Given the importance of chlorine 
for control of bacteria and viruses, QMRA indicates that focus on disinfection process control and 
reliability is a better route to risk management than maintaining high disinfectant concentration 
relative to that required for maintaining risks below the 10-6 DALY/year benchmark. 
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Prior studies (e.g., Westrell et al., 2003) have demonstrated that short duration treatment 
process failures can be more important determinants of risk for a WTW. Compared with source 
water events, treatment failures may occur more frequently and, as illustrated in this study, can 
result in periods of very high risk when the failing process is the primary (or sole) barrier for a 
given pathogen. Methodologies such as fault tree analysis, with inputs derived from the Health 
Canada tool, could be used to compare risks associated treatment failures with source events. 
Important input data to such a process would be the historic frequency and duration of unit 
operation failures at a given WTW. Those data should be collected and analyzed as a component 
of engineering assessments.  
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CHAPTER 4 
RESEARCH 

Applying the Health Canada tool to the study treatment plants required estimation of log 
reductions for DAF processes and the manganese contactor, as well as evaluation of the impact of 
FBR on physical removal processes. This section provides a review of DAF processes and 
comparison with gravity settling (sedimentation processes). Water chemistry considerations, and 
features of microorganisms that could impact their removal by DAF processes are reviewed and 
the potential for removal of different microorganisms is compared. Next, removal via DAF 
systems reported in peer-reviewed studies are presented and compared with removals via other 
clarification processes. Next, studies demonstrating the impact of FBR are reviewed and the impact 
of FBR on Cryptosporidium removals is assessed. Finally, a brief review is presented of studies 
related to Cryptosporidium transport through manganese contactors and whether removal by 
manganese contactors is expected to differ significantly from that of coarse granular filters. After 
review by the Health Canada tool project team, the findings of this research can be incorporated 
into the Health Canada tool. 

A significant finding of the review presented in this chapter is that performance (log 
reduction) varies widely among operations and that estimates for log reductions for all physical 
removal processes are based on a relatively small sample of performance data, most of which were 
collected more than a decade ago. In the ensuing years knowledge and practices have evolved. 
That is, removal estimates are uncertain and additional research (particularly full scale studies) 
would benefit risk analysis.  

PATHOGEN REMOVAL VIA DAF PROCESSES 

This section presents an overview of the DAF removal process and its mechanics results 
from studies investigating microbial removal via DAF. In the studies reviewed for this section, 
DAF appears to consistently outperform sedimentation in removal. Because there have been 
relatively few studies documenting removal via DAF, this section leads with a presentation of the 
theory of DAF removal to identify factors that would explain the observed superior performance 
of DAF. 

Edzwald (2010) presented the “white water bubble blanket” model for particle attachment 
to bubbles. In contrast with purely hydrodynamic flocculation, flocculation in DAF contactors 
includes contributions from gravity (falling particles collide with rising bubbles), Brownian 
motion, or fluid flow and interception (particles collide with bubbles due to flow field changes as 
bubbles rise/move). Mathematically, the blanket model is expressed as: 

 

 
,

,
exp

3
2

Φ
 (4.1)

 
where: ,

,
	 = the ratio of effluent to influent particles 

   = the particle-bubble attachment efficiency 
   = the single collector efficiency 
 Φ  = is the air bubble concentration in the contact zone 
  = is bubble rise velocity 
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 Φ  = is the air bubble concentration in the contact zone 
  = is average time in the contact zone 
  = is bubble diameter 
 

Parameters that can be optimized via design and operation of DAF systems include time in 
contact zone, air bubble concentration volume in the contact zone and bubble size. Compared with 
hydrodynamic flocculation, DAF has more modes for generating collisions and greater opportunity 
to design and operate systems to facilitate collisions.  

The likelihood that microorganisms attach to bubbles depends upon the surface properties 
of both the bubbles and particles/microorganisms. In typical drinking water physical treatment 
conditions, bubbles, particles, and microorganisms tend to be negatively charged (Edzwald, 2010). 
Because same-charge particles repulse each other, collision effectiveness can be enhanced through 
changing the charge of either the particles or the bubbles. In practice, treatment processes only 
adjust the particle charges, via coagulation and pH adjustment. Bourgeois et al. (2004) determined 
that the ratio of monovalent to divalent cations can be optimized for sedimentation and DAF 
processes and that the optimal ratio is lower for DAF processes than sedimentation processes. 
Divalent cations aid the settling and DAF processes through charge neutralization-precipitation. A 
signficance of this finding is that divalant cations tend to be concentrated when filter backwash is 
recycled. This could contribute to improved removal in some systems with FBR.  

Hijnen and Medema (2007) synthesized data from studies on clarification removal and 
developed estimates of average microbial log reduction and range of log reductions among studies. 
In determining average reduction, reported log reductions were weighted based on (i) the type of 
system used to generate the data (full-scale, pilot-scale or bench-scale), (ii) whether reductions 
were based on a pathogen or an indicator of the pathogen and (iii) whether the organism was from 
an environmental isolate or present naturally in the raw water. Log reduction values for 
Cryptosporidium by coagulation, flocculation, and clarification ranged from 0.4 to 3.8 and Hijnen 
and Medema (2007) calculated a weighted average reduction of 1.9. This average value is applied 
in the Health Canada tool for the removal of Cryptosporidium by any coagulation, flocculation, 
and clarification process. Data from individual studies used by Hijnen and Medema (2007) to 
calculate the weighted average indicate that Cryptosporidium removal varies widely among types 
of clarification (Figure 4.1). Studies of DAF demonstrated higher average removal (2.4-log) and 
lower variability than those evaluating sedimentation, both in open reservoirs and jar tests, 
although two studies of sedimentation with pre-oxidation had the highest removals of all tests.  
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Source: Data from Hijnen and Medema 2007. 
DAF = dissolved air flotation; LAM = lamellae separation; SED = sedimentation in open reservoirs 
or in small scale jar tests; TUB = tube-settlers; pre-ox = pre-oxidation 
 
Figure 4.1 Ranges of log reduction values for Cryptosporidium by clarification processes  
 

