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Executive Summary 

Chlorate is a disinfection by–product (DBP) that can arise where sodium hypochlorite, calcium 

hypochlorite, chlorine dioxide or onsite electrolytic chlorination (OSEC) are used for disinfection. 

Although there is a legal requirement for water companies to minimise DBP formation, there is no 

current prescribed concentration or value for chlorate in drinking water in the EU, although a future 

drinking water standard of 0.25 mg / L has been proposed. The chlorate concentration data held by the 

DWI is limited.  

Controls on chlorate in drinking water are in place through national conditions of use for OSEC and 

chlorine dioxide and purity requirements under the British Standard for sodium hypochlorite. These 

controls should ensure that the World Health Organisation (WHO) provisional guideline value for 

chlorate (0.7 mg / L) is not exceeded. A recent joint report of the Food and Agriculture Organisation of 

the UN and the WHO Expert Committee on Food Additives has proposed an acceptable daily intake of 

10 µg / kg body weight (BW) for chlorate due to its acute toxicity. Using standard assumptions, this 

would correspond to a health-based value of ~ 0.3 mg / L for chlorate, which is below the current WHO 

provisional guideline of 0.7 mg / L (WHO, 2011).  In addition the European Food Safety Authority (EFSA) 

has recently reviewed whether the default MRL of 0.01 mg / kg that applies to all food and feed 

commodities is achievable for chlorate at the current time (EFSA Draft Act, 2019). It has concluded that 

the level corresponding to the 95th percentile of the occurrence data reflecting levels that are realistically 

achievable when good manufacturing practices are used should be used as a temporary MRL. This may 

impact the value for drinking water determined by the EU.  

A programme of investigation was carried out in England and Wales to determine the chlorate and 

chlorite concentrations in final waters and the impact of disinfectant storage conditions on their 

formation. Historic chlorate concentrations from 379 water treatment works (WTW) were obtained from 

water companies. In addition, 129 WTW were sampled comprising the following types of disinfection: 56 

sodium hypochlorite, 43 OSEC, 12 chlorine gas (primary disinfectant) with UV (secondary), 7 chlorine 

gas, 10 with UV primary treatment with sodium hypochlorite (residual) and one calcium hypochlorite. Of 
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these, the OSEC and sodium hypochlorite constitute a greater risk of producing waters containing 

significant chlorate concentrations.  

Of the WTW tested the source water for each WTW comprised 55 % groundwater, 36 % surface water 

and 8 % with mixed inlet sources. The chlorate and chlorite concentrations in final water and stored 

disinfectant solutions was determined by an accredited laboratory. Chlorite was not found above the 

detection limit of 1.0 µg / L in any final water samples. 

In this survey, which targeted high risk sites, no samples exceeded the WHO provisional guideline value 

of 700 µg / L chlorate. However, 23.5 % of final water samples exceeded the proposed value of 250 µg / 

L. These were at 60 % of the water companies surveyed. In contrast, when a locational average value 

was used, only 9.3 % final water sample points exceeded this value. The disinfectant types which most 

frequently exceeded 250 µg / L were OSEC (N = 77) and sodium hypochlorite (N = 65) for the 2018 

data.   The data collected from water companies from 2012-2017 was also considered in terms of 

complying with the proposed value of 250 µg / L. Assuming 126, 43 and 166 WTW use chlorine gas, 

OSEC and sodium hypochlorite disinfection respectively in England and Wales, it is therefore estimated 

that the national “compliance” to the 250 µg / L is 100 % of samples for chlorine gas, 97.15 % for OSEC 

and 95.1 % for sodium hypochlorite disinfection. Overall “compliance” is calculated as 96.34 %. Most of 

the exceedances in 2018 within these disinfectant types was linked to treatment of surface waters and 

the corresponding higher disinfectant doses which were used at these WTW. Multiple chlorine dosing 

points (e.g. additional points for manganese or zebra mussel control) contributed to elevated chlorate 

levels at some WTW.  

Chlorate concentrations were higher in summer (June-September) as opposed to winter months 

(October-February). WTW which were using sodium hypochlorite had greater average chlorate values in 

summer compared to OSEC WTW, suggesting chlorate production is dependent on concentration of 

stored solutions and temperature during storage. In sodium hypochlorite solutions, chlorate formation is 

dependent on the sodium hypochlorite concentration. OSEC hypochlorite solutions are weak (1-2% 

sodium hypochlorite) and so do not decay significantly to chlorate over short periods of time (about 1 

day). There was an association between the long storage residence time of bulk sodium hypochlorite 

and chlorate formation.  

In addition to the WTW sampling, 10 large buildings that use chlorine dioxide for Legionella control were 

sampled. Levels of chlorate in chlorine dioxide treated water ranged from < 2 to 3736 µg / L with a 

median of 157 µg / L while chlorite levels ranged from < 1 to 597.3 µg / L with a median of < 1 µg / L. 

Samples were also taken prior to chlorine dioxide disinfection and it was clear that this disinfectant could 

increase the chlorate and chlorite concentrations significantly. The formation of chlorate and chlorite was 

site specific and optimisation of the dosing of chlorine dioxide could be used to decrease levels at those 

sites that had higher levels. 
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Ultimately, it is suggested that research is required to develop and calibrate kinetic models to determine 

the chlorate formation potential where new hypochlorite solutions are added to old when tanks are 

continually “topped up”.  

The extent of compliance with any chlorate standard will depend on the disinfection type used, the 

storage time, storage temperature and concentration of hypochlorite solutions used. Utilities in warmer 

regions and in remote areas with smaller works and those using sodium hypochlorite are most at risk 

should a low maximum contaminant level be introduced. Those sites which have booster chlorination, or 

large buildings which contain secondary disinfection using chlorine dioxide, represent an additional risk 

factor. This is because of the additive effect of chlorate concentrations from the secondary chlorination 

step. Additional monitoring of secondary disinfection units is recommended.  

The implications of this study are that water companies would need to take action if a health based value 

for chlorate is implemented.  In order to demonstrate compliance with national conditions of use 

companies should be monitoring at all OSEC sites. Additional monitoring to monitor at sites where 

sodium hypochlorite is used would also be prudent.  
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Introduction  

Chlorate is a disinfection by–product (DBP) that can arise during the water treatment process where 

sodium hypochlorite, Ca(OCl)₂, Chlorine dioxide or OSEC is used for disinfection purposes. Under the 

EU Drinking Water Directive there is a legal requirement for water companies to minimise DBP formation 

whilst producing water which is wholesome with acceptable microbiological risk. These requirements are 

implemented through regulation 26(2)(a) of the Water Supply (Water Quality) Regulations 2016. 

However, currently there is no prescribed concentration or value (PCV) for chlorate in drinking water in 

the EU. This is set to change with the proposal for implementation of a PCV for chlorate of 250 µg / L 

chlorate at EU level. Consequently, there is limited routine monitoring for this compound and as such 

limited data is held by the Drinking Water Inspectorate (DWI) on the concentrations found in public 

supplies. DWI has identified this as a gap in its knowledge which it is seeking to address with this 

project. 

Controls on chlorate in drinking water are in place at point of supply through use of approved chemicals 

used for the treatment of drinking water under purity requirements determined by the British Standard 

Chemicals used for treatment of water intended for human consumption — sodium hypochlorite (BS EN 

901 – 2013). These regulations state that the sodium chlorate (NaOCl3) content of sodium hypochlorite 

solutions shall not exceed the mass fraction of 5.4 % of available chlorine at time of delivery by the 

producer and also give advice on storage of the hypochlorite solutions including information on long-term 

stability. These controls should ensure that the World Health Organisation (WHO) provisional guideline 

value for chlorate (0.7 mg / L) is not exceeded (WHO, 2011). However, recent research predominantly 

from the USA has suggested that storage practice (by water companies) post-delivery (by the producer) 

can significantly alter the chlorate present in stored solutions and therefore final water chlorate 

concentrations. Other research has shown that dilute sodium hypochlorite solutions can also form 

chlorate so the guideline values were also pertinent for on-site sodium hypochlorite generation systems 

(McLaughlin et al., 2011). Therefore there is a risk that inappropriate storage of hypochlorite may lead to 

elevated chlorate levels in water used for human consumption. Water companies may have gathered 

data to comply with these requirements but it is not centrally reported.  

A recent joint report of the Food and Agriculture Organisation of the United Nations and the WHO Expert 

Committee on Food Additives (JECFA) has proposed an acceptable daily intake (ADI) of 10 µg / kg body 

weight (BW) for chlorate (WHO, 2011). Using standard assumptions, this would correspond to a health-

based value of about 0.3 mg / L for chlorate, which is below the current WHO provisional guideline of 0.7 

mg / L. During 2018 and 2019, EFSA (The European Food Safety Authority) has reviewed the guidelines 

for chlorate in food and produced the following statements as part of its draft bill: “ No specific maximum 

residue levels (MRLs) have been set for chlorate and, as this substance has not been included in Annex 

IV to Regulation (EC) No 396/2005, currently the default MRL of 0.01 mg/kg applies to all food and feed 
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commodities included in Annex I to Regulation (EC) No 396/2005. Apart from its former use in plant 

protection products, chlorate is also a substance that is formed as a by-product resulting from the use of 

chlorine disinfectants in food and drinking water processing. These uses lead to detectable residues of 

chlorate in food. EFSA collected monitoring data between 2014 and 2018 to investigate the presence of 

residues of chlorate in food and drinking water. Those data indicated that chlorate residues are present 

at levels that frequently exceed the default MRL of 0.01 mg/kg and that the levels vary depending on the 

source and the product. It follows from those findings that even if good hygiene practices are used, in 

order to ensure an adequate hygiene of food products, it is currently not possible to achieve levels of 

chlorate residues compliant with the current MRL of 0.01 mg/kg. It is therefore appropriate to set 

temporary MRLs for chlorate according to the ALARA principle ('as low as reasonably achievable') at the 

level corresponding to the 95th percentile of the occurrence data reflecting levels that are realistically 

achievable when good manufacturing practices are used. The temporary MRLs should be reviewed 

within five years of publication of this Regulation in the light of further progress made by food business 

operators to bring chlorate levels down, or whenever new information and data become available that 

would warrant an earlier review” (Draft Act: https://ec.europa.eu/info/law/better-regulation/initiatives/ares-

2019-334046_en).  On 1 February 2018, the European Commission published a proposal for a revision 

of the Drinking Water Directive on the quality of water intended for human consumption. The proposal is 

a response to a fitness assessment which concluded that the 20-year old Drinking Water Directive is fit 

for purpose, but needs updating. One element of the proposal was an updating of the water quality 

standards with a proposed value of chlorate of 0.25 mg / L 

http://www.europarl.europa.eu/RegData/etudes/BRIE/2018/625179/EPRS_BRI(2018)625179_EN.pdf).   

