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Abstract 
Taking into consideration the event of accidental ingestion, water utilities provide 

multiple barriers that ensure the safety of recycled water designated for non-potable domestic 
use (e.g. toilet flushing and domestic irrigation).  With the advent of extensive urban water 
recycling through dual reticulation, there is potential for accidental (and deliberate) cross-
connection to a potable water distribution system.  Whilst these barriers mean that such events 
are unlikely to lead to measurable health effects, water utilities must nonetheless have a means 
to detect such instances to maintain public confidence and acceptance of recycled water 
initiatives. 

Sydney Water has a targeted research programme aimed at the rapid detection of cross-
connection and malevolent events within a dual reticulation system. Currently being evaluated 
are three approaches (anti-ingestants, colourants and early warning systems).  Underpinning this 
however is a comprehensive risk management approach that ensures the safety of customers in 
the event of occasional cross-connection.   
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1. Background 
From 1981 to 1998, the Centres for Disease Control and Prevention in the United 

States documented 57 waterborne disease outbreaks related to cross-connection events, 
resulting in more than 9,000 illnesses (AWWA, 2001).  In each case cross-connection 
occurred through backpressure or back-siphonage to a non-potable source, and in most 
cases, a sewerage system (Craun and Calderon, 2001).  There have been outbreaks 
within Australia associated with cross-connections from ‘Class C’ recycled water to 
drinking water (Borensztajn, 2007) and a number of incidents of non-potable to potable 
cross-connections leading to disease outbreaks including a large incident in the 
Netherlands and several reports from the United States (Liang et al., 2006). To date 
however, we have not identified a documented case of illness directly attributed to 
cross-connection from a tertiary-treated recycled water distribution system to drinking 
water.  Nonetheless water utilities maintain ongoing vigilance in case of such an event. 

Commencing with the Rouse Hill Development Area (RHDA), the first and 
largest full-scale dual reticulation system of its type, Sydney Water has pioneered dual 
reticulation systems within Australia and currently supplies potable and recycled water 
to more than 16,000 residential properties via such “third-pipe” systems.  Increasing 
urbanisation throughout Sydney’s north and south-west growth corridors will see this 



number increase to more than 160,000 over the next 25 years, equating to a residential 
population in excess of 450,000.   

Since the introduction of domestic recycled water in 2001 there have been four 
cross-connection events detected within the RHDA; three isolated events and one 
multiple exposure affecting 82 residential homes; the latter being detected through a 
customer complaint that the water had a salty taste.  More recently during November 
2005, a cross connection occurred in the Newington suburb within the Sydney Olympic 
Park precinct for a period up to 3 weeks.  This event was detected only after a customer 
reported that the water imparted a musty odour and taste. 

Cross-connection events are spatially and temporally rare within a distribution 
system, with the incidence so far being on average within the order of 1 event in 10,000 
dwellings per year. Australian Recycled Water Guidelines recommend supplying dual 
reticulation water with a quality whereby the pathogen concentration is tolerable with an 
annual cross-connection frequency of around 1 event in 1,000 dwellings per year.  This 
estimate is supported by a conservative quantitative risk assessment which found that an 
annual cross-connection frequency of around 1 event in 1,250 dwellings per year would 
be routinely tolerable where water just meets state water quality requirements for dual 
reticulation (D. Deere, unpublished data).  Therefore, with the existing exposure control 
measures in place at Rouse Hill, there currently exists a safety margin of around one 
order of magnitude. 

Notwithstanding this, in 2003 Sydney Water commenced a targeted research 
programme aimed at the rapid detection of cross-connection events within a dual 
reticulation system. This paper describes research undertaken into the evaluation of two 
aesthetic agents; anti-ingestants and colourants, which make recycled water readily 
discernible to customers. It should be noted that these options are not the only means of 
rapidly identifying cross-connections; on-line early warning systems (EWS), including 
sensor-based technology could provide the next generation of tools for this purpose.   

2. Risk Management 
Sydney Water was the first utility in Australia to undertake a comprehensive risk-

based ‘catchment to tap’ water quality planning and management strategy for drinking 
water (Deere et al., 2001, Deere and Davison, 2005). This approach was ultimately 
encapsulated in the Framework for Management of Drinking Water Quality of the 
Australian Drinking Water Guidelines (2004) and the analogous framework in the 
Australian Guidelines for Water Recycling (2006).  In addition to providing confidence 
to regulators, consumers and utilities, such frameworks ensure that risks are being 
managed proactively and systematically and corrective actions, in the case of non-
compliance, are undertaken efficiently. 