Results of studies reporting DAF removals of virus, bacteria and bacterial spores reviewed 
by Hijnen and Medema (2007) are presented in Table 4.1, along with weighted average log 
reduction for all coagulation and floc removal processes, inclusive of DAF. The sole study 
reporting virus removal via coagulation-DAF was a full-scale study of environmental coliphages. 
A marginal chlorine dose (0.02-0.04 mg/L) was introduced to the DAF process water by the 
saturation process. When sedimentation processes with pre-oxidation are excluded, removal of 
bacteria and bacterial spores via DAF is above the average for all coagulation floc-removal 
processes, but disinfection by the low level of chlorine may have been a factor in this enhancement. 
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Table 4.1 
Comparison of decimal reductions for viruses, bacteria, and bacterial spores via DAF with 

reductions from other coagulation and floc removal processes 

Microorganism 
type 

Reported decimal reduction for 
DAF processes 

Average decimal reduction for all 
coagulation and floc-removal 

processes 
Virus 1.9 1.8 
Bacteria 0.9, 1.2 1.5 
Bacterial spores 1.5 1.4 

Review of Studies on the Reduction of Cryptosporidium and Giardia via DAF 

In pilot studies with DAF clarification, Hall et al. (1995) challenged DAF systems with 
short, high concentrations and sustained, lower concentrations. The pilot plant configuration 
allowed comparison of different filter media and different coagulants and coagulant doses. Short 
duration, high concentration challenges indicate removal greater than 3 logs was achieved by DAF 
and filtration and that the filter media had a minimal impact on overall removal. pH for the short-
duration challenges was >8. Removals were more difficult to estimate for the lower concentration 
challenges because Cryptosporidium was not detected in more than half of the filter effluent 
samples. Authors estimate the removal during long-duration challenges exceeded 3 logs. 
Preliminary studies on the impact of filter ripening on Cryptosporidium breakthrough did not 
indicate a significantly greater risk of breakthrough during ripening. However, the authors noted 
that additional data were required for assessing risk related to ripening. No follow-on studies 
reporting results of subsequent experiments were published. 

In bench scale studies, Plummer et al. (1995) observed far superior Cryptosporidium oocyst 
removal via DAF than sedimentation. Removal via DAF and sedimentation at a range of coagulant 
doses and pH 6.1 is shown in Figure 4.2. At pH 6.1, the coagulant (ferric chloride) dose required 
to achieve >2 log removal of oocysts was 3 mg Fe/L, whereas >2 log removal was not achieved in 
sedimentation even at a coagulant dose of 5 mg Fe/L. For reduction of turbidity, UV254 and 
dissolved organic carbon (DOC), sedimentation and DAF performed similarly at pH 6.1. In the 
pH range 4.3 – 7.3, removal via DAF was marginally better at pH 5 than pH 4.3 and diminished 
with increasing pH above pH 5. Typical pHs for WTW A and WTW B raw waters are 6.5 and 4.5, 
respectively. Sedimentation showed similar declines in reduction with increasing pH. Based on 
their findings, Plummer et al. (1995) concluded that DAF processes can achieve far greater oocyst 
reduction than comparable sedimentation processes and that oocyst removal could not be inferred 
from removal of turbidity or organic matter. 
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Source: Data from Plummer et al. 1995. 
 
Figure 4.2 Comparison of DAF and sedimentation for Cryptosporidium oocyst removal  
 

French et al. (2000) reanalyzed the data used by Plummer et al. (1995) and developed a 
model for predicting removal of Cryptosporidium oocysts in DAF as a function of water quality 
and process parameters. Removal was strongly positively correlated with recirculation ratio and 
flocculation time and strongly negatively correlated with pH. The relationship between turbidity 
and removal was more complex (not monotonic) and other parameters not correlated with log 
removal were DOC, UV and, surprisingly, coagulant dose. In both the Plummer et al. study and 
the French et al. study, recycle ratio was based on the rate at which air was provided to the bench 
reactors. Basing recycle rate on air flow appears to miss important aspects of recycle in pilot or 
full scale systems and, in our opinion, correlation with recycle in the French et al. study is not an 
adequate basis for assessing the impact of recycle on performance in full scale systems. A more 
complete discussion of FBR is presented in the following section of this chapter. 

Pilot plant studies were used to develop estimates of Giardia and Cryptosporidium removal 
in DAF and allow comparison of removal via DAF and sedimentation (Edzwald et al., 2000, 2001). 
To simulate event conditions, high challenges of cysts and oocysts were introduced to a pilot 
system with coagulation-DAF-filtration and samples were collected along the treatment train to 
allow estimation of removal for each unit operation. Intensive sampling for turbidity, UV and 
particle counts post DAF and post filtration indicated that the pulses of cysts and oocysts had little 
impact, if any, on removal of particles or the presence of particles in the DAF and filter effluent. 
Giardia and Cryptosporidium removals for challenges conducted during the winter are reported in 
Table 4.2. In challenges conducted in the late spring, Giardia and Cryptosporidium average 
removals via DAF were 2.8 and 2.5 logs, respectively and removals via plate sedimentation were 
1.3 and 1.2, respectively. 
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Table 4.2 
Giardia and Cryptosporidium removals in a pilot plant with DAF 

Pathogen Process 
Log removal, 
clarification 

Log removal, 
clarification + 

filtration 

Giardia DAF 2.0 ± 0.3 > 5.0 
Plate sedimentation 0.74 ± 0.3 > 4.3 

Cryptosporidium DAF 1.7 ± 0.3 > 5.4 
Plate sedimentation 0.61 ± 0.3 >5.3 

 
In a subsequent study with the same pilot system, Edzwald et al. (2003) reported better 

Cryptosporidium removal with FBR than without, though this observation was based on a very 
small number of observations. During summer, average removal without recycle was 2 logs, 
whereas average removal with recycle was 2.2 logs. Winter removals without and with recycle 
were 2.2 and 2.3 logs, respectively, though the authors report uncertainty in the oocyst counts in 
the DAF process effluent. Removal in a comparable sedimentation process was lower than for 
DAF in both summer and winter. For both summer and winter, removal via sedimentation with 
recycle was less than without recycle, though too few data were collected to determine whether 
the difference was significant.  

Improved removal of Cryptosporidium oocysts and Giardia cysts under enhanced 
coagulation can be inferred based on the findings of Ongerth and Pecoraro (1996), who studied 
the impacts of pH change and organic matter on electrophoretic mobility of Giardia and 
Cryptosporidium. While the study was not done specific to DAF, the results indicate that removal 
via DAF after enhanced coagulation is likely to differ from that prior to enhanced coaguation. A 
change of pH from neutral to 3.5 resulted in a significant reduction in electrophoretic mobility of 
both Cryptosporidium and Giardia, indicating reduced stability and improved removal in 
coagulation. The impact of pH change depended on the concentration and type of organic matter 
present in water samples. As with viruses, this study indicates that removal of Cryptosporidium 
and Giardia under enhanced coagulation is likely greater than that with conventational 
coagulation. Cryptosporidium and Giardia removal estimates based on studies in systems not 
using enhanced cogaulation should be re-interpretted if results are applied to systems using 
enhanced coagulation. Alternatively, new pilot or full scale studies documenting removal of 
Cryptosporidium and Giardia for systems using enhanced coagulation could be conducted to 
generate improved estimates of removals for use in QMRA modeling. 

In summary, studies reviewed by Hijnen and Medema (2007), and that conducted by 
Edzwald et al. (2000) indicate slightly better removal of Giardia than Cryptosporidium for both 
the DAF and plate clarification processes and saw consistently higher removals via DAF than for 
a comparable sedimentation system. We note that the removals in the pilot system (Edzwald et al., 
2000) were much lower than those reported by Plummer et al. (1995) for bench scale experiments 
and may be a better basis for estimating log removals in the Health Canada tool. For consistency 
in the tool, we relied on the studies reviewed by Hijnen and Medema (2007) and used to develop 
the Health Canada removal factors to specifically assess the efficacy of DAF as opposed to all 
clarification processes combined. The results of those studies indicated DAF performance was 
superior to the average process by 25% for Cryptosporidium and Giardia. The final risk 
assessments at the study plants were developed with user defined coagulation through clarification 
removal factors reflecting this. However, for WTW B, the physical removal was then discounted 
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20% (i.e., in the judgment of utility staff during the site visit, removal was only 80% of removal 
via coagulation/clarification/filtration), as the enhanced removal by DAF was not fully attained. 
This effectively cancelled the enhanced removal value attributed to DAF at WTW B. No 
downward adjustment was made for physical removal for WTW A as the DAF process was 
observed to be well operated and turbidity reduction by that process was consistently high. 