Some hypochlorite solutions contain many regulated and unregulated contaminants including bromate, 

chlorite, chlorate and perchlorate (Weinberg et al., 2003). The perchlorate ion has been identified as a 

contaminant of concern in hypochlorite solutions and drinking water due to the fact that it can disrupt the 

human thyroid system by interfering with iodine uptake (Greer et al., 2002). Perchlorate appears to be a 

ubiquitous contaminant of hypochlorite solutions and, similar to chlorate, its concentration increases 

during storage (Snyder et al., 2005; Stanford et al., 2011). Chlorite is a contaminant that is regulated in 

drinking water and hypochlorite solutions, but it tends to remain at steady state and doesn’t exhibit the 

significant changes in concentration seen with chlorate and perchlorate (Stanford et al., 2011). Bromate 

is another contaminant of oxyhalide solutions, including hypochlorite, although its concentration remains 

constant once the available bromide has been converted to bromate (Bolyard et al., 1993; Stanford et 

al., 2011). It is considered that the degradation of sodium hypochlorite (bulk or onsite generated) is the 

key risk factor for chlorate formation and storage of this compound can be the critical point for control of 

formation and entry into drinking water. Consequently, inappropriate storage represents the key risk 

factor for entry into drinking water and, therefore, appropriate storage should be employed as part of an 

overall chlorination and chlorate management strategy.  

https://ec.europa.eu/info/law/better-regulation/initiatives/ares-2019-334046_en
https://ec.europa.eu/info/law/better-regulation/initiatives/ares-2019-334046_en
http://www.europarl.europa.eu/RegData/etudes/BRIE/2018/625179/EPRS_BRI(2018)625179_EN.pdf
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In concentrated sodium hypochlorite, pH, temperature, sodium hypochlorite concentration and transition 

metal ion impurities impact the chlorate formation potential. The interaction(s) between these factors is 

not well understood. Research has shown that chloride ions positively correlate with chlorate levels 

through an ionic strength effect, promoting oxidation (Cushing et al., 2018). Longitudinal studies on the 

time-dependent changes that occur in stored liquid bleach are limited. Recent information has shown 

that seasonal trends can be observed, reinforcing the temperature linked effect on chlorate formation 

potential (Gorzalski and Spiesman, 2015). Taken together, these studies suggest that location specific 

chemical specifications and control strategies are needed to minimize the formation of chlorate during 

the storage of concentrated sodium hypochlorite (Cushing et al., 2018; Gorzalski and Spiesman, 2015).  

The type of disinfectant strongly influences the chlorate formation potential (Adam and Gordon, 2002; 

Gordon and Tachlyashlki, 1991). Disinfectant systems employing sodium hypochlorite and chlorine 

dioxide in the USA are required to monitor chlorate, but chlorine gas based systems are not. This is 

similar to common practice in the UK. The treatment of drinking water with either sodium hypochlorite or 

calcium hypochlorite is a source of chlorate ion (ClO₃⁻) in final water. In alkaline solutions sodium 

hypochlorite decomposition is a second-order process (Lewin and Avrahami, 1955; Rodriguez et al., 

2002; Siddiqui, 1996). The decomposition of hypochlorite, OCl⁻, involves an intermediate of the chlorite 

ion (ClO₂⁻) which is considered much less stable. The reaction of ClO₂⁻ to form ClO₃⁻ is a fast process, 

and the ClO₂⁻ concentration in liquid bleach is estimated at 200 fold less than the OCl⁻ concentration 

(Cushing et al., 2018). The formation of oxygen from decomposing OCl⁻ happens very slowly such that it 

is considered insignificant.  

In the USA, determination of the best practice for storage and handling of hypochlorite solutions and 

guidance for water utilities has resulted in published guidelines (Stanford et al., 2011, AWWA, 2011). 

The potential regulatory implications of chlorate have been assessed, due to chlorate featuring on a 

short list of potential contaminants requiring further monitoring in the USA (Alfredo et al., 2015). The 

focus has been on chlorate concentrations in hypochlorite solutions but there has been some work 

carried out on the relationship between chlorate and OSEC (Stanford et al., 2013, Kriem, 2017). The 

work by Stanford et al. (2013) found considerable variation in the amount of chlorate associated with 

different on-site generation units, even with replicate tests. For example, at one site with eight 

generators, the standard deviation of the measurements was ± 173,000 µg / L chlorate, giving a possible 

concentration range of 75 – 275 µg / L chlorate in the final water. The work by Kriem (2017) stated that 

under typical electrolysis conditions, some chlorate is produced by direct oxidation of chloride or 

hypochlorite at the anode and around 13% of chloride can be converted to chlorate. This conversion is 

pH dependent with maximum conversion at pH 7.24 and is heavily influenced by temperature, with 

warmer conditions promoting chlorate formation. It should be noted that electrolysis of the water can 

increase the temperature of the water by 7 ˚ C 

(https://www.processingwater.com/sv/system/files_force/atoms/files/osec-bpak-faq.pdf).  It remains to be 

https://www.processingwater.com/sv/system/files_force/atoms/files/osec-bpak-faq.pdf
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seen whether this variability is observed regularly at OSEC sites in the UK. 

A chlorate regulation would present a challenge for a growing number of water systems because the use 

of hypochlorite has increased as a result of safety, security, regulatory, or community concerns 

regarding the use of liquid chlorine gas. Heightened security concerns related to terrorism and concern 

over accidental release of chlorine gas in Europe and, in the USA, the regulatory requirements for risk 

management plans in Section 112(r) of the Clean Air Act and health and safety considerations are 

encouraging the shift by some utilities towards hypochlorite. In a 2007 survey of disinfection practices in 

the USA, 30 % of utility respondents indicated that sodium hypochlorite had replaced chlorine gas 

chlorination. The majority of those who switched indicated they now use concentrated liquid solutions of 

hypochlorite with 6 % using on-site generation, possibly due to concerns over the reliability and cost of 

OSEC systems (AWWA, 2008a, 2008b). This is consistent with concerns of UK suppliers around the 

safety of chlorine gas systems.  

Water utilities are also expected to maintain an appropriate amount of disinfectant to maintain 

disinfection performance during an emergency, supply shortages or poor weather, which remains a 

challenge. Too little hypochlorite in storage could present a supply problem, ultimately compromising 

treatment, whereas aging stock continues to produce chlorate over time (Alfredo, 2015). A potential 

chlorate regulation could present a challenge under current practice.  

USEPA has calculated a health reference level for chlorate at 210 µg / L and has compared this value to 

existing data. The existing data was limited, however 35 % of the sites which provided chlorate data 

would be in breach of the health reference value (Alfredo et al., 2015). 

While the information obtained on chlorate and other DBPs has mainly come from the USA, there are 

differences in disinfection practice in the USA and the UK. For example, in the USA chlorination is 

targeted to have a free available chlorine residual of 1-4 mg / L Cl2, whereas in the UK a residual of 0.5-2 

mg / L Cl2 is commonly targeted. This would mean that a solution of hypochlorite containing the same 

concentration of chlorate would result in lower levels of chlorate in a UK final water. However, this is 

complicated as chlorate levels depend on a number of factors related to the storage time and conditions 

of storage and the subsequent level of free chlorine applied to the water is a function of the chlorine 

demand of the water. Therefore it is appropriate to measure chlorate concentrations in UK waters 

(England and Wales) as well as in the corresponding sodium hypochlorite solutions. 

This project provides evidence of the current levels of chlorate arising from dosing hypochlorite, chlorine 

dioxide and OSEC in England and Wales. It also provides an understanding of the possible impact on 

disinfection practices, should a health based regulatory value for chlorate be adopted. Suggestions are 

provided on strategies of overall chlorine management considering the crucial need for chlorine for 

oxidising metals, control of pest organisms and ultimately disinfection and production of a residual.  
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With chlorine dioxide, chlorite and chlorate formation is strongly dependent on the chlorine dioxide 

consumption: about 68 % and 9 % of the chlorine dioxide consumed becomes respectively chlorite and 

chlorate (Bolyard et al., 1993; Korn et al., 2002; Sorlini et al., 2014). If, as in some countries, chlorine 

dioxide is used as a pre-oxidant then the subsequent choice of disinfectant will also affect the final 

chlorite and chlorate concentrations as chlorite can be readily oxidised to chlorate. This project provides 

evidence of the current levels of chlorate arising from dosing hypochlorite, chlorine dioxide and OSEC in 

England and Wales as well as discussing the impact on water companies should a should a health 

based regulatory value for chlorate be adopted. 

The aim of this project is to establish what the current concentrations of chlorate are in drinking 
water supplied in England and Wales and to consider the implications of these results should a 
new health based value be established.  

The scientific tasks of the study were as follows:  

 

1. Contact water companies in England and Wales and determine number of works that use 
Calcium Hypochlorite, Sodium hypochlorite, Chlorine dioxide or on-site electrolytic 
chlorination (OSEC) 
 

2. Obtain operational data sets for chlorate in treated waters and source water type, disinfectant 
and dose. 

 

3. Conduct a monitoring programme, working with water companies in England and Wales, to 
enable the determination of chlorate in final waters at treatment works using calcium 
hypochlorite, sodium hypochlorite, chlorine dioxide and OSEC.  

 

4. Consider the use of chlorine dioxide as a disinfectant in large buildings and the potential for 
the formation of chlorate to occur where it is used. Water Regulators Advisory Scheme 
(WRAS) approved fitting for generation of chlorine dioxide to determine the level of chlorate 
and chlorite produced by their systems.  

 

5. Critically examine the impact on water companies should new health based PCV be 
established and provide advice on any possible future areas of research.
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Methodology 

Details of the data obtained by water company participants is provided in Appendix A. The monitoring 

strategy and sampling are provided in Appendix B. The pH, water temperature, free chlorine and total 

chlorine were measured at the point of sample collection using standard methods for water analysis. The 

Water Treatment Works (WTW) which were selected as part of the monitoring and sampling are 

provided in Appendix C. The justification for selection of these WTW was agreed through discussion with 

the small expert steering group for relevance. The steering group comprised the project manager, Prof 

Peter Jarvis and Prof John Fawell, (both Cranfield University), a representative from a company which 

manufactures chlorine dioxide generators, a water company representative and Mr Richard Phillips and 

Dr Peter Marsden (DWI). The steering group was designed to represent a balance between industry and 

academics active within the field of chlorate research. The role of the steering group was to i) advise on 

the relevance of sampling strategy, ii) ensure equity with respect to sampling effort to maximise value of 

research for the water companies involved in the study and iii) ensure that the study was fit for purpose 

and met the aims of the project set out by DEFRA (DWI WT2209). 