Recycled water at Rouse Hill Recycled Water Plant is treated through multiple 
barriers to ensure compliance beyond the requirements of the existing 1993 NSW 
Guidelines for Urban and Residential Use of Reclaimed Water (Sydney Water, 2004).  
Such multiple barrier risk management provides a safety margin under normal operating 
conditions, with water quality being higher than the minimum required for its intended 
use.  The multiple barriers also provide redundancy, helping to ensure no adverse 
impacts on health in the event of failure by one barrier.  

Recycled water is also monitored extensively for microbiological, chemical and 
physical quality at both the outlet at the point of use, and results are reported directly to 
NSW Health and independently audited as part of the annual Sydney Water Operating 
Licence.  NSW Health advises that the high quality of recycled water consistently 



demonstrated at Rouse Hill is unlikely to cause public health issues if accidentally 
ingested.  Furthermore, an independent study undertaken by the Australian Centre for 
Value Management (ACVM) found no epidemiological evidence to suggest that 
customers have suffered adverse health effects arising from the use of recycled water 
within the RHDA.  This latter statistic is important given the high level of customers 
that are unaware of the use of recycled water within the RHDA, and anecdotal evidence 
that ingestion of recycled water occasionally takes place, accidentally or otherwise.  
Nonetheless, and as part of its multiple barrier philosophy and due diligence, Sydney 
Water has a responsibility to ensure that cross-connections do not occur and that if they 
do, are rapidly and comprehensively dealt with.  In this respect, control of exposure is 
one of the multiple risk management barriers employed by Sydney Water.   

In practice, Sydney Water already applies a comprehensive set of risk 
management practices that limit exposures to recycled water including: (i) installation 
regulations and codes of practice that include systematic processes to reduce the 
probability of cross-connections at the customer; (ii) materials codes and regulations 
that easily discriminate potable and recycled water plumbing; (iii) regulations that limit 
the legal installation and modification of plumbing systems to licensed individuals; (iv) 
education to explain the need to avoid creating cross-connections; (v) opportunities to 
apply pressure differentials in certain situations to ensure that if cross-connections 
occur, they are from higher to lower quality water; (vi) installation of backflow 
prevention systems to reduce the extent of hydraulic influence from any cross-
connections that do occur; and (vii) operational checking and connection auditing 
(Sydney Water, 2001; De Rooy and Engelbrecht, 2003). 

3. Anti-ingestants 
A desktop study was undertaken to source anti-ingestant agents that could be used 

to discriminate potable and recycled water (Davison et al., 2006).  In total, 142 
candidate compounds were identified of which eight were short-listed for further 
investigation by Sydney Water.  Based on the offensive odour of two of these, (E)-2-
nonenal (trans-2-nonenal) and 3-methyl butanoic acid (isovaleric acid), this list was 
further reduced to six compounds (Table 1). 

In addition to their perceptible taste, the candidate compounds satisfied no less 
than 15 essential criteria including: (i) can be dosed into recycled water to reach 
concentrations above the objectionable taste threshold; (ii) has a taste threshold 
significantly below the threshold for acute toxigenic, mutagenic, teratogenic, 
carcinogenic or allergenic effects; (iii) does not cause environmental, including 
ecotoxicological, or property damage (e.g. to plants, animals, clothes or surfaces); and 
(iv) the taste threshold is discernible across the general (sensitive and non-sensitive) 
population. 

A sensitivity panel was convened to determine the taste threshold concentration 
(detection limit) of each of the six short-listed compounds and likely variation in the 
general population to their detection.  The detection panel comprised 25% of individuals 
being sensitive members of the Sydney Water taste and odour panel, 25% being “non-
tasters”, and the remainder randomly selected.  This ratio of participants is 
recommended on the basis of the ratio in the general population (Centre for 
Chemosensory Research, UNSW, pers. comm.). 