Review of Studies on the Reduction of Bacteria and Viruses via DAF 

Van Puffelen et al. (1995) reviewed microorganism removal for four Dutch plants with 
DAF processes. For one plant, more than 2 logs of removal in flotation was reported for E. coli 
and clostridia. Virus concentration was reduced from 0.21 PFU/L to non-detect in the same plant, 
indicating that flotation can remove virus, though lack of detectable virus in the process effluent 
prevents estimate of a removal rate. The Dutch experience indicates that, as of 1995, there were 
opportunities for improving DAF process performance, including deployment of improved nozzles 
capable of generating a larger proportion of smaller bubbles. 

Studies reporting virus removal via DAF were conducted in the 1990s, prior to widespread 
adoption of enhanced coagulation. While advanced coagulation is practiced primarily for removal 
of organic matter and to meet requirements in the Stage 2 Disinfectants and Disinfectant 
Byproducts Rule (Becker et al., 2013), enhanced coagulation is expected to improve removal of 
viruses and other microorganisms in both DAF and sedimentation processes. Abbaszadegan et al. 
(2007) conducted bench and pilot scale studies to evaluate the impact of enhanced coagulation on 
virus removal in a coagulation-sedimentation process. Bench scale studies showed that coagulant 
dose to optimize DOC removal differed from that to optimize virus removal. Bench scale studies 
also showed that coagulant dose for optimal removal differed among viruses (bacteriophage, 
adenovirus and feline calicivirus [a surrogate for norovirus]). Bench scale studies also showed that 
removal of both adenovirus and feline calicivirus improved when pH was reduced to between 5 
and 6. Pilot studies conducted with bacteriophages indicated very high removal of virus in 
coagulation-flocculation-sedimentation (> 3 logs for all conditions tested). While these findings 
were made for a coagulation-flocculation-sedimentation system, we expect improved virus 
removal under enhanced coagulation conditions to extend to DAF systems.  

A subsequent bench scale study confirmed that enhanced coagulation (increased coagulant 
dose and decreased pH) is likely to improve removal of coxsackievirus, echovirus and poliovirus 
(Mayer et al., 2008). Improved removal of all three viruses was observed with increasing coagulant 
dose and decreasing pH over the ranges of dose and pH evaluated. Again, although these findings 
were not made in a DAF system, we contend that DAF system performance is likely to improve 
when enhanced coagulation is practiced. 

Studies reviewed to establish virus removal estimates for coagulation-clarification 
processes for the Health Canada tool and in prior reviews of removal during treatment processes 
(Gerba et al., 2003; Haas et al., 2001; Hijnen and Medema, 2007; Hurst, 1991) rely on data 
collected prior to widespread adoption of enhanced coagulation. Generally, enhanced coagulation 
entails use of different coagulants or higher coagulation doses along with reducing pH to improve 
DOC removal (Betancourt and Rose, 2004). Both of the primary elements of enhanced coagulation 
– pH reduction and increased coagulant dose – are expected to improve removal of microorganisms 
via both sedimentation and DAF. Virus transport and attachement to soils, bubbles or other media 
is dependent primarily on the virus isoelectric point (IEP) and hydrophobicity (Xagoraraki et al., 
2014). IEPs for viruses of sigfnicance in drinking water treatment were compiled by Michen and 
Graule (2010) and generally fall in the range 4.5 – 7.1, indicating that depressing pH is likely to 
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destablize a greater porting of suspended virus in raw water. In jar tests, enhanced coagulation 
conditions were observed to improve coagulation and removal of Candidate Contaminant List 
(CCL) viruses (Abbaszadegan et al., 2007; Mayer et al., 2008), with increasing removal associated 
with decreasing pH for all viruses assessed in those studies. Across the coagulant dose range tested 
by Mayer et al. (2008), the relative removal of enteroviruses was consistent with 

 
Coxsackievirus B6 removal > Poliovirus 1 removal > Echovirus 12 removal 
 
At a ferric chloride dose optimized for DOC removal and pH < 6.5, researchers observed 

> 3 log removal of coxsackievirus B6, 2.5 log removal of poliovirus 1 and 1.75 log removal of 
echovirus 12. 

Review of Studies on the Reduction of Cyanobacteria via DAF 

Several recent studies report removal of cyanobacteria from water by DAF (Henderson et 
al., 2010; Teixeira et al., 2010; Teixeira and Rose, 2006, 2007). These studies are reviewed here 
briefly, because they illustrate removal of microorganisms via DAF and because cyanobacteria, 
themselves, are a concern in drinking water production. In the first of the studies, Teixeira and 
Rosa (2006) determined that toxin release when a carbon dioxide air mixture was used as the 
flotation gas was not significantly different from toxin release when air was the flotation gas. In a 
subsequent bench-scale study, Teixeira and Rose (2007) achieved 83.6% removal of chlorophyll 
a (an indicator of cyanobacteria cell density) and 5.2% removal of microcystin-LR via DAF at a 
coagulant (aluminum polyhydroxichlorosulphate) dose of 2 mg/L as Al2O3. At a coagulant dose 
of 8 mg/L, removals of chlorophyll a and microcystin-LR were 91.8% and 6.7%, respectively. In 
contrast to results with a sedimentation system, the authors observed little impact of raw water 
natural organic matter on the DAF process performance and removal of cyanobacteria and 
microcystin-LR. In a follow-on study, Teixeira et al. (2010) demonstrated more than 90% removal 
of cyanobacteria (M. aeruginosa cells and P. rubescens filaments, removal based on measurement 
of chlorophyll a), relatively low removal of microcystin, and low release of toxins for a 
coagulation-DAF process. 

Henderson et al. (2010) studied the removal of M. aeruginosa, Chlorella vulgaris (green 
algae), Asterionella formosa and Melosira sp. (diatoms) via coagulation with aluminum sulfate 
and flotation. The objective of the study was to evaluate DAF removal of algae for reduced DBP 
formation, taste and odor control, and removal of toxins. In bench scale coagulation-DAF studies, 
Henderson et al. (2010) achieved between 94.8% and 99.7% removal of all of the organisms 
studied when coagulant dose was optimized. Cell removal was higher than removal of algogenic 
organic matter (cells, extracellular organic matter and intracellular organic matter released during 
lysis; Gough et al., 2015). Additionally, algogenic organic matter appeared to exert coagulant 
demand and reduce removal of cells at a given coagulant dose. 