The analysis for chlorate and chlorite was undertaken by a United Kingdom Accreditation Service 

(UKAS) accredited laboratory, steps taken for quality assurance and control are presented within 

Appendix D. Ensuring that the sampling adequately represented WTW and source waters in England 

and Wales was a priority for the DWI. Appendix E shows the categorisation efforts for the WTW included 

in this study. Where possible a balanced experimental design was incorporated. The DWI project 

manager suggested biasing our sampling efforts toward OSEC and sodium hypochlorite due to the 

heightened risk of chlorate formation at WTW which contained these disinfectant types. Though some 

chlorine gas sites were included to confirm the expected low chlorate concentrations. Only a single site 

that utilised calcium hypochlorite site was identified that could be easily sampled. No WTWs were 

identified that used chlorine dioxide as a disinfectant, as such sampling of chlorine dioxide systems were 

restricted to Objective 4 on large buildings. Approximately half (68 / 129) of the WTW sampled were fed 

by groundwater whilst the rest constituted a mix of upland / lowland reservoirs, rivers and mixed sources 

(Appendix E).  Most of the WTW were < 50 Mega Litres per Day (MLD). The sampling was designed 

such that 129 WTW were due to be sampled 6 times (commencing Q1 2018, finish Q4 2018). However, 

a number of WTW could not be sampled due to supply outages. Therefore efforts were made to sample 

the available WTW more frequently.  

Due to the availability of sampling personnel, two water companies (1 & 5) were sampled more than 

envisaged during 2018 to compensate for reduced availability of samples from other water companies. 

This necessary change to the experimental programme is documented within Appendix F. 

Questionnaires were constructed to obtain information on disinfectant storage onsite for the 129 WTW 

identified within Objectives 1-3. Questions were asked about the sodium hypochlorite WTW (Appendix 
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G) and OSEC WTW (Appendix H) surveyed. Survey data that was collected but not included in the main 

report is shown in Appendices I and L. Raw data associated with these appendices met Objective 3 and 

important findings are summarised in the main report and included in Appendix N.  For the large building 

survey, 10 large buildings were sampled with sample points pre- and post- chlorine dioxide generator 

and within the building distribution system at point of use (raw data in Appendix M). Details of this 

methodology are presented within Objective 4 and Appendix J. Large building samples were obtained 

using the method as outlined in the method statement from Appendix D, and as such was comparable to 

datasets obtained from Objectives 2 and 3. The survey data is reported in Appendix N. 
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Results 

Objective 1. Contact water companies in England and Wales and determine number of 
works that use Calcium Hypochlorite, Sodium hypochlorite, Chlorine dioxide or on-site 
electrolytic chlorination (OSEC) 

Requests were sent to water company day to day contacts to determine the type of disinfection process 

used at each of the companies WTW, i.e.  calcium hypochlorite, sodium hypochlorite, on-site electrolytic 

chlorination (OSEC), chlorine dioxide, Cl2 gas or other (post-disinfection chloramination). Further 

information about the types of source water treated, disinfection procedures and information on available 

data for chlorate and other inorganic disinfection by-products were also requested. The information table 

was presented to water companies in the format as outlined in Appendix A. Of the 13 water companies 

which were contacted, most water companies were using sodium hypochlorite or chlorine gas as the 

dominant disinfection process. Companies 1 and 6 employed sodium hypochlorite at > 85 % of works. 

The exceptions were company 7 which employed 57 % OSEC and company 2 which for the most part 

employed chlorine gas and some sodium hypochlorite and OSEC (Table 1). Companies 1, 3, 5 and 9 

had at least 1 chlorate measurement on the final water for > 90% of their WTW. Approximately half of 

the water companies surveyed did not have chlorate data at the time of survey which was in Q1 of 2017, 

highlighting the paucity of information available regarding chlorate in final water. This was surprising in 

view of the requirement for water companies to deliver water safety plans and the fact that WHO has a 

guideline value for chlorate. Data on the chlorate concentration in final waters was requested from water 

companies 1, 2, 3, 5, 9, 10 and 11. This data was analysed as part of objective 2.  

Table 1 – the number of WTW employing calcium hypochlorite (Ca(OCl)2), sodium hypochlorite (NaOCl), 

on-site electrolytic chlorination (OSEC), chlorine dioxide, Cl2 gas for each water company in England and 

Wales. The availability of chlorate data is noted.  

  Disinfection procedure Total # of 
WTW 
considered 
at time of 
study  

WTW 
which 
had 
chlorate 
data 

Water company 
ref 

# of 
WTW 
using 
Ca(OCl)2 

# of WTW 
using 
NaOCl 

# of WTW 
using OSEC 

# of WTW 
using 
chlorine 
dioxide  

# of WTW 
using 
chlorine 
gas 

# of WTW using 
other forms of 
disinfection  

1 1 81 14 0 0 - 96 96 
2 0 4 8 0 102 - 114 111 
3 0 0 3 0 12 - 15 1 
4 - - - - - - - - 
5 0 24 9 0 79 11* 123 111 
6 0 43 0 0 0 0 43 0 
7 0 3 4 0 - 0 7 0 
8 0 12 0 0 3 0 15 0 
9 0 40 12 0 17 11† 80 77 
10 0 15 10 0 - - 25 11 
11 0 13 0 0 0 0 13 10 
12 0 25 12 0 9 1*; 3† 49 0 
13 - - - - - - - - 
(-) = no information provided by the Water company; * = disinfection practice not known at time of study;  † = UV primary disinfection method 
Sodium hypochlorite residual 
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Summary of Objective 1 

All of the companies in England and Wales that supply water were contacted to determine the 

disinfection process that they use at each WTW. Eleven out of thirteen companies responded and most 

were using sodium hypochlorite or chlorine gas as the dominant disinfection process at the time the 

information was gathered. It was also determined that approximately half of the companies that 

responded did not hold chlorate data. 
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Objective 2. Obtain operational data sets for chlorate in treated waters and source water 
type, disinfectant and dose. 

The requested data was received from water companies 1, 2, 4, 5, 9 and 11. Chlorate and chlorite data 

revealed that there were different lower limits of detection (LOD) for each water company dataset. 

Where an LOD was reported, the value was taken as half of the reported LOD. This was to enable 

statistical analysis of the data by assigning a numerical value and to permit comparison between 

different water company datasets. There was no exceedance of the WHO guideline value of 700 µg / L 

in any of the water companies datasets, however 2.9 % of OSEC and 4.9 % of sodium hypochlorite 

samples exceeded the 250 µg / L chlorate concentration proposed value from the European Commission 

(EC) (Figure 1), henceforth ‘proposed value’. Chlorine gas sites were sampled and no exceedances of 

this 250 µg / L value were identified based on 2012-2017 dataset. Therefore for subsequent analysis in 

Objective 2, chlorine gas sites were not included as they were considered a low risk for chlorate 

formation potential in agreement with previous work (Gorzalski and Spiesman, 2015). In total 12,513 

data points for chlorate in final waters were obtained of which 4,184 were sodium hypochlorite and 1,159 

were OSEC (Figure 1). From this historic dataset it appeared that sodium hypochlorite WTW represent 

more of a risk than OSEC for chlorate concentrations greater than the proposed value (Figure 1).  

 

Figure 1 – Cumulative frequency of chlorate concentration in final waters from water companies 1, 2, 4, 5, 9 and 11 
factored by disinfectant type. Blue vertical lines represent the WHO guideline value of 700 µg / L of chlorate and 
proposed value of 250 µg / L of chlorate. Inset table shows the percentage of sampling events which had chlorate 
concentration > 250 µg / L and the sample size. 

% > 250 

µg / L

% > 700 

µg / L
N

Sodium 

hypochlorite
4.9 0 4184

OSEC 2.3 0 1159
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Figure 2 – Cumulative frequency of chlorate concentration in final waters from water companies 1, 2, 4, 5, 9 and 
11. Blue vertical lines represent the WHO guideline value of 700 µg / L of chlorate and proposed value of 250 µg / 
L of chlorate. Inset table shows the percentage of sampling events which had chlorate concentration > 250 µg / L 
and the sample size. This data is from WTW which had sodium hypochlorite or OSEC as the disinfectant at that 
WTW.  

 

As regulatory controls for chlorate are at the point of supply (e.g. chemical supplier to the water 

company) it was considered that water company practice could influence the chlorate formation potential 

in final waters through differences in storage and handling practice. For example, it is well established 

that the chemical decay of sodium hypochlorite solutions is temperature and time dependent. Therefore 

water disinfected with ‘older’ sodium hypochlorite or with sodium hypochlorite stored at higher 

temperatures is anticipated to have a higher concentration of chlorate as demonstrated in the literature 

(Asami et al., 2009, AWWA, 2011,Coulombe et al., 2019, Gordon et al., 1995). Cumulative frequency 

distribution analysis revealed that company practice influences the chlorate formation. The percentage of 

samples above the proposed value ranged from 1.8 % (water company 11) to 35 % (water company 4) 

based on the combined OSEC and sodium hypochlorite dataset (Figure 2). It should be noted that the 

sample size was different between water companies with water company 1, 5 and 9 each sampling in 

excess of 1200 times over a 5 year period. Water company 4 had sampled chlorate 20 times during the 

Water 

Company

% > 250 

µg / L

% > 700 

µg / L
N

1 6 0 1296

2 7.5 0 669

4 35 0 20

5 8.5 0 1725

9 3.4 0 1283

11 1.8 0 326
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study period. Water companies 1 and 9 demonstrated that > 75 % of their samples contained < 100 µg / 

L chlorate. Limited data was available for company 4 so more samples are needed to attribute the 

factors that govern this low ‘compliance’ to the proposed value. Most water companies in England and 

Wales had not sampled chlorate in their final water suggesting that, unless there is other data available, 

there is a lack of information about most WTW and therefore most water supplied for human 

consumption.  

When disinfectant based average values were calculated on a monthly basis and for each year of the 

study, it became apparent that there were significant seasonal and annual variability in the chlorate 

concentration in final water (Figure 3).  

 

 

Figure 3 – Monthly average chlorate concentration factored by disinfectant type. Averaged across water companies 
1, 2, 4, 5, 9 and 11. Joined lines indicate 2 or more consecutive monthly samples points for that treatment type.  