Nine percent of respondents (1/11) could not detect caffeine at any concentration 
(up to 0.4 parts per million, ppm), with the remainder detecting this compound at 
threshold values spanning nine orders of magnitude.  The published upper limit of 



caffeine detection is 296 ppm, with its lower limit being 4 x 10-7 ppm.  Quinine was also 
detected at a threshold concentration spanning seven orders of magnitude, with its upper 
detection concentration being 20 ppm (published value 144 ppm).  Neither compound 
was labelled as “highly offensive” in taste though based on the wide variability in 
detection, their high actual and published detection limits, and the prohibitive cost of 
adding these compounds at such concentrations, both were excluded from further 
investigation. 

Citric acid had a wide range of threshold detection limits, spanning more than 
nine orders, with 20% of respondents (2/10) detecting this compound only at a 
concentration of 0.25 ppm.  Taking into consideration the inherent variation in the 
community and published data suggesting an upper detection limit of 590 ppm, this 
compound was excluded from further investigation on the basis of cost. Although not 
systematically assessed, other concerns about citric acid were that it would be an 
effective substrate for microbial growth as well as being a reducing agent that might 
readily oxidise any chlorine present in the recycled water distribution network. 

TABLE 1.  Candidate anti-ingestant agents and their published working concentration (ppm).  
The detection range presents the highest and lowest concentrations at which the compound was 
detected by the Sydney Water taste panel.  The upper detection limit (ppm) was sourced from 
published data. The cost of adding compounds was calculated at the highest concentration 
detected by the Sydney Water panel (e.g. 0.1 ppm for denatonium saccharide) and 
recommended retail price (Sigma Chemical Company) of each compound per kg added per 
1000 Litres (kL) of recycled water.  Costs were estimated at the time of publication and 
consideration was not given to the bulk purchase of these compounds. APrice calculated from 
RRP of Bitrex™

Compound Use 
Working 

Concentration 
(ppm) 

Detection 
Range  
(ppm) 

Upper 
Detection 

Limit 
(ppm) 

Estimated. 
Cost  

($AUD/kL) 

denatonium 
saccharide 

anti-ingestant 
(Vilex™) 

0.01 0.0001 – 0.1 0.01 0.07A

sucrose 
octaacetate 

anti-ingestant 
(Chew-Stop™) 

0.01 0.0001 - 10 - 1.25 

caffeine beverages 4.0 x 10-7 4.0x10-9 – 0.4 296 0.09 

denatonium 
benzoate 

anti-ingestant 
(Bitrex™) 

0.05 0.0005 – 0.05 0.05 0.03 

quinine-HCl pharmaceutical 0.002 0.00002 – 20 144 11.7 

citric acid food additive 2.5 x 10-7 2.5x10-9 – 0.25 590 0.02 

Aquatint™ colourant 0.5 – 1.5 ppm 0.1 - 1 1 0.10 

Eighteen percent (2/11) of respondents could only detect sucrose octaacetate 
(Chew-Stop™) at a concentration of 10 ppm, making its addition to recycled water at 
$1.25 per kL prohibitive (Table 1).  Denatonium benzoate (Bitrex™) and denatonium 



saccharide (Vilex™) had narrow (upper and lower) detection thresholds, spanning two 
and three orders of magnitude, respectively.  One hundred percent of respondents 
(11/11) could detect Bitrex™ at a concentration of 0.05 ppm and Vilex™ at a 
concentration of 0.1 ppm, at a cost of $0.03 and $0.07 per kL, respectively.  At its 
threshold concentration each compound was labelled as “highly offensive”.   

While Bitrex™ and Vilex™ performed well in terms of low detection limits and 
narrow thresholds, both performed poorly in terms of chlorine stability.  At working 
concentrations of 0.05 ppm for Bitrex™ and 0.01 ppm for Vilex™, each compound
effected a >99% reduction of 2 mg.L-1 free chlorine after 3 days.  Free chlorine 
concentrations in the RHDA were 1.4 ± 0.7 mg.L-1 at the outlet of the recycled water 
reservoir during 2006/2007 (n = 13), while combined chlorine (monochloramine) was 
generally measured at a concentration of 0.4 ± 0.7 mg.L-1.  The potential for the 
simultaneous loss of both the taste properties of the anti-ingestant and the loss of the 
chlorine residual therefore precluded the use of such compounds in practice.  It is 
possible that oxidants other than chlorine could be used to help preserve recycled water 
quality during distribution, though given the massive scale of dual reticulation planned 
within Sydney Water’s area of operations, the need for control measures to have a 
reasonable cost was thought to preclude such strategies.  