Summary of DAF Process Performance Findings 

The forgoing results from DAF and related studies inform the study QMRAs in several 
ways. First, they demonstrate that high microbial removal can be achieved with coagulation and 
DAF at pH above that maintained in the DAF processes for both WTWs. Second, they demonstrate 
that removal of all the reference pathogens in the Health Canada tool via a well-operated DAF 
process is likely higher than for a process based on sedimentation. Accurate understanding of virus 
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removal via physical processes is important in determining risk under scenarios such as 
chlorination failure. Finally, they indicate that coagulation-sedimentation removal estimates in the 
Health Canada tool might require revision for systems practicing enhanced coagulation. 

FILTER BACKWASH RECYCLE 

Reports on the Impact of FBR on Pathogen Removal 

In investigations following a large cryptosporidiosis outbreak in the UK in 1989, 
Cryptosporidium oocyst concentrations in the millions of oocysts per liter were observed in settled 
FBR (Hall et al., 1995). This observation cannot be used to discount well-designed and operated 
backwash recycling as a viable process, but does indicate that risks related to FBR can be estimable 
and should be considered. The potential for FBR to amplify clarifier influent pathogen 
concentration was documented by Cornwell and Lee (1994), who measured Cryptosporidium 
oocyst and Giardia cyst concentrations in the raw water, spent filter backwash and clarifier inlet 
at two plants practicing FBR. One plant used inline filtration and settled recycled filter backwash 
prior to reintroducing it to the process stream. The second plant used an adsorptive clarifier and 
recycled waste from the adsorptive clarifier as well as spent filter backwash. At both plants the 
protozoan concentrations after mixing the raw water with the recycle stream differed from the raw 
water protozoan concentrations. When the raw water protozoan concentrations were high, the 
mixed concentrations were lower than the raw water concentration and when the raw water 
concentrations were low, the mixed concentration was higher. That is, the FBR appeared to 
equalize the Cryptosporidium and Giardia loads. Spent filter backwash concentrations prior to 
settling were very high at both plants. 

Arora et al. (2001) also observed significantly higher protozoan concentrations in spent 
FBR than in raw water. In their study, Arora et al. (2001) collected and analyzed samples from 25 
water systems. Filter backwash samples were collected prior to settling. Cryptosporidium and 
Giardia were detected less frequently in filter backwash samples than raw water samples, through 
recoveries were significantly lower for filter backwash samples than raw water samples. Based on 
the geometric means among positive samples and adjusting for recovery, the authors determined 
that levels of protozoa in settled filter backwash (SFBW) water would be 50 times higher than 
those in raw water if no sedimentation or other treatment were done on SFBW. Considering only 
positive samples, the authors determined that SFBW would have no significant effect on 
background concentrations at a recycle rate of 10% (a 1-log dilution). Arora et al. (2001) also 
conducted pilot studies to determine the impacts of SFBW pretreatment on removal of 
Cryptosporidium, Giardia, and Clostridium in filters. The pilot systems were challenged with very 
high microorganism concentrations and detection limits for Cryptosporidium and Giardia were 
very high. With and without pretreatment, no Giardia cysts or Cryptosporidium oocysts were 
detected in filter effluent. Higher coagulant concentrations are also expected in recycled filter 
backwash (RFB) than in untreated water entering a plant (Hall et al., 1995). Thus, Cryptosporidium 
and other pathogens could be either associated with flocs or more likely to destabilize in RFB, 
though the precise conditions under which RFB water quality would enhance of clarification and 
offset reintroduction of pathogens to the process water are unknown. 

Tobiason et al. (2003) conducted studies of six full scale systems and concluded that 
continuous flow FBR systems can be operated without significant impacts on clarification or 
filtration. Studies were conducted on both DAF and sedimentation systems. One of the systems 
studied employed continuous backwash recycle and five plants practiced periodic recycle with 
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recycle periods ranging from 5 hours to 7 days. The manner in which FBR was conducted 
(frequency of backwashing, treatment of the recycle stream and management of solids) had a 
significant impact on water quality (particularly turbidity) in feed water to flocculation processes. 
The authors concluded that monitoring is important for anticipating and controlling the impacts of 
FBR on clarification and filtration performance. Though Tobiason et al. (2003) studied only 
chemical and physical water quality (and not microbiological water quality), we believe their 
findings are applicable to microbiological water quality and particularly to Cryptosporidium and 
Giardia. 

In summary, published studies indicate that  
 
 There is the potential for build-up of protozoan cysts and oocysts in FBR for systems 

with removals (via flotation or sedimentation) that are too low or for systems with high 
recycle rates. For a given system, the choice of recycle ratio and the removal in 
flotation/sedimentation determine whether build-up occurs. 

 Pilot and full-scale studies have documented improved oocyst and cyst removal in 
systems with FBR compared with systems that do not recycle. Plausible explanations 
for this include recycle of coagulant, build-up of cations such as manganese, and 
change in water chemistry promoting particle and microorganism destabilization, and 
recycle of materials that promote floc formation. 

Modeling FBR Impacts on Physical Removal 

Cornwell and Lee (1994) developed mass balance models for clarification/filtration 
processes with continuous backwash recycle (equalization of spent filter backwash and continuous 
introduction into the influent stream). A flow diagram showing the mass balance model is 
presented in Figure 4.3. The model was developed to assess the potential for amplification of 
pathogens (Giardia cysts and Cryptosporidium oocysts) above raw water concentration. Because 
the model was developed to explore amplification of pathogens, a conservative assumption was 
made that 100% of (oo)cysts are removed in filtration. Under the model assumptions (100% 
removal in filters and continuous recycle), the ratio of influent pathogen concentration, , to the 
concentration of pathogens upstream of the filter, , is given by 
 

 1  (4.2) 

        
where: 	 = raw water volumetric flow 
   = recycle stream volumetric flow 
   = fraction of (oo)cysts remaining after treatment of spent filter backwash water 
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Source: Adapted from “Waste Stream Recycling: Its Effect on Water Quality,” D. A. Cornwell 
amd R. G. Lee, Journal – American Water Works Association, 86 (11): 50–63, 1994.  
 
Figure 4.3 Pathogen mass balance for a system with FBR 
 

The model predicted that the increase in Giardia cyst loading on filters resulting from 
backwash recycling was strongly dependent on settling efficiency (removal in clarification) but 
nearly independent of recycle rate. FBR can be continuous or intermittent, and intermittent FBR 
is equivalent to periodic challenge of the process with elevated cyst concentrations.  

An alternative to the mass balance analysis developed by Cornwell and Lee (1994) is 
treatment of oocysts (or other pathogens) as discrete contaminants, each with an associated 
probability of removal in either coagulation-DAF (or coagulation-sedimentation) and in filtration. 
This approach was demonstrated by Teunis and co-workers in a study on the use of pathogen 
counts to quantify process performance (Teunis et al., 1999) and a study to explore the variability 
in virus removal in drinking water treatment processes (Teunis et al., 2009). 