Analysis of the historic data showed a seasonal trend associated with the average chlorate 

concentration. For final waters which used sodium hypochlorite as the disinfectant, average seasonal 

lows of 40-60 µg / L of chlorate occurred in November-January. The seasonal highs for sodium 

hypochlorite occurred July-September with 100-120 µg / L as chlorate (Figure 3). This provided 

circumstantial evidence of the impact of storage temperature on the average chlorate concentration in 

stored sodium hypochlorite. The apparent seasonal trend was less pronounced for OSEC WTW 

although the average final water chlorate concentration lows were 20-40 µg / L and the seasonal highs 

were 100-135 µg / L as chlorate.  

Conversely, chloramination and chlorine gas based disinfectants did not have any significant chlorate in 
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the final waters which was typically < 50 µg / L (Figure 3). For the calcium hypochlorite site, an 

intermediate chlorate concentration was observed, which ranged from 19 – 69 µg / L chlorate.  

It should be noted that chloramination is not used as a primary disinfectant but that chlorination is used 

for disinfection before addition of ammonia. The respondents did not specify the type of disinfectant used 

for chlorination at the WTW that use ammonia. 

Hierarchical multiple linear regression analysis (MRA) was undertaken to understand the impact of each 

dependent variable (chlorine dose, WTW size, source water type and season) on the independent 

variables (the method of chlorine generation: OSEC, sodium hypochlorite and chlorine gas). In all cases 

the assumptions of MRA were met and standardised regression coefficients (β coefficient) permitted 

comparison of the impact of dependent variables to each independent variable on the same scale 

(Farrell et al., 2018).  

The free chlorine dose was considered the most important contributor to the final water chlorate 

concentration β coefficient = 0.23 (p < 0.001), followed by the WTW size β coefficient = 0.04 (p < 0.001). 

The chlorine residual was not considered important for governing the variability in chlorate concentration. 

Analysis of Covariance suggested that the disinfectant type (chlorine gas, sodium hypochlorite and 

OSEC) strongly contributed to the difference in chlorate concentration (F-test = 46, p = 0.001), but 

overall dose had a stronger effect on the chlorate concentration in final waters (F-test = 60.5, p < 0.001). 

Comparison between the individual disinfection treatments revealed that OSEC and sodium hypochlorite 

were very different from calcium hypochlorite, chlorine gas and chloramination with respect to their 

chlorate formation (p < 0.05). The difference between the covariates revealed that groundwater and 

surface water was most pronounced with surface waters containing more chlorate in final water (p < 

0.05). An important but poorly quantified factor is cumulative chlorate concentrations caused by multiple 

chlorine dosing points within the same WTW. At some WTW, sodium hypochlorite is not only used for 

disinfection at the end of the treatment process but can be added at other stages of treatment. The 

purpose of this is to oxidise metals such as iron and manganese or to reduce seasonal microbial/animal 

growth throughout water treatment works (e.g. zebra mussels). As chlorate is stable and poorly removed 

by most conventional water treatment processes repeat dosing with compromised stocks of sodium 

hypochlorite will be additive and contribute to the overall chlorate loading in final water at the tap.  It is 

suggested that WTW operators review their overall chlorine management strategies to minimise chlorate 

formation potential. WTW with 2 - 4 chlorine dosing points which use sodium hypochlorite or OSEC are 

at particular risk.  

Summary of Objective 2  

OSEC and sodium hypochlorite disinfectants represent the greatest risk of elevated chlorate levels in 

final waters. Sodium hypochlorite which is produced offsite (bulk) exceeded the proposed chlorate value 
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of 250 µg / L 4.9 % of the time while OSEC based sodium hypochlorite exceeded this proposed value 

2.3 % of the time (Figure 1). The percentage of samples exceeding the proposed chlorate value of 

varied between water companies, ranging from 1.8 to 35 % based on the combined OSEC and sodium 

hypochlorite dataset (Figure 2). Seasonally high chlorate values in summer appear more pronounced 

with sodium hypochlorite, highlighting the longer storage times and higher starting sodium hypochlorite 

concentration compared to OSEC based disinfection. Similar overall average chlorate concentrations 

were observed for sodium hypochlorite and OSEC. This suggests that formation is similar to, and 

actually much more consistent, throughout the year for OSEC (Figure 3). The current status of chlorate 

in final waters within England and Wales is discussed within Objective 3.  
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Objective 3 a. Conduct a monitoring programme, working with water companies in 
England and Wales, to enable the determination of chlorate in final waters at treatment 
works using calcium hypochlorite, sodium hypochlorite, chlorine dioxide and OSEC. 

Samples were collected from water companies 1, 2, 4, 5, 8, 9, 10, 11 and 12. Samples of both final 

water and stored disinfectant solutions were analysed for chlorate, chlorite, temperature, pH, total 

chlorine and free chlorine (Appendix B-E). Overall, 749 samples of final water were collected as part of 

Objective 3, comprising 299 samples from  WTW using sodium hypochlorite for disinfection and 321 

samples from WTW using OSEC . The number of samples taken from chlorine gas sites was 49. The 

dilute sodium hypochlorite samples generated by OSEC units were rarely accessible due to issues with 

obtaining a sample so it was only possible to collect 10 samples. 129 samples of concentrated sodium 

hypochlorite were collected.  

Samples with chlorate values at or below the LOD were treated as discussed in Objective 2, using half of 

the LOD as the value for statistical purposes (i.e. a  result  <LOD of 2 µg would be assigned  a value of 1 

µg / L). Samples of concentrated sodium hypochlorite were diluted at least 1000 fold prior to analysis 

(see Appendix D for method). This was carried out to make certain diluted sample concentrations were 

within analytical limits. Careful dilution was required to ensure that the chlorate peak was not affected by 

a neighbouring peak which could compromise the chromatographic separation of the peaks. The 

chlorate peak was visually checked for each sample to confirm the dilution was sufficient and that the 

peaks were not co-eluting. If co-elution did occur, another dilution was carried out. Dilutions were 

undertaken with double deionised water within 48 hours of collection. Samples with the addition of 

preservative were considered stable for 2 months, so refrigerated transport was not required. Final 

values were corrected to account for any dilutions which were undertaken. Samples from WTW that 

diluted their sodium hypochlorite onsite were not corrected as these concentrations are representative of 

the onsite values (typically 1 %). At these WTW, efforts were made to sample both the diluted and 

concentrated sodium hypochlorite solutions. OSEC sites typically generated sodium hypochlorite at a 

concentration of 0.7 - 2 %.  

The EU Drinking Water Directive  is currently at the proposal stage and it is not clear what value will 

finally be set for chlorate and how it will be implemented. Therefore we have considered the implications 

of the proposed value of 250 µg / L being implemented as both a maximum value and as a locational 

running average (LRA) value.  Since the proposed health-based standard relates to chronic exposure, 

the important consideration is average exposure over time. As such, considering an LRA approach 

would be justifiable and would allow for the fact that there is variation in chlorate concentrations in final 

water. Here, we have reported a locational average (LA) of the data collected because an LRA would be 

applicable to a moving time window whereas the sampling carried out here was over a fixed period. Only 

one sample exceeded the WHO guideline value of 700 µg / L for chlorate. However, closer inspection 

revealed this sample was obtained from a chlorine gas WTW which had no history of chlorate levels > 10 
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µg / L (50 historic samples). Therefore this sample was considered as a sampling or analysis error and 

was discounted.  In total, the percentage of samples which exceeded the EC proposed chlorate value 

was 23.9 % (77 / 321) for the OSEC WTW and was 21 % (65 / 299) for the sodium hypochlorite WTW. 

Of the water companies which were surveyed, there were no companies which were significantly better 

or worse than the others with respect to their exceedance of the proposed value based on an LA 

chlorate concentration. Most WTW which were put forward for enhanced monitoring as part of Objective 

3 could be readily accessed for sampling. However, 14 of the 129 sites could not be accessed and of 

these nine were not in service during the sampling programme. There were a number of WTW which 

could not be sampled due to operational challenges which prevented sampling (N = 5). A number of 

WTW had more frequent sampling events than originally planned (as shown in Appendix F).  

From the chlorate data collected, 25 WTW had a LA of < 250 µg / L chlorate. Similarly, both sodium 

hypochlorite (15 / 25) and OSEC (10 / 25) WTW had similar chlorate levels. Therefore, data from 

individual sites was interrogated with respect to the performance in relation to chlorate concentration in 

the final waters. In final water there was no significant chlorite present (on or less than limit of detection 

of 1 µg / L chlorite) highlighting the relatively instability of this DBP because the oxidation of hypochlorite 

to chlorate via chlorite is fast and almost complete at the high concentrations of hypochlorite typically 

observed in stock solutions (Asami et al., 2009). The LA values and number of samples taken to 

calculate the LA are shown in Table 2. 

Table 2 – Water Treatment Works which exceeded the proposed value of 250 µg / L when a locational 

average value (LA) is used 

LA chlorate 
(µg / L) 

WTW Water Company 
Number of samples which 
LA was calculated from 

516.5 41 5 2 

404.2 37 10 6 

403.8 36 10 8 

400 55 5 3 

376.3 45 5 3 

355.5 16 1 45 

327.3 10 1 54 

310.5 81 8 2 

265 121 4 1 

261.5 39 10 6 

259.4 47 5 5 

252 104 9 1 

246 58 5 1 

243.4 13 1 42 

241.9 82 1 41 

234 49 5 3 

219.4 117 12 5 

209.9 2 1 44 

193.3 57 5 4 

184.4 119 12 5 

183.7 35 10 6 

179 96 9 1 
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A normalised statistic (risk score) was calculated for the number of times the proposed value was 

exceeded by each WTW. This statistic represented the frequency of times the proposed value was 

exceeded at each WTW, divided by the frequency that each WTW was sampled. Values which were 

closer to 0 represented sites with a lower risk of exceeding the proposed value. In contrast, WTW with a 

score closer to 1 represented sites with a greater risk of exceeding the proposed value.  

The sites which had the highest risk score of exceeding the 250 µg / L chlorate proposed value were 

OSEC WTW.  In order from the greatest to least risk score were WTW 16, 10, 39, 47, 37 and 55 which 

had risk scores which ranged from 0.9 to 0.68 (Figure 4). These WTW were from water companies 1, 5 

and 10. All sodium hypochlorite WTW had a risk score < 0.55 (Figure 4). The seasonal periods of 

elevated chlorate concentration observed at sodium hypochlorite WTW significantly increase the chance 

of these WTW exceeding the proposed chlorate level whether as a maximum or LA. In contrast, it 

appears that chlorate risk is influenced by specific disinfection practice at OSEC sites (Figure 4).  