4. Colourants 
Sydney Water is currently investigating the feasibility of colour compounds 

(colourants) to provide a visual medium that allows users to discriminate potable and 
recycled water.  The colourant Aquatint™ (David Stewart Holdings Pty Ltd) is a locally 
distributed and commercially available polymeric compound that has provided the focus 
of ongoing investigation for the real-time detection of cross-connection to recycled 
water systems.  Colourants of this nature (non-dye) are intended for use in the soap and 
detergent industry and have been used safely in the United States and Europe for many 
years.  They furthermore have low oral (LD50 = >5000 mg.kg-1 in rats) and aquatic 
(LC50 = >1000 mg.L-1 in Oncorhynchus mykiss) toxicity, and given their polymeric 
nature and application in laundry products, are desirable for their low staining potential.   

A sensitivity panel determined the threshold concentration (visual detection limit) 
of Aquatint™ to be within the order of 0.1 – 1.0 ppm.  At a working concentration of 1 
ppm however, Aquatint™ demonstrated poor stability to free chlorine (> 95% reduction 
in colour after 24 hours, measured as absorbance at 628 nm), though had low chlorine 
demand (10% reduction in 2 mg.L-1 free chlorine after 24 hours and 25% after 5 days).  
At a concentration of 10 ppm, Aquatint™ effected a free chlorine demand of > 80% after 
24 hours, increasing to > 90% after 5 days.  The colour intensity (A628) of Aquatint™

decreased by 77% and 85% respectively during this time.
Being a less reactive species than free chlorine, monochloramine did not combine 

as readily with Aquatint™.  There was no significant difference in the rate of decay of 
2.0 mg.L-1 chloramine at Aquatint™ concentrations of 0, 2, 4 and 10 ppm.  At a working 
concentration of 10 ppm, Aquatint™ effected a 17% reduction in monochloramine after 
48 hours (11% in negative control), increasing to 18.5% after 4 days.  After this time, 
and for the duration of the experimental period (20 days), there was no significant 
difference between the test compound and control at all concentrations examined.

A combined chlorine (monochloramine) concentration of 2.0 mg.L-1 effected a 
11% reduction in colour intensity of 2 ppm Aquatint™ after 48 hours, increasing to 41% 
after 20 days.  During the corresponding period of time, the colour intensity (A628) of 



Aquatint™ at a working concentration of 10 ppm decreased by 1% and 16%, 
respectively; remaining within the detectable optical range after 48 hours.  This period 
of time was considered to be representative of the residence time within the RHDA 
distribution system. 

Used at a recommended concentration of 1.0 ppm, the addition of Aquatint™ to 
recycled water would add approximately $0.10 per kL to the cost of the finished product 
per application.  It should be appreciated though that at this concentration the ingress of 
recycled water into potable water may not exceed the lower limit of optical detection for 
Aquatint™.  Taking into consideration its stability to free and combined chlorine 
therefore, a more reliable working concentration of Aquatint™ could therefore be in the 
order of 5 to 10 ppm, which adds considerably to the cost of recycled water distribution. 

Sydney Water recently engaged the services of a NATA accredited public textile 
testing facility, Australian Wool Testing Authority (AWTA) Ltd. in Melbourne to 
undertake analysis into the staining potential of Aquatint™ and its suitability for 
domestic laundering.  The assessment of removability was evaluated using an 
integrating sphere spectrophotometer.  At a working concentration of 1 ppm, Aquatint™

was found to be impart colour to textiles (∆E = 2.92 at 25 °C), and at a concentration of 
10 ppm, a pale though visible hue was observed on white linen (∆E = 7.21 at 25 °C).  
The suggested (or allowable) level of staining is ∆E = 0.2, and no tests on the fastness 
of the colourant were carried out. 

As with the anti-ingestants, continual use of colourants is impractical under 
current disinfection regimes, given their poor stability in chlorine and disinfectant 
demand, and potential to stain laundry, given the intended application of recycled water 
in laundry use.  It is possible however that alternative disinfectants be used, and applied 
intermittently in sections of a distribution system over 24–48 hours and with adequate 
notice to customers, Aquatint™ or other colourants may provide a positive step in 
regular auditing of distribution systems and for maintaining customers’ trust. 
Furthermore, Aquatint™ may be used for the immediate restoration of confidence in the 
event of a cross-connection event. 