Oocysts (or other pathogens) in feed water to DAF-filtration processes can be removed 
during DAF, retained on the filter, or break through (i.e., they are not removed in DAF AND not 
retained on the filter). The probability that an individual oocyst breaks through (BT) physical 
treatment on its first filter run (FR, i.e., its first pass through DAF and filtration) is the product of 
the probabilities of breakthrough for DAF ( ̂ ) and filtration ( ̂ ):  
 

 BT, 1st FR ̂ ̂  (4.3)
 
The probability that the oocyst is retained on the filter is the product of the probability that 

the oocyst breaks through DAF and the converse of the probability that the oocyst breaks though 
filtration: 
 

 Retention, 1st FR ̂ 1 ̂  (4.4)
 

Oocysts retained on the first filter run are returned to the DAF-filter process and have a 
second opportunity to break through treatment. Now, the net probability that a single oocyst in the 
raw water breaks through treatment in the first or the second filter run is the sum of the probability 
that it broke through treatment in the first filter run plus the probability that it broke through on 
the second filter run. This process can be extended to determine the probability of breakthrough 
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after many filter runs. The probability of breakthrough after a large number of filter runs is given 
by: 
 

 ; many	FRs
̂ ̂

1 ̂ 1 ̂
 (4.5)

 
The impact of filter backwash is an overall reduction in the probability of removal (i.e., an 

increase in the probability of breakthrough of a particular pathogen) with each backwash. This is 
illustrated in Figure 4.4. Assumptions used to create this figure were an average of 0.5 logs removal 
in DAF (or sedimentation), an average of 1 log removal in filtration, and no treatment or removal 
of oocyst in the backwash recycle (prior to reintroduction into the raw water). Removal in the first 
cycle (prior to any backwash) is 1.5 logs (0.5 logs for DAF/sedimentation and 1.0 logs for 
filtration). Over subsequent cycles the probability of removal (and effective removal) decreases, 
with most of the decrease observed over the first three backwash cycles. Under these assumptions, 
backwash recycle reduces removal from 1.5 logs to an effective level of about 1.35 logs (a 10% 
reduction). This analysis shows that FBR recycle 

 
1. Extends the period of heightened risk associated with a pathogen loading event 

(retained pathogens can break through treatment with successive filter runs) 
2. Decreases the effective removal of pathogens by a clarification-filtration process 

 

 
Figure 4.4 Reduction in effective removal with repeated backwash cycles 
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Contours of effective removal for given removal in clarification and removal in filtration 
are shown in Figure 4.5. As noted by Edzwald et al. (2003), there is a minimum clarifier removal 
required to mitigate the impacts of FBR on Cryptosporidium removal. Based on modeling similar 
to the analyses of Cornwell and Lee (1994), Edzwald et al. (2003) determined that minimum 
removal in clarification decreased with increasing recycle ratio and that for two plants studied, the 
minimum clarifier removal was between 1.3 and 1.7 logs. Figure 4.5 shows that at low clarification 
decimal reduction, much higher filter decimal reduction is required to achieve a target net 
(effective) removal. As clarifier removal increases, the impact of FBR on effective removal 
decreases. 

 

 
Figure 4.5 Contours of effective removal for ranges of clarification and filtration removal 
for systems with backwash recycle 
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REMOVAL IN GAC FILTRATION AND MANGANESE CONTACTOR 

The removal capacity of second stage filtration processes, such as GAC filtration and 
manganese contactor beds, are not considered in the Health Canada tool. GAC filters are primarily 
used to remove micro-pollutants and natural organic matter and the assumption is commonly made 
that the removal capacity of GAC filters for pathogenic microorganisms is negligible.  

Under the Long Term 2 Enhanced Surface Water Treatment Rule (LT2, EPA, 2006), a 
system that employs a second filtration stage through a granular media following coagulation may 
receive 0.5 log credit for Cryptosporidium removal. A comparison of the log removal for 
Cryptosporidium by GAC filtration from various sources is shown in Table 4.3. These few studies 
suggest that GAC filters offer a significant level of Cryptosporidium and Giardia (oo)cysts 
removal. The scarcity of substantial supporting data and the variability in reported removal in the 
few studies that have investigated this process makes assigning a removal value for this process 
challenging. Hijnen et al. (2010) recommended further studies to confirm the elimination capacity 
of full-scale GAC adsorption filters for protozoan (oo)cysts. In the absence of additional data, a 1 
log removal could be assigned to Cryptosporidium for this process based on the average removal 
from the two reviewed studies (excluding higher removal with fresh GAC from Hijnen et al. 2010). 
Due to the limited number of studies contributing to this value, the LT2 log removal value of 0.5 
has been assigned to the GAC filter process. 

 
Table 4.3 

Cryptosporidium removals and removal credit for GAC filters 
Source Log removal 

Hijnen et al., 2010 (Fresh GAC) 2.7 
Hijnen et al., 2010 (Loaded GAC) 1.2 
Patania et al., 1995 0.75 
LT2 Rule 0.5 

 
Recent studies by Hijnen et al. (2010) and Bichai et al. (2010) determined the elimination 

capacity of GAC filters with fresh and pre-loaded GAC for MS2, E. coli Clostridium bifermentans 
spores. Cryptosporidium parvum and Giardia lamblia at pilot plant scale. Hijnen et al. (2010) 
determined that GAC filters are not a significant barrier for viruses and do not reliably reduce 
bacteria. GAC filters did yield significant removal of C. parvum and G. lamblia (oo)cysts with 
both fresh and loaded GAC filters. Removal of C. parvum oocysts were 2.7 and 1.2 log for the 
fresh and loaded GAC filters, respectively, and 2.1 log for G. lamblia cysts by both fresh and 
loaded GAC filters. These removal rates were higher than the average log removal reported by 
Patania et al. (1995) of 0.75 log units for Cryptosporidium and 0.45 log units for Giardia (oo)cysts 
by GAC filters operated at high filtration rates through a deep-bed monomedia GAC filter with no 
pre-treatment. Papineau et al. (2013) determined that GAC filter aging can significantly increase 
Cryptosporidium removal and that removals in excess of 0.5 logs were consistently achieved in a 
pilot plant. Bichai et al. (2010) indicate that GAC aging may be a two-edged sword. Persistent 
pathogens like Cryptosporidium and Giardia can be the prey of zooplankton that, in turn, can 
facilitate transport of the pathogens out of filters and into process water. While the authors stopped 
short of stating the protozoa breaking through filtration are viable or infectious, the authors do 
recommend research into the plausibility of persistent pathogen transport in filters. 
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As granular media filters, manganese contactors can be expected to yield some removal of 
Cryptosporidium and Giardia, particularly given known tendency for oocysts and cysts to be 
retained on sands in the presence of multivalent cations (Dai and Boll, 2003; Kim et al., 2010; 
Kuznar and Elimelech, 2004; Song et al., 1994). However, to our knowledge, removal in 
manganese contactors has not been studied systematically, though, as noted above, the US LT2 
SWTR (EPA, 2010a) grants 0.5 log credit second stage filtration meeting qualifying requirements. 
Studies evaluating the attachment of Cryptosporidium oocysts to filter media and the impact of 
water quality on the interaction between the oocysts and the media are reviewed below. Because 
none of those studies was done explicitly on removal in manganese contactors, the LT2 log 
Cryptosporidium removal value of 0.5 was used for the manganese contactor in the current study. 