Figure 4 –Frequency chlorate >250 µg / L / number of samples taken from WTW. Data comprises only WTW which 
are sodium hypochlorite and OSEC. † = OSEC WTW, unlabelled WTW represent sodium hypochlorite 
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8

9
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Of the 25 WTW which had > 1 exceedance of the proposed chlorate value, 12 WTW also had LA values 

which exceeded that value. Therefore out of 115 WTW which were sampled, 10.4 % exceeded the 

proposed value based on the LA. Water companies 5 and 10 operated 67 % of the WTW which had an 

LA > 250 µg / L (Figure 4).  

Most of the sampling associated with Objective 3 occurred during March to November 2018. This period 

was particularly warm with above average summer temperatures in the UK. For WTW that used bulk 

sodium hypochlorite, 24% of the samples exceeded the 250 µg / L proposed value (N = 290, Figure 5). A 

similar trend was identified for OSEC WTW which also exceeded the proposed value 24 % of the time (N 

= 321, Figure 5). Intermediate chlorate concentrations occurred for WTW that used UV for primary 

disinfection with sodium hypochlorite dosed as a residual although these WTW sampled did not exceed 

the proposed value (100 % of samples < 175 µg / L chlorate).   

 

Figure 5 – Cumulative frequency of chlorate concentration in final waters from water companies 1-12 in 2017-2018, 
factored by disinfectant type. Blue vertical lines represent the WHO guideline value of 700 µg/L of chlorate and 
proposed value of 250 µg/L of chlorate. The inset table shows the percentage of sampling events which had 
chlorate concentration >250 µg/L.  
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Figure 6 – Cumulative frequency of chlorate concentration in final waters from water companies 1, 2, 4, 5, 8, 9, 10, 
11, and 12 in 2017-2018, factored by source water type. Blue vertical lines represent the WHO guideline value of 
700 µg / L of chlorate and proposed value of 250 µg / L of chlorate. Table represents the percentage of sampling 
events which had chlorate concentration > 250 µg / L. Only data for OSEC and sodium hypochlorite are included. 

When the WTW were considered by source water, the highest percentage of exceedances (41.7 %) of 

the proposed value of 250 µg / L of chlorate occurred in upland river sources (N = 12). Lowland river 

sources had a similar percentage of exceedances at 36.6 % (N = 149). This was not linked to the range 

of disinfectant doses applied at these sites which was similar (range 0.6 - 2 mg / L) irrespective of the 

source water type. This could be due to variability and inaccuracy in the water company respondents’ 

estimate of chlorine dose. The source water types which had the lowest percentage of exceedances of 

the proposed value were groundwater (18.6 %), lowland reservoir (9.1 %) and mixed source (9.1 %) 

(Figure 6). The water source does appear to influence disinfection practice, possibly associated with the 

greater chlorine demand required for riverine sites prior to breakthrough for both disinfection and for 

generating a residual. It should be noted that the water source definitions and estimates of dose were 

responder specific so the source water findings should be treated with caution. 
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Figure 7 – Cumulative frequency of chlorate concentration in final waters from water companies 1, 2, 4, 5, 8, 9, 10, 
11, and 12 in 2018, factored by different water companies. Blue vertical lines represent the WHO guideline value of 
700 µg / L of chlorate and proposed value of 250 µg / L of chlorate. Table represents the percentage of sampling 
events which had chlorate concentration > 250 µg / L. Companies 3,6 and 7 were not sampled. Only data for 
OSEC and sodium hypochlorite are included.  

On the whole there was significant increase in the percentage exceedance of samples above 250 µg / L 

chlorate for water companies during 2018 (Figure 7). For example water company 1 exceeded 250 µg / 

L by 31.8 % (Figure 5). The equivalent figure for water company 1 based on water company samples 

taken between 2012 – 2017 was 6 %. Water company 2 did not exceed the proposed value in 2018, 

however there were too few samples to draw firm conclusions (N = 7). Samples from water company 4, 

showed a 17% decrease in chlorate exceeding 250 µg / L in 2018 compared to 2012-2017, but both 

datasets had too small sample sizes to draw conclusions. Water companies 5, 11 and 12 each had 

similar numbers of samples that exceeded the 250 µg / L proposed value between 2012-2017 and 2018 

(Figure 7).  

 

Water 

Company
%  > 250 µg / L %  > 700 µg / L N

1 35.6 0 385

2 0 0 7

4 18 0 10

5 10 0 133

8 13.4 0 45

9 5.7 0 35

10 31.8 0 44

11 18 0 19

12 18 0 35
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Figure 8 – Monthly average chlorate concentration in final waters in averaged across water companies 1, 2, 4, 5, 8, 
9, 10, 11, and 12.  Note that 2017 data was provided by Water Companies and 2018 data was measured in 
collected samples from this survey. 

The seasonal trend in chlorate concentration observed in 2018 was similar to that identified in the 2017 

data. The average chlorate concentration in 2017 in June – August was 248 µg / L showing that the 

chlorate levels were close to the proposed value during summer 2017.  The average OSEC chlorate 

concentration ranged from 75 – 162 µg / L with seasonal highs occurring in June in both 2017 and 2018 

(Figure 8). One reason for elevated chlorate levels in the summer is that the higher temperatures can 

increase the rate of degradation of sodium hypochlorite. Another reason is the link between chlorine 

dose and chlorate concentration. The greater the dose, the greater the amount of chlorate that will 

appear in final water. However, in the majority of cases, chlorine (as gas, hypochlorite or OSEC) is 

dosed on a feedback loop basis where the residual free chlorine is measured and the rate of dosing is 

adjusted automatically to achieve the required residual. The chlorine demand of the water varies as the 

raw water characteristics change and the treatment efficiency varies. Therefore the amount of chlorine 

being dosed is not always recorded for a particular time point. The dose data used here is based on the 

target dose estimated by the responder. This was a static value that did not change throughout the year. 

A weak positive correlation between chlorine dose and chlorate concentration is evident for OSEC and 

sodium hypochlorite (Figure 9 A). This trend is not apparent for chlorine gas. The chlorine doses for 

each WTW were estimates provided by responders/operators rather than measured data, therefore 

attempts were made to estimate dose from final water total organic carbon (TOC) concentration (Figure 

9 B) as a measure of chlorine demand. However there appeared to be a poor association. The source 

water TOC values appeared to be a better reflection of the chlorine dose and so of chlorine demand. 
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This was supported by clear correlation between source LA, TOC and final water chlorate concentration 

(Figure 9 C). 

 

Figure 9 – A. Impact of chlorine dose (equivalent) on the final water average chlorate concentration, B. Impact of 
TOC as a surrogate for dose on the LA chlorate concentration, only OSEC and sodium hypochlorite values are 
displayed.  TOC data are from regulatory samples which include distribution systems. C.  Chlorate concentration in 
final water plotted against raw water TOC concentration as a surrogate for chlorine dose.  
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The bulk hypochlorite and OSEC samples were measured to determine chlorate (Figure 10). The 

concentrations show that these solutions are liable to degrade significantly under prolonged storage. The 

majority of samples (76% of 45 samples) of stored sodium hypochlorite or OSEC that were measured 

had values of <1 g/L as chlorate. All stored OSEC samples had chlorate < 1 g/L. There were a number 

(24%) of stored hypochlorite solutions that had values greater than this and those that were above the 

LOD are plotted separately (Figure 10). The BSEN states that the chlorate levels should not be greater 

than 5.4% of the active chlorine. Active chlorine is generally expressed “as Cl2”. The solution is supplied 

at approximately 15% active chlorine w/w. This is equivalent to 150 g/L as Cl2. 5.4% of this is 8.1 g/L as 

Cl2. We found values up to 41 g/L as chlorate which is equivalent to 52.3 g/L as sodium chlorate or 34.8 

g/L as Cl2. The number of samples greater than the 8.1 g/L as Cl2 limit was 22%. 

Therefore we did find stored hypochlorite at levels greater than the BSEN limit. However the BSEN limit 

applies to the sodium hypochlorite at the point of supply. The storage practice will influence the chlorate 

levels in the hypochlorite at the time of sampling. 

 

Figure 10 Box Whisker Plot of Stored Sodium Hypochlorite and OSEC chlorate concentrations showing all samples 
taken and with the samples <LOD excluded (Clear square represents median value, rectangle represents the 25th 
and 75th percentile. The whiskers represent the lower and upper range) 

 

Summary of Objective 3a 

Of the WTW tested the source water for each WTW comprised 55 % groundwater, 36 % surface water 

and 8 % with mixed inlet sources. The chlorate and chlorite concentrations in final water and stored 

disinfectant solutions was determined by an accredited laboratory. Chlorite was not found above the 
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detection limit of 1.0 µg / L in any final water samples. 

In England and Wales the threshold of 700 µg / L chlorate was not exceeded by any samples from the 

water companies which were surveyed. However, samples above > 250 µg / L were found for 60 % of 

the water companies surveyed, if a maximum value was used. In 2018, 23.5 % of final water samples 

exceeded the proposed value of 250 µg / L, when a maximum value was used. In contrast, when a 

locational average value was used, 9.3 % final water samples exceeded this value. The disinfectant 

types which most frequently exceeded 250 µg / L were OSEC (N = 77) and Sodium hypochlorite (N = 

65). Most of the exceedances within these disinfectant types was linked to treatment of surface waters 

and the corresponding higher disinfectant doses which were used at these WTW. Multiple chlorine 

dosing points (e.g. additional for manganese or zebra mussel control) contributed to elevated chlorate 

levels at some WTW.  

Chlorate concentrations were higher in summer (June-September) as opposed to winter months 

(October-February). WTW which were using sodium hypochlorite had greater average chlorate values in 

summer compared to OSEC WTW, suggesting chlorate production is dependent on concentration of 

stored solutions and temperature during storage. In sodium hypochlorite solutions, chlorate formation is 

dependent on the sodium hypochlorite concentration. OSEC hypochlorite solutions are weak (1-2 % 

sodium hypochlorite) and so do not decay significantly to chlorate over short periods of time (about 1 

day).  
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Objective 3 b. Understand how disinfectant management and storage influences chlorate 
formation 

A questionnaire was prepared to collect information on how disinfectants are handled and stored before 

use at WTWs. All nine companies that took part in the sampling programme responded to the 

questionnaire. The information was not supplied for all the sites. Information was obtained for 65 sodium 

hypochlorite sites, 36 OSEC sites and a single calcium hypochlorite site. Specifically, information was 

collected on:  

• Storage Conditions – Time, Tank (Size, Material), Building 

• Delivery frequency 

• Tank cleaning frequency 

• Dilution of sodium hypochlorite 

• Use of UV disinfection 

• Traceability 

The full list of questions is shown in Appendices G and H and the main findings are reported below. 