5. Future Directions – Early Warning Systems 
Analysis of available tools and technologies has identified the potential for greater 

utilisation of early warning systems (EWS) for the real-time analysis of water 
infrastructure security through accidental or deliberate (malevolent) contamination by 
chemical, biological and radioactive agents (AwwaRF, 2002).  Using sophisticated data 
analysis and complex algorithms, EWS can draw upon a multitude of operational data 
and other information garnered through epidemiological studies and surveillance 
systems (i.e. SCADA) to provide water utilities an effective system for developing early 
responses to changes in distribution water quality (Bukhari & LeChevallier, 2006). 

EWS, which can incorporate micro- and nano-structured devices including optical 
and chemical sensors, may provide a means to detect anomalies in the physicochemical 
properties or fingerprints of potable water systems, and may have potential application 
in the detection of cross-connection events within a dual reticulation system.  Inherent 
properties of recycled water such as conductivity, pH, redox potential, temperature, 
dissolved gases, organic matter, and optical properties such as fluorescence or UV 
absorbance can be utilised for this purpose (van der Gaag, 2007).  Alternatively, 
recycled water can be augmented with chemical tracers or other artificial signatures to 
discriminate in real time, potable and recycled water types. 



The use of EWS and sensor-type technology has a number of limitations, least of 
which is scale, and at what magnitude of analysis offers the level of sensitivity required 
to detect what is otherwise a rare event of cross-connection within a distribution system.  
On-line microsensors should therefore be inexpensive, sensitive, robust and simple to 
use, and would need to be strategically deployed (Ostfeld & Salomons, 2004), ideally at 
a household level and no greater than a small community scale.  The theoretical 
protection offered by sensors and other EWS is furthermore dependent upon a number 
of factors, largely the site and size of the cross-connection event, and the number and 
location of sensors.  As an estimate though, and to provide an adequate level of 
protection (>99%), numerical modeling of a small city has demonstrated the need for 
one EWS per 250 connections, rendering expensive technologies prohibitive.   

To be practical, EWS must furthermore offer an appropriate level of sensitivity 
(and specificity) and as such, have a low level of false positives and false negatives.  If 
conductivity is used as an example, the total dissolved solids (TDS) fraction within the 
RHDA is no greater than four-fold that of the potable water system.  In the event of 
minor ingress into a potable system, a single analyte such as this may not offer the level 
of sensitivity required to discriminate such an event.  There may be a substantial need 
therefore for the development of a multi-parametric approach using two or more 
analytes or discriminants.  Appropriate EWS should furthermore be able to distinguish 
between normal variations, contamination events, and/or quality deteriorations as a 
result of the complex physicochemical properties of the two water types (van der Gaag, 
2007). 

6. Conclusion 
The most effective means of ensuring the safety of water distribution systems is 

through the use of a comprehensive risk framework that encompasses all steps in water 
supply and delivery.  Rather than focusing on numerically driven compliance and 
maximum contaminant levels, risk-based management shifts the focus of performance 
assessment towards operational and process-driven evaluation of water supplies 
(operator training, operational practices and best management approaches).  That 
approach has furthermore created a level of redundancy in routine monitoring, which 
does not provide adequate protection of public safety in real time. 

Despite due diligence and best management practices though, cross-connection 
occurs within municipal dual reticulation systems.  Although unlikely to present a 
measurable source of health concern, the detection of such events nonetheless requires 
vigilance by water utilities for reasons of public confidence and acceptance of recycled 
water initiatives, and well as due diligence and regulatory compliance.  In summary:  

• Despite thorough investigation, this study has failed to identify a suitable anti-
ingestant agent for application in a non-potable recycled water system.  Eight 
candidate compounds short-listed for further investigation were eliminated on the 
basis of their malodour, variable detection range, chlorine demand and/or cost; 

• Colourants, including the polymeric agent Aquatint™ will remain the subject of 
ongoing evaluation by Sydney Water Corporation.  Colourants may be used for 
the intermittent auditing of dual reticulation systems and management of potential 
and confirmed cross-connection events; and 

• Sensor technology may provide promise for the rapid (real-time) detection of 
cross-connection within a dual reticulation system.  Such technologies need to be 



inexpensive, reliable and sensitive, and would ideally utilise the inherent 
physicochemical properties of recycled water. 
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