Studies generally indicate that presence of monovalent and divalent cations promote oocyst 
attachment and reduce transport in porous media (Considine et al., 2002; Janjroen et al., 2010; 
Kuznar and Elimelech, 2004, 2006)). Studies differ in their assessment of the impact of organic 
carbon on oocyst transport. Abudalo et al. (2010) report that the concentration of organic matter 
in samples did not influence the zeta potential of oocysts, whereas organic matter concentration 
had a strong influence on zeta potential for iron-oxide-coated sand (chosen to simulate riverbank 
media), with the zeta-potential changing sign from positive to negative between organic matter 
concentrations of 0 and 1.9 mg/L. Considine et al. (2002) studied attachment of oocysts to sands 
in solutions with varying DOC and calcium using atomic force microscopy and 
microelectrophoresis. Zeta potential became less negative with increasing calcium concentration, 
but became more negative with increasing DOC. 

The forgoing studies indicating attachment, perhaps enhanced by the presence of 
manganese, in granular media filters must be considered critically. Manganese contactors and 
other secondary filtration processes might not be optimized or operated for microbial removal. Of 
particular concern is filter operation. As noted above, filter and filter backwash management are 
determinants of overall removal associated with a filter. In the absence of systematic backwashing, 
a filter could retain persistent organisms like Cryptosporidium and Giardia and shed those 
organisms into process water. Although not of concern in this study, environmental organisms 
such as free-living amoebae, Legionella or Mycobacterium could grow on filters and slough into 
treated water. This scenario is problematic, given the potential for both Legionella and 
Mycobacteria to be present in encysted amoebae that confer greater resistance to disinfection. 
Application of free chlorine above the manganese contactor, as practiced by the WTW analyzed 
in this study, reduces the potential for growth of environmental organisms on the filter. 

Uncertainty in Process Performance Data 

The small number of studies reporting pathogen removal via full-scale physical processes 
and a general lack of relatively recent studies are a hindrance to more effective QMRA. The lack 
of process data is further hindered by difficulty designing studies to accurately characterize 
pathogen removal in physical processes. Treatment processes must operate under a range of water 
qualities and operational conditions and their performance can be variable, sometimes over short 
time scales. In nearly all studies reporting log reductions in treatment processes, the log reduction 
for a process is estimated based on the ratio of pathogen counts in paired samples from the process 
inlet and discharge. Paired samples might be collected at the same time, or the effluent sample 
could be collected at a time lagged from the inlet sample collection time to account for the time 
required for passage through the treatment process. 
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Estimating removal based solely on a set of concentrations from paired samples ignores 
important uncertainties and variabilities and could result in misleading findings. Below, we 
develop a conceptual model that allows interpretation of results from a set of paired samples. The 
results demonstrate that removal estimates can be quite uncertain (associated with wide confidence 
intervals) and that uncertainty can be reduced significantly through collection of replicate samples.  

An illustration of the use of paired samples for estimating removal in a treatment process 
is presented in Figure 4.6. As described by Teunis et al. (1999), when a process is challenged by a 
sample of independent organisms, each with an identical chance of being removed in a treatment 
process, the number of organisms emerging from the treatment process is binomially distributed. 
Alternatively, organisms in a population can differ in the likelihood that they are removed. For 
example, the likelihood of removal could be beta distributed and the number of organisms breaking 
through treatment could be beta binomially distributed (Haas et al., 1999; Teunis et al., 1999). 
Assays for determining the pathogen influent and effluent concentrations are subject to sampling 
uncertainty and imperfect recovery. For dilute suspensions of organisms, the number of organisms 
present in a sample is Poisson distributed with the Poisson parameter equal to the sample volume 
times the mean concentration in the influent/effluent. If organisms are clumped or in some way 
not independent, alternative distributions such as the negative binomial distribution can describe 
their distribution among samples. Finally, assays of influent and effluent samples do not have 
perfect recovery and the number of recovered organisms varies among samples. Most often 
recovery is assumed to vary normally among samples. Obolensky and Hotaling (2013) reported 
that overall mean and median matrix spike recoveries for Round 1 LT2 matrix spike recoveries 
were around 40%. Recovery variability among replicate samples can be quite high (relative to the 
mean recovery). Matrix spike recoveries for E. coli are typically much higher and less variable.  
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Figure 4.6 Sample uncertainty and process variability for physical removal process studies 
 

The net effect of variability in removal, sampling uncertainty and imperfect recovery is 
reduction in certainty (increase in the width of confidence intervals) in estimates of removal for a 
process when removal is based on paired influent and effluent samples. Simulations were 
conducted to illustrate the impact of uncertainty on estimates of log reduction for a treatment 
process. A hypothetical process with an actual removal of 90% (1 log) was assumed to have a 
steady influent concentration of organisms of 20,000 organisms/100 L. Paired 100 L influent and 
effluent samples were taken and recovery for both influent and effluent samples was normally 
distributed with a mean recovery of 40% and a standard deviation of 20%. 5000 bootstrap 
simulations were conducted per condition to determine the range of apparent removals that might 
be estimated based on paired samples. Three sets of simulations were done. First, recovery was 
assumed perfect (100%), sample uncertainty was assumed negligible and the number of organisms 
in the effluent was assumed binomially distributed. In the second set of simulations, sample 
uncertainty was added. In the third set, imperfect recovery was added. In each set of simulations, 
it was assumed that 2, 3, 5, 10 and 20 samples were collected in each sample event (each test 
condition for the process) and the log reduction was taken as the mean of the log reductions among 
the samples of the sample event. 5000 simulations (bootstrap iterations) were done for each 
simulation and each sample size. For the simulations with sample uncertainty and imperfect 
recovery, each bootstrap iteration for each sample entailed: 

 
1. Generation of a random number of organisms in an inlet sample from a Poisson 

distribution with the Poisson parameter equal to the influent concentration times the 
sample volume 
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2. Generation of a random number of detected organisms in an influent sample from a 
normal distribution with a mean of 40% and standard deviation of 20% 

3. Generation of a random number of recovered organisms from a binomial distribution 
with the number of organisms assayed equal to the number of organisms in the samples 
(step 1) and the probability that an organism is recovered equal to the recovery (step 2) 

4. Generation of a random concentration of organisms in the treatment process effluent 
from a binomial distribution, with the number of organisms entering treatment equal to 
the influent concentration times the sample volume and the probability that an organism 
is in the treatment process effluent equal to 0.1 (average of 90%/1 log reduction) 

5. Generation of a random number of organisms in the effluent sample from a Poisson 
distribution, with the Poisson parameter equal to the effluent concentration (step 5) 
times the sample volume 

6. Generation of a random recovery for the effluent samples from a normal distribution 
with a mean of 40% and standard deviation of 20% 