Some findings are reported in Appendix I to keep the section concise. The findings of this questionnaire 

were also linked to the chlorate concentrations measured during the sampling programme. A number of 

sites (25) were identified that had LA chlorate concentrations > 250 µg / L and of these 23 that had 

completed questionnaires were investigated further to determine whether the storage and handling of 

the disinfectant could be identified as contributing towards the higher chlorate concentrations. 

 

Storage Conditions 

Material Type and Tank Sizing 

The material types reported were taken as obtained from the responders. The hypochlorite sites had 

disinfection dosing tanks that were mainly made of Polypropylene (PP) or high density polyethylene 

(HDPE) (Figure I1A in Appendix I). There were a significant proportion of sites that had UPVC and GRP 

tanks. The information was not provided for a large number of sites. The OSEC sites (Figure I1B in 

Appendix I) had disinfection tanks that were largely made of PP with a range of different composite 

plastics making up the rest of the sites. The single calcium hypochlorite site had a disinfectant dosing 

tank made of PP. 

The composition of storage tank on the whole had limited impact on the chlorate concentration in final 

water. The exception was PVC based storage tanks which had greater LA chlorate levels compared to 

other materials. Median chlorate values were higher in uPVC tanks with 196 µg / L for sodium 
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hypochlorite and 262 µg / L for OSEC (Figure 11 A, B).  

The sodium hypochlorite storage tanks materials were also compared with respect to their final water 

chlorate concentration. LA values were compared for different sites. A one way Analysis of Variance with 

Tukey’s post-hoc test revealed that UPVC had significantly higher chlorate concentration in final water 

than other tank materials (p < 0.05) (Figure 11 A, B).  

 

 

 

Figure 11 – A. Impact of sodium hypochlorite storage tank material type on LA chlorate concentration. B. Impact of 
OSEC storage tank material on LA chlorate concentration. GRP = Glass reinforced plastic, HDPE = High density 
polyethylene, PP = Polypropylene, UPVC = unplasticised Poly-vinyl -chloride, PVC = Poly-vinyl-chloride. Table 
represents the numbers of samples taken from each disinfectant storage tank type for which LA values are 
available.  
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Monitoring, Storage and Handling 

The aim of this section was to understand site chlorine management strategies and appreciate if these 

could be contributing to overall chlorate loading in final waters. Most sites appear to have a set reorder 

level assigned for sodium hypochlorite but the tanks were only cleaned out at a limited number of 

WTWs. Reorder triggers were highly variable and appeared to be WTW specific as opposed to 

company-wide policies. Monitoring of the age of the sodium hypochlorite was company dependent and 

temperature control with air conditioning was site dependent. Most sites did not practice any temperature 

control.  The OSEC sites did not monitor the age of the produced solution as this was produced on a 

daily basis. The production of OSEC was triggered by the level remaining in the tank. As with the sodium 

hypochlorite sites, the presence of temperature control was site dependent.  

Cleaning out the tanks used for disinfectant storage was not widely reported to occur for the majority of 

the sites. When cleaning did occur, this tended to be annually or between every 3-5 years. One 

company aimed to clean the tanks out every 6 months. 

The size of the OSEC storage tank did not impact on the chlorate levels present. (Figure 12 A). Other 

factors would impact on the OSEC usage such as the size of WTW and the frequency of regeneration. 

The hydraulic residence time (HRT) was considered and calculated based on the storage tank volume 

and the time in which total volume was regenerated (OSEC, Figure 12 B) or replaced (bulk sodium 

hypochlorite, Figure 13 A).  

HRT = Volume / total volume regenerant frequency (or total storage volume delivery frequency)………(1) 

There was no apparent associated between LA chlorate concentration and OSEC tank HRT nor 

between LA chlorate concentration and sodium hypochlorite tank HRT (Figures 12 B and 13 A).  
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Figure 12 – A. Impact of OSEC Disinfectant storage tank volume on the final water locational  average (LA) 
chlorate concentration, B. Impact of OSEC disinfectant storage tank residence time on the LA chlorate 
concentration. 
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Figure 13 – A. Impact of Sodium hypochlorite Disinfectant storage tank residence time on the final water locational 
average (LA) chlorate concentration.  B. Impact of Stored chlorate concentration on the chlorate concentration from 
WTW. Samples of concentrated Sodium hypochlorite and final water were sampled on the same day.
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As well as the information on the tank size, further questions were posed on the monitoring, storage, 

refilling and cleaning of the tanks and separated into answers of yes/no or not provided (Tables I1 and I2 

in Appendix I).  Generally the age of the solutions (sodium hypochlorite or OSEC) was not monitored. 

Although the age of the sodium hypochlorite could be determined through delivery receipts, it was not 

common practice to keep an official record. OSEC solutions were generally made daily so monitoring 

was perhaps redundant in most cases.  

Very few OSEC sites had temperature control although a significant number of sodium hypochlorite sites 

did have air conditioning. Most sodium hypochlorite sites had a reorder level and all OSEC sites had a 

trigger switch to promote further OSEC production. Very few tanks were cleaned out or turned over at 

sodium hypochlorite or OSEC WTW. 

The questionnaire asked whether the disinfectant dosing tanks were located inside or outside. The 

majority of sodium hypochlorite tanks were located inside but the split was more even for OSEC tanks 

(Table I3). The location is likely to be site dependent and did not appear to influence the chlorate 

concentration in final water when considering the sites that had the highest chlorate values (Tables 3 

and 4). The questionnaire asked how levels of disinfectant were monitored (Table I4). Generally this was 

by SCADA or other electronic means, with a large number of sites having a facility for visual monitoring. 

 

Delivery frequency 

The majority of sites have monthly or weekly deliveries of sodium hypochlorite with a concentration of 

~15% wt / vol. The delivery frequency is dependent on the dose applied at the site, the number of dosing 

points and in some cases the site accessibility. Anecdotal evidence indicates that delivery can be more 

difficult in remote sites in winter and also that at some sites the throughput increases seasonally. In 

addition companies have been encouraged to ensure suitable chemical supply in the event of border 

issues as a consequence of the UK’s planned departure from the EU.  

 

Dilution and concentration of sodium hypochlorite 

The questionnaire provided information that OSEC produces a sodium hypochlorite solution that has a 

range of free chlorine from 0.5 to 1 % with a median of 0.8 % by mass. It has been reported that dilute 

solutions of sodium hypochlorite degrade at a slower rate than more concentrated solutions (Frais et al., 

2001). The questionnaire asked whether the sites that use sodium hypochlorite directly from the 

manufacturer dilute them on-site. Dilution was carried out at 45% of the sites where responses were 

provided. Most respondents do not dilute their purchased sodium hypochlorite before use (29), 24 

suggested they do practice dilution and a further 12 did not provide this information. Where sodium 
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hypochlorite was diluted, it was diluted to 0.1 – 4.5 % free chlorine from a starting stock solution 

concentration of approximately 15%. 

 

Use of UV disinfection 

Information regarding whether UV disinfection was used on-site was gathered and reported in the text 

but not tabulated. It is thought that the use of UV disinfection would result in lower levels of chlorate as 

the required chlorine dose could be reduced if UV irradiation is used as the primary disinfection method. 

Conversely it may result in oversized sodium hypochlorite storage tanks and therefore longer storage 

times and higher chlorate levels in the stored solutions. Of the responses received, 18 WTW used UV 

and 47 did not use UV. The presence of UV did not impact the median chlorate concentration in a 

significant way with values of 58.3 µg / L for WTW with no UV and 68.2 for systems with UV.  

Where UV disinfection was used on-site, it was located at the following places in the treatment train: 

Post manganese contactor filters and Post contact tank (1), Post 10 micron filters (1), Pre chlorine 

addition (1), Pre contact tank (3), Post contact tank (3), Post RGF (1), Pre Service Reservoir (5), Pre 

clear water tank (1), Information not provided (2) 

Note that these descriptors are responder defined and it is likely the location of e.g. post RGF could be 

the same as pre-contact tank or pre-chlorine addition. 

Traceability 

The levels of chlorate present in sodium hypochlorite solutions are relative to the date of manufacture. 

The questionnaire asked if the date of manufacture is known and routinely recorded. This information 

was gathered by some companies, traceable at others but the majority did not record the information or 

the responder wasn’t able to answer the question (Figure I3). 

 

Sites with chlorate concentrations > 250 µg / L 

The sites with chlorate concentrations > 250 µg / L were assessed in relation to the survey data in order 

to identify any factors that may be contributing to the higher levels (Tables 3 and 4). The factors that 

were considered were site reorder level, storage location and whether the temperature was controlled, if 

the tanks were cleaned out, whether the sodium hypochlorite was diluted on site, the frequency of OSEC 

production as well as the strength of the diluted sodium hypochlorite solution and the OSEC produced. 

The number of dosing points at each works was also considered. Most sites use hypochlorite or OSEC 

in the contact tank and to produce a residual chlorine concentration in the distribution system but it is 

also used for disinfection of filters and oxidation of metals such as manganese.  
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With respect to sodium hypochlorite, the survey data did not reveal any particular site characteristic that 

could be linked with chlorate concentrations to exceed 250 µg / L with the exception of the number of 

chlorine dosing points (Figure 14). Where there were more dosing points, there was a higher potential 

for chlorate in the final water due to the greater amount of hypochlorite dosed. This was shown for 

sodium hypochlorite WTW with statistically different median chlorate concentrations of 69 and 175 µg / L 

with one and two dosing locations respectively (f = 4.1, d.f. 2,42, p = 0.022). Note that only one site had 

three dosing points so it was not possible to assess this number of dosing points or site statistically. 

When considering other factors at the sodium hypochlorite sites, the majority did not practice dilution of 

the disinfectant on site and no cleaning of the tanks was carried out. The worst performing sites ordered 

new sodium hypochlorite when the tanks were 30-50 % full. These practices are all known to be contrary 

to guidelines for minimising chlorate levels from the USA (AWWA, 2001). However, the particular site 

details are unknown and there may be practical reasons associated with the ordering interval, dilution 

and accessibility for tank cleaning. 

The OSEC survey information for the sites with chlorate concentrations > 250 µg / L did not show any 

real difference from the rest of the sites surveyed with the exception of the number of dosing points 

(Figure 15)  with chlorate concentrations of 48 and 149 µg / L with one and two dosing locations 

respectively (f = 6.3, d.f. 1,29, p  = 0.018). Together this provides evidence that the overall dose of 

chlorine supplied to water as being critical when considering chlorate concentration in final water. 

Therefore WTW with multiple dosing points should be targeted for investment for minimising chlorate 

concentrations in final waters.  
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Table 3 Sodium hypochlorite sites with chlorate concentrations > 250 µg / L and site characteristics 

Site ID 
Site Reorder 
Level (% tank 

capacity) 
Storage 
Location Cleaning Dilution? 

Concentration 
(%) 

Number of 
dosing 
points 

105 Low level alarm Inside No No NA 1 

33 30 Outside No Yes 1.6 2 

121 No Inside No No NA 1 

57 15 Inside No No NA 2 

2 9 Inside No No NA 1 

110 NR Inside No Yes NR 2 

119 15 Inside* No No NA 3 

117 20 Inside No No NA 2 

13 10 Inside No No NA 2 

5 17 Inside No No NA 1 

81 17 Outside No Yes NR 2 

36 50 Outside No No NA 2 

45 30 Inside* No No NA 2 

Range for 
sites with 
chlorate < 
250 µg / L 

Range 5 – 50, 
median 25 NA 

Cleaning at 15 
% of sites that 

reported 

Dilution at 45 
% of sites that 

reported 0.1 – 4.5 
Range 1 – 3, 

median 1 

NA – not applicable, NR – not reported, * - site has temperature control 
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Table 4 OSEC sites with chlorate concentrations > 250 µg / L and site characteristics 

Site ID Trigger to produce more OSEC 
Storage 
Location Cleaning Concentration 

Number of 
dosing points 

8 50 % Inside No 1 1 

12 50 % Inside No 1 1 

104 30 % Inside NR 0.8 2 

56 45 % Outside* No 0.8 2 

55 No trigger - produced each night Outside No 0.8 2 

37 55 % Outside No 0.8 2 

47 55 % Outside* No 0.8 2 

39 60 % Outside No 0.8-0.9 2 

10 50 % Inside No 1 2 

16 50 % Inside No 1 2 

Range for 
sites with 
chlorate < 
250 µg / L Range 30 – 88, median 50 NA 

Cleaning at 3 
% of sites that 

reported 
Range 0.55 – 1, 

median 0.83 
Range 1 – 2, 

median 1 

NA – not applicable, NR – not reported, * - site has temperature control 

 

 

Figure 14 Number of dosing points in relation to median chlorate levels for Sodium Hypochlorite 
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Figure 15 Number of dosing points in relation to median chlorate levels for OSEC 

 

Summary of Objective 3b 

A questionnaire was prepared to collect information on how disinfectants are handled and stored before 

use at WTWs. The information collected was integrated with the data collected during the sampling 

programme. The sites with chlorate concentrations > 250 µg / L were assessed in relation to the survey 

data in order to identify any factors that may be contributing to the higher levels. The main factors that 

were contributing to levels of chlorate > 250 µg / L were the number of chlorine dosing points at a WTW 

with an additive effect taking place where chlorine is used for purposes other than disinfection such as 

oxidation of metals and not diluting the sodium hypochlorite. It has been shown that dilution of sodium 

hypochlorite reduces the rate of degradation and this could help to reduce chlorate levels at sites that 

have elevated concentrations. The practice of topping up the tanks when they still had substantial 

solution remaining was associated with higher levels of chlorate. The majority of responders indicated 

that the age of the hypochlorite solutions is not recorded in an official capacity but is traceable using 

delivery records or is written on the container. Better traceability would enable companies to determine 

the age of their stocks and manage them better. Overall the survey revealed the lack of a unified 

approach to managing disinfectants with regard to their handling and storage. At all sites where with 

chlorate concentrations > 250 µg / L, there was at least one improvement in storage practice that could 

be made to reduce the measured chlorate concentration (e,g, reduction in storage time, controlled 

temperature, dilution of hypochlorite solution before storage, regular cleaning of tanks). Specific 

suggestions are given in the Suggestions section. 
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Objective 4. Consider the use of chlorine dioxide as a disinfectant in large buildings and 
the potential for the formation of chlorate to occur where it is used. Water Regulators 
Advisory Scheme (WRAS) approved fitting for generation of chlorine dioxide to 
determine the level of chlorate and chlorite produced by their systems. 

Disinfectants that can give rise to chlorate may be used in larger buildings for Legionella control. While 

this is usually restricted to hot water and air conditioning systems, there are circumstances where 

potable water systems will also be affected. In addition the terms of the Drinking Water Directive include 

water that may be consumed and so would potentially include hot water systems. To this end Cranfield 

University liaised with a company who advise and install disinfection systems for the control of 

Legionella in large buildings. Through this company, 10 buildings were sampled over a 6 month period to 

determine chlorate and chlorite levels in water treated to control Legionella.  

In addition to sampling, information has been obtained on the best practice for operating disinfection 

systems for Legionella control, namely chlorine dioxide dosing systems. There is a duty, when using 

chlorine dioxide dosing systems to minimise oxidant levels (chlorine dioxide, chlorate and chlorite 

combined). There are a number of different companies who manufacture chlorine dioxide dosing 

systems and these have different methods of ensuring that consents are met. They also have different 

methods for the application of chlorine dioxide to water systems in large buildings. 

Chlorine dioxide generator design and performance have a large impact on the amount of chlorite ion 

formed during chlorine dioxide production. Precise operation (“tuning”), proper maintenance, and the 

generation technology employed with the chlorine dioxide generator have a large bearing on the chlorine 

dioxide production efficiency and the rate at which chlorite and other undesirable by-products such as 

chlorate, hydrogen peroxide, and perchlorate are formed. Current commercial chlorine dioxide 

generators may be broadly classified as chlorite based, chlorate based, or electrochemical systems 

(WHO, 2005). These can be summarised: 

1. Chlorite ion-based systems rely on the oxidation of chlorite ion to chlorine dioxide through the use of 

an acid, which may attain a maximum conversion efficiency of 80% by stoichiometry; or through the use 

of chlorine gas, which can result in chlorite carry through if the chlorine gas feed is too low and chlorate 

formation if the chlorine gas feed is too high. 

2. Recently developed chlorate ion-based systems typically depend on the reduction of chlorate ion 

through the reaction of sodium chlorate with an acid and hydrogen peroxide. The product may be quite 

acidic, and the risk of high hydrogen peroxide and perchlorate levels in the water may detract from the 

viability of this method.  

3. Electrochemical systems can either directly or indirectly generate chlorine dioxide. The direct method 

involves the electrolysis of chlorite ion to chlorine dioxide at the anode, and the indirect method is the 

production of an acid or chlorine gas as a precursor chemical, resulting in the formation of chlorine 
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dioxide, again at the anode. When the chlorine dioxide is formed at the anode, it must be extracted as a 

gas from the solution by gas-stripping columns, eductors/venturis, low-pressure air flow over a packed 

bed, or perstraction, which involves the use of a gas-permeable hydrophobic membrane. Proper balance 

and control are required with these systems to prevent the formation and carry-through of impurities 

such as acid, chlorate ion, perchlorate ion, and chlorine (Gordon, 2001). 

A study was carried out to determine the levels produced by chlorine dioxide generators in large 

buildings, to ascertain current best practice and to understand what different companies are doing in 

order to meet compliance on total oxidant levels.  

Sampling to Determine Chlorate/Chlorite Levels in Large Buildings 

A company that manufactures and installs chlorine dioxide generators was approached to assist with the 

sampling programme. They produced a list of 10 buildings and took samples from these over a 6 month 

period. Samples were analysed using the method outlined in Appendix D. 

The buildings selected covered different geographical areas and different building types (Table 5). 

Between one and five samples were collected at each site between August 2018 and January 2019. 

Samples were taken from the incoming water (PRE), at the chlorine generator (AT) and downstream of 

the generator (POST) and were analysed for chlorate and chlorite. The results are reported (Figure 16) 

with the results for individual building given in Appendix J. 

 

Table 5 Large Buildings Selected for Chlorate/Chlorite Sampling 

 

 

 

 

 

ID Site Area Samples  

1 Hospital 1 – Building A  South 2 
2 Hospital 1 – Building B South 3 
3 Large Hotel South 18 
4 College Midlands 6 
5 School South 10 
6 Golf Club South 2 

7 
Supermarket Large 
Distribution 

Midlands 11 

8 Hospital 2 – Building A North 3 
9 Hospital 2 – Building B North 3 

10 Hospital 2 – Building C North 3 
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Figure 16 A. Concentrations of Chlorate and Chlorite in Large Buildings. Clear square represents median value, 
rectangle represents the 25th and 75th percentile. The whiskers represent the lower and upper range. B. 
Represents the same data with the y axis scale reduced. C. Represents the same data but excluding buildings 3, 6 
and 7. These buildings were excluded from plot C as the chlorine dioxide units were not optimised for production of 
chlorine dioxide.  
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It is clear that the use of chlorine dioxide disinfection can significantly increase chlorate and chlorite 

concentrations in treated water. There was site specific variations in chlorite concentrations, with sites 3, 

6 and 7 the only sites with concentrations of chlorite greater than 2.5 µg / L. It was reported by the 

contractor that these sites had not yet optimised their chlorine dioxide production. If the data is plotted 

excluding sites 3, 6 and 7, the impact of adding chlorine dioxide is that the chlorate increases while the 

chlorite remains very low (Figure 16 C). 

When samples were taken from the chlorine generator (AT), it was likely that the samples had not been 

fully mixed and this may result in a concentration that can be higher than that found downstream 

(POST). Where chlorite levels remain high downstream it may be that the high levels of chlorite are from 

the incomplete reaction of sodium chlorite with acid. 

Legislation of Chlorate/Chlorite Levels in Large Buildings 

As stated by the HSE, the use of chlorine dioxide as a legionella control strategy is subject to BS EN 

12671 and national conditions of use require that the combined concentration of chlorine dioxide, chlorite 

and chlorate does not exceed 0.5 mg / L as chlorine dioxide (HSG274 Part 2, 2014). It is also stated that 

maintaining a residual of 0.1-0.5 m g/ L chlorine dioxide residual at an outlet is usually sufficient to 

control legionella in the preceding pipework although in a heavily colonised system higher residuals may 

be necessary. 

Where some of the water is used for drinking purposes, but the desired microbial control cannot be 

achieved without the combined levels at the outlet exceeding 0.5 mg / L, then the relevant outlets must 

be labelled as unsuitable for drinking with more stringent labelling required in hospitals (HSG274 Part 2, 

2014). 