7. Generation of a random number of recovered organisms in the effluent sample from a 
binomial distribution with the number of organisms assayed equal to the number of 
organisms in the effluent sample (step 5) and the probability that an organism is 
recovered equal to the recovery (step 6) 

8. Repeat steps 1-7 for the number of samples, then estimate the removal as the average 
removal among the samples 
 

Results from this simulation are presented in Figure 4.7. The three simulations are shown 
in different colors (no sample uncertainty and perfect recovery as blue, sample uncertainty added 
as red and variable recovery added as black). Lines show the 90% confidence intervals for 
estimated log removal for the given number of samples per sample event. The red and blue lines 
are offset from their corresponding number of samples to allow easier visual comparison among 
simulations. 
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Figure 4.7 Impact of sample size and uncertainty on confidence interval for estimated 
removal from a treatment process 
 

As expected, the confidence interval around estimated removal for the process decreases 
with number of samples per event, with the decreases much greater between 2 and 5 samples than 
between 5 and 20 samples. The impact of sampling uncertainty on the width of the confidence 
intervals is minor, whereas the impact of imperfect recovery is profound. The relatively minor 
impact of sample uncertainty is partly due to the high influent concentration (relative to a 
theoretical detection limit of 1 organism per sample). 

Admittedly, the forgoing analysis is highly theoretical. Yet, several conclusions may be 
drawn. First, log reductions reported in the literature and used in the Health Canada tool are 
uncertain and require interpretation. In the Health Canada tool, uncertainty in removals could be 
addressed by analysis of the sensitivity of risk estimates to process log reduction inputs and by 
making point estimates of risk corresponding to more conservative estimates of removal than the 
weighted mean (the current Health Canada tool default approach). Second, the analysis informs 
future studies of removal via physical processes. Experimental designs should include a minimum 
of three replicate samples per process challenge tested and matrix spike recovery should be 
determined for both influent and effluent water samples. Finally, the simulations described above 
assume the process influent pathogen concentration and process removal are steady. Future 
analyses should explore the impact of unsteady loading and unsteady performance on removal. An 
approach for including unsteady influent pathogen concentration in the simulations is suggested 
by Teunis et al. (1999).  
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 

The Health Canada tool was used to determine monitoring needs and assess risks for two 
UK WTWs. The WTWs differ in source characteristics (source water is impacted primarily by 
livestock activities for one treatment works and by a mix of agriculture and treated wastewater at 
the other treatment works) and their barriers to microbial breakthrough. Applying the Health 
Canada tool to these works followed a two-step process. The first step, an engineering assessment, 
entailed data collection and characterization of the barriers in place at the works. The second step, 
QMRA analyses, was conducted to quantify risk over the range of each plant’s operating 
conditions, to explore the result of process failures, and to evaluate the impact of plant challenges. 
Results from the engineering assessments and QMRA analyses are presented below in the review 
of significant findings. The Health Canada tool appears to be well-suited for use in water safety 
planning and overcomes challenges in microbial risk assessment such as needs to collect process 
performance data and to develop quantitative risk estimates that may be compared among hazards. 

The treatment works of the study plants include processes not currently characterized by 
the Health Canada tool – DAF, manganese contactors and FBR. Literature reviews and analyses 
were conducted to determine the level of treatment afforded by DAF and manganese contactors 
and to determine the likely impact of FBR on performance of physical removal processes. In 
general, we find that there is a shortage of information on performance of these drinking water 
treatment processes and that the information available was collected prior to widespread adoption 
of practices such as enhanced coagulation. Recommendations for including DAF and manganese 
contactor and for accommodating FBR are provided in the recommendations section of this 
chapter. 

REVIEW OF SIGNIFICANT FINDINGS 

In this study, the Health Canada tool was used for successful analysis of two WTWs in the 
UK. Analyses indicate that the plants consistently achieve high reductions in all reference 
pathogens and serve water with risks significantly below the benchmark 10-6 DALY/yr level. The 
Health Canada tool is designed for use by water professionals without specialized training in risk 
analysis. As such, it appears a useful tool for integration into water safety planning at the two 
treatment works. Use of a tool like the Health Canada tool could reduce reliance on expert 
judgment and qualitative risk assessments in water safety planning. 

The catchment for Plant A is located slightly outside an urbanized area and is downstream 
of livestock operations. The Plant A treatment train includes DAF, ozone (for management of 
pesticide residues), GAC, primary disinfection with free chlorine and secondary disinfection with 
chloramine. The catchment for plant B includes sheep paddocks and is known to support 
waterfowl. The Plant B treatment train includes DAF, RGFs, manganese contactors (with free 
chlorine injected above the contactors), free chlorine primary disinfection and FBR of combined 
backwash water from RGFs and manganese contactors. QMRA analyses confirm that the barriers 
in place at the two plants significantly exceed those required to meet a 10-6 DALY per year risk 
target under normal operation and that processes are well-controlled at both plants, with risks at 
all days during the study period meeting the risk target.  

The ability for multiple barriers to mitigate risk is dependent on the suite of barriers in 
place at a treatment works and the daily operation of the barriers. QMRA analyses of the impact 
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of process failures for the plants show that short term failure of physical treatment processes (DAF 
or coagulation failures) would have a smaller impact on risk than a failure or primary chemical 
disinfection. However, because the plants practice FBR, failure of either coagulation or DAF could 
result in build-up of protozoa and significant increase in risk if the failure is not addressed quickly. 
The impact of primary disinfection failure differed for the two plants because one plant doses 
chlorine at multiple stages of treatment, whereas the other has a single dosing location. The plant 
with multiple dosing locations applies a low dose of chlorine in front of manganese contactors and 
a higher dose prior to a clearwell. Despite a relatively short contact time in the manganese 
contactor, significant log reductions of both virus and bacteria were predicted in the manganese 
contactor. 

It is hoped that the Health Canada tool outputs and engineering assessment findings of this 
study offer significant and useful information to the plant operators. These results should assist 
with development and maintenance of the WSPs required in the UK by The Water Supply (Water 
Quality) Regulations (2016). Further, the opportunity to plan system optimization and design 
changes to meet future water quality and quantity needs is enhanced by use of the Health Canada 
tool. Bartram at el. (2009) identify the following challenges for risk assessment (as a component 
of water safety planning): 

 
 The possibility of missing new hazards and hazardous events 
 Uncertainty in assessment of risks due to unavailability of data, poor knowledge of 

activities within the water supply chain and their relative contribution to the risk 
generated [or risk mitigated] by the hazard or hazardous event 

 Properly defining likelihood and consequence with sufficient detail to avoid subjective 
assessments and to enable consistency 

 
The Health Canada tool directly addressed the second two challenges. The tool includes a 

compilation of data on treatment process performance and employs reference pathogens. As 
demonstrated in this study, the tool allows relatively easy simulation of event conditions and 
process failures and reduces the need for data collection. The tool also outputs quantitative risk 
estimates as DALYs, allowing relatively easy assessment of hazards with respect to both 
occurrence and consequence. The tool does not directly address the possibility of missing new 
hazards or hazardous events. These events are best identified through an engineering assessment 
(as demonstrated in this study) or its equivalent in water safety planning. 

RECOMMENDATIONS 

Treatment Works Recommendations 

The ability of both plants to meet the risk target with a high margin for error indicates 
opportunities for managing competing risks. For example, risk analyses could quantify the impact 
of reducing the margin of safety in meeting the microbial risk target on DBP formation. The Health 
Canada tool could be used for predicting microbial risks and a tool such as the SWAT model (EPA, 
2005) could be used for predicting the impact on DBP production. Prior studies have explored the 
possibility of weighing microbial and DBP risks in a general sense, but without use of daily process 
data or consideration of the consequences of process failure. Outcomes of the analysis could be a 
reassessment of the suite of controls in place at the plants, a change in target chemical disinfection 
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dosing, investment in further optimizing physical removal, or evaluation of approaches such as 
redundant coagulant or chlorination dosing equipment for more robust process control. 

Health Canada Tool Recommendations 

While the Health Canada tool can accommodate DAF and FBR through use of user-
selected process performance values rather than default removals, the explicit addition of those 
processes to the tool would offer better plant specific risk characterization for plants where they 
are applied.  

To date, a relatively small number of studies has been conducted to allow comparison of 
removal via DAF and sedimentation. Those studies demonstrated greater removal of all 
microorganisms by DAF than sedimentation, though they also indicate that DAF performance is 
strongly influenced by process design and control as well as water quality. A conservative 
assumption is that DAF removals for well-designed and operated plants are the same as those via 
sedimentation. Plant-specific data, including review of the design and operation of DAF processes, 
could be used to develop revised estimates of DAF performance. However, we do not recommend 
revising estimates of DAF removal on the basis of TOC or particle removal, since studies indicate 
removal of organisms can be significantly different from that of both organic carbon and particles. 

For plants practicing FBR, overall removal estimates in the Health Canada tool for 
coagulation-clarification-filtration should be decreased based on plant-specific experience or 
based on use of Equation 4.5. This scheme could be implemented in the Health Canada tool via 
instructions on setting user-specified removals or as an automatic process that occurs when users 
“turn on” FBR. Degradation in process performance associated with FBR assumes recycled 
backwash is not treated and that backwash recycle does not confer any improvement in coagulation 
and settling. Reliable clarification is critical to plants practicing FBR without build-up 
(amplification) of pathogens and periodic monitoring of raw water downstream of introduction of 
FBR into the process stream could be used as a component of process control 

For the two plants analyzed in this study, results based on analysis of daily process data 
and monthly averaged process data did not yield significant differences in risk estimates. This 
finding indicates that the two study plants are well operated and consistently achieve risk levels 
less than the 10-6 DALY benchmark. That is, the Health Canada tool (which does not allow 
convenient estimation of daily risks) is appropriate for use in water safety management for the two 
plants. Overall Giardia removal (the sum of removals from physical processes and chemical 
disinfection) has a seasonal variation of roughly 2 logs for both plants, with periods of increased 
removal differing for the plants. However, day-to-day variations in removal at the plants are 
relatively minor. These results do not indicate a need to revise the Health Canada tool for analysis 
of daily data. 

Research and Modeling Recommendations 

The water community’s general understanding of removals in drinking water unit 
operations is based on a relatively small number of published studies, many of which were 
conducted more than a decade ago. Given the importance of those studies in plant design and risk 
analysis, we find that additional studies can produce significant benefits including improved ability 
to meet multiple objectives (e.g., simultaneous management of DBP and microbial risks), 
improved understanding and operation of unit processes (based on additional knowledge of the 
influence of water quality and operational choices on process performance), improved ability to 
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predict performance of operations at a particular WTWs, and better ability to prioritize capital 
improvements and evaluate whether additional barriers are necessary at a given treatment works. 

Shortcomings of the current process performance data include 
 
 Data do not reflect performance changes associated with relatively recent industry-

wide changes such as widespread adoption of enhanced coagulation 
 Some data are from bench-scale and pilot scale studies and might not reflect full-scale 

performance accurately 
 Removals estimated in published studies are estimated based on relatively small 

numbers of replicates and might not reflect uncertainty and variability in removals 
 

Two paths are available to address these shortcomings. First, additional studies of 
microbial reduction at full-scale plants could be conducted. We acknowledge that such studies are 
significant and expensive undertakings. Beyond the benefit of improved general knowledge of the 
fate of organisms in treatment, studies could identify opportunities for optimization of unit 
operation. Benefits of optimization include improved water quality for customers as well as 
improved process control and the opportunity to operate plants with a lower margin of safety (and 
potentially a lower operating cost) while still meeting risk goals. Well-designed full-scale and pilot 
studies could provide updates on the removals that can be expected given current designs and 
operations, an improved understanding of the variability in performance during normal operation 
(e.g., improved understanding of the likelihood of breakthrough over the course of a filter run), 
and better association of water quality with process performance. 

Second, current risk estimation via the Health Canada tool or other approaches could be 
modified to reflect current uncertainty and variability in process performance. At present, the 
Health Canada tool and most other risk analyses conducted to date use point estimates for pathogen 
log reduction via physical treatment processes. The point estimate is typically some average 
removal (e.g., the weighted average removal among studies, as used in the Health Canada tool) or 
some other statistic such as the 5th percentile removal. Because we have relatively low certainty in 
removal estimates and because removal can vary substantially, alternative risk analyses could be 
conducted in which uncertainty and variability in process performance is modeled explicitly. 
Health Canada is developing the capacity for explicit modeling of variability and uncertainty in 
the Health Canada tool (McFadyen, S., personal communication). A significant challenge in that 
undertaking will be limitations in data available for characterizing process performance 
uncertainty and variability. 
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ABBREVIATIONS 

CCL candidate contaminant list 
CSTR continuous stirred tank reactor 
CT concentration × time, residual disinfectant concentration in mg/L 

multiplied by time in min 
  
DAF dissolved air flotation 
DALY disability adjusted life years  
DBP disinfection byproduct 
DEFRA Department for Environment Food & Rural Affairs 
DOC dissolved organic carbon 
  
EPA  U.S. Environmental Protection Agency 
  
FBR filter backwash recycle 
  
GAC granular activated carbon 
GI gastrointestinal 
  
HAV Hepatitis A virus 
HUS hemolytic uremic syndrome 
  
IEP isoelectric point 
  
LR log reduction 
LT2 US EPA’s Long Term 2 Enhanced Surface Water Treatment Rule 
LYL life years lost  
  
MPN most probable number  
  
NTU nephelometric turbidity units 
  
PFU plaque forming units 
  
QMRA  quantitative microbial risk assessment 
qPCR quantitative polymerase chain reaction  
  
RFB recycled filter backwash 
RGF rapid gravity filter 
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SFBW settled filter backwash 
SWTR Surface Water Treatment Rule  
TOC total organic carbon 
  
UCL upper confidence limit 
UK United Kingdom 
UV ultraviolet light  
  
WHO World Health Organization 
WRF  Water Research Foundation  
WSP water safety plan 
WTW water treatment works 
  
YLD years lived with disability  
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