Current Best Practice Guidance for Operation of Chlorine Dioxide Disinfection of Water 

Systems 

According to HSG274 Part 2, for most systems, the routine inspection and maintenance detailed in 

bulleted list below is usually sufficient to ensure control of Legionella  with any remedial action taken 

when necessary and recorded. 

 Weekly – check the system operation and chemical stocks in the reservoir 

 Monthly – test the treated water for both chlorine dioxide and total oxidant/chlorite at an outlet 

close to the point of injection to verify the dosage rate and conversion yield 

 Monthly – measure the concentration of chlorine dioxide at the sentinel taps – the concentration 

should be at least 0.1 mg / L; and adjust the chlorine dioxide dosage to establish the required 

residual at the sentinel sample points 

 Annually – test the chlorine dioxide and total oxidant/chlorite concentration at a representative 
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selection of outputs throughout the distribution system – the concentration should be at least 0.1 

mg / L chlorine dioxide. 

 

Methods of Applying Chlorine Dioxide and Measuring Oxidants 

In order to comply with the Best Practice Guidance set out in HSG274 Part 2, manufacturers and 

operators of chlorine dioxide generators are required to maintain and check the operation of their 

systems. They are able to carry out the weekly checks simply by observation and using instrumentation 

to monitor chemical stock levels. The monthly and annual measurements are left to the discretion of 

each company. The requirement is that the combined concentration of chlorine dioxide, chlorite and 

chlorate does not exceed 0.5 mg / L as chlorine dioxide.  

Chlorite and chlorate are the DBPs resulting from the use of chlorine dioxide as a disinfectant (WHO, 

2015). Chlorite and chlorate ions can also be formed during the generation process of chlorine dioxide, 

where the generation technology and the generator “tuning” will affect the levels of chlorite and chlorate 

fed into the supplied water. Subsequently, the majority of chlorine dioxide added to drinking water will 

eventually form chlorite. Chlorate can also be formed when hypochlorite solutions do not meet quality 

specifications and are not stored and/or used appropriately (Health Canada, 2008).  

There are a number of ways to measure total oxidants (combined concentration of chlorine dioxide, 

chlorite and chlorate), chlorine dioxide and chlorite and subsequently calculate chlorate on site and 

some of these are listed below:  

Total Oxidants – In free chlorine determinations, oxidants such as chlorine dioxide and chlorite and 

chlorate can react directly with the colorimetric indicator. Each of these oxidants will oxidise iodide to 

iodine to a certain degree, thereby interfering in the total chlorine determination. On the other hand, this 

interference makes it possible to use total chlorine methods for determination of total oxidants (e.g. 

HACH Method 8167 with DPD for total chlorine for water) 

Chlorine Dioxide - Standard Method 4500-ClO2 D is an extension of the N,N-diethyl-p-

phenylenediamine (DPD) colorimetric method for the determination of free chlorine. When used for the 

determination of chlorine dioxide, the free chlorine is suppressed by the addition of glycine prior to 

addition of the DPD reagent. DPD test kits can also be used with the colorimetric method of Standard 

Method 4500-ClO2 G and are typically used for field determination of residual chlorine dioxide. These 

methods are applicable to concentrations greater than 0.1 mg / L of chlorine dioxide. Manganese, and 

other chlorine related oxidants may interfere with this method. A method using Acid ChromeViolet K 

(ACVK) (Masschelein, 1989) for the determination of chlorine dioxide is based on the oxidation and 

resulting decolouration of ACVK (Alizarin violet 3R, colour index 6170) at 548 nm using a 

spectrophotometer. 
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Due to the volatile nature of chlorine dioxide testing must be carried out on site and carefully.  

Chlorite - EPA Method 327.0, Revision 1.0 (U.S. EPA, 2003b), is a UV/VIS spectrophotometric method 

for measuring chlorine dioxide and chlorite in drinking water. It uses the colour indicator Lissamine 

Green B and is capable of determining chlorite at levels typically found in drinking water. The reagent 

Lissamine Green B/horseradish peroxidase is added to the water sample, where the horseradish 

peroxidase helps catalyse the conversion of chlorite to chlorine dioxide. The chlorine dioxide then 

oxidizes the Lissamine Green B and reduces its absorbance, which is proportional to the original chlorite 

concentration and is measured by a spectrophotometer at 633 nm. Free available chlorine reacts with 

LGB to discolour the solution. Glycine reacts with the free available chlorine to form chloroaminoacetic 

acid, thereby eliminating the potential for this type of interference. Laboratory glassware can potentially 

exhibit a demand for chlorine dioxide so clean vials should be used. Chlorite concentrations are 

calculated after the samples are sparged to remove chlorine dioxide. Samples that are not efficiently 

sparged to remove the chlorine dioxide will yield chlorite values that are higher than the true value. 

Chlorate – There are no test kits available for chlorate analysis on site and is assumed to be the 

difference between the total oxidant measurement and the chlorine dioxide and chlorite measurement 

summed. 

Chlorate and chlorite are persistent and are therefore more suitable for sampling and offsite analysis. 

With offsite analysis there are issues with real time decision making. 

It should be noted that DPD method Colorimetry (4500 – ClO2 Method D – Reserved) – The industry 

standard for portable testing of chlorine dioxide (and to a degree chlorite) is, according to recent 

research, not selective enough in the presence of both chlorine dioxide and chlorite and also suffers 

from other interferences such as chromate and oxidised manganese. It is no longer a standard method 

(AWWA) but is still an EPA approved method. 

A number of different manufacturers and operators of chlorine dioxide generators were approached. 

They were not willing to provide field data but did provide information on the dosing system they used 

and the methods of measuring total oxidants in order to comply with the guidelines from HSG274 Part 2 

(Table 6). Where the information was not provided by phone/email it was obtained via the company 

website. 
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Table 6 Chlorine Dioxide Generator Characteristics and Measurements Taken 

 

 

 

 

 

 

 

 

 

It is clear that, although the method of generating chlorine dioxide uses the same chemicals and often 

the same method of dosing, the method of measuring total oxidants is open to interpretation and variable 

from company to company. One of the companies expressed concern regarding the accuracy of the test 

kits which can be subject to interferences from substances such as chlorine or chloramines present in 

the incoming water.  Another company emphasised that chlorite/chlorate test kits were not available and 

that these analytes must be measured in the laboratory and stated that the stability of chlorite was an 

issue with taking samples off site. The emphasis of the guidelines is on ensuring sufficient residual 

chlorine dioxide is present in the water to control any Legionella present in the pipework. 

Summary of Objective 4  

Chlorine dioxide in large buildings is used for control of Legionella. It has the potential to produce total 

oxidant levels greater than the prescribed level of 0.5 mg / L. Although there are clear guidelines on the 

routine inspection and maintenance requirements, these are open to interpretation and the available 

methods of measuring total oxidants are subject to interferences.  

The risk of Legionella exposure is the primary concern when operating water systems in large buildings 

and this should remain the priority. However, it is believed that guidelines should be more explicit on the 

required testing and reporting in order to avoid human exposure to levels of oxidants exceeding the 

guideline values. In the event that the drinking water guidelines change, the guidelines for chlorine 

dioxide disinfected water may need to be reconsidered. 

 

  

Manufacturer/ 
Company 

Dosing System Type Method of Measuring 
Total Oxidants 

Type of generator 

A Batch Preparation with direct 
injection into pipework loop 

Not disclosed Acid-chlorite 

B Batch Preparation  
with direct injection into 
pipework loop using impulse 
water meter to determine dose 

Test kits used to 
measure the chlorine 
dioxide as well as total 
oxidants 

Acid-chlorite 

C Storage Tank system In tank chlorine dioxide 
selective electrode set 
at 0.25 mg / L. 

Acid-chlorite 

D Batch Preparation with direct 
injection into pipework loop 

Chlorine dioxide 
monitor 

Acid-chlorite 

E Batch Preparation with direct 
injection into pipework loop 

Optional continuous 
chlorine dioxide tester 
and chlorite tester 

Acid-chlorite 
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Objective 5. Critically examine the impact on water companies should new health based 
PCV be established and provide advice on any possible future areas of research.  

 

An assessment of overall compliance was made. This was carried out using the historical data from 

2012-2017 provided by the water companies. This comprised more than 12,000 data points and 

considered a range of WTW (Table 7). The data represents approximately 60% of the water supplied in 

England and Wales. The non-compliance calculated for all sites is 3.66 % for the 2012-2017 data. For 

the sites that have chlorate concentrations > 250 µg / L, improvement in storage practice that could be 

made are: to reduce the storage time, control the storage temperature, dilute the hypochlorite solution 

before storage and regular cleaning of tanks. Specific suggestions are given in the Suggestions section. 

Table 7 Estimation of “compliance” with the proposed chlorate standard of 250 µg / L for historical data (2012-
2017) 

 

Disinfection 

type 

Number 

of 

works 

Estimated 

Total 

Volume 

Treated 

(MLD) 

% age 

of total 

Volume 

treated 

Lower 

estimate of 

compliance 

with 250 µg 

/ L as 

absolute 

value – 

10th 

Percentile 

Upper 

estimate of 

compliance 

with 250 µg 

/ L as 

absolute 

value – 

95th 

Percentile 

Upper 

estimate of 

compliance 

with 250 µg 

/ L as 

percentage 

 

N 

Chlorine gas 126 2311.9 26.467 1 56 100 4595 

Bulk sodium 

hypochlorite 

166 5390.1 61.708 8 247 95.10 5506 

OSEC 43 1024.3 11.727 4 248 97.15 2150 

Calcium 

hypochlorite 

1 8.6 0.098 25.8 210 96.94 30 

Total 335 8734.9 100 N/A N/A 96.34 N/A 

 

Since the publication of the fourth edition of the WHO Guidelines for Drinking Water Quality, JECFA 

carried out an evaluation of the toxicity of chlorate and proposed a TDI of 10 μg / kg BW. If this value 



49 

 

was used in the WHO formula for determining a health-based value in the Guidelines and using the 

allocation of 80 % of the TDI to drinking water, this would give rise to a drinking water value of 240 μg / 

L, which is significantly below the WHO provisional Guideline value of 700 μg / L. WHO has indicated 

that this would be very challenging for developing countries and could result in chlorination being 

abandoned with severe adverse consequences and so retained the existing value on the basis of 

achievability. During 2018 and 2019, EFSA (The European Food Safety Authority) reviewed the 

standards for chlorate in food and found that data collected between 2014 and 2018 indicated that 

chlorate residues are present at levels that frequently exceed the default MRL of 0.01 mg / kg and that 

the levels vary depending on the source and the product. Therefore temporary MRLs at the level 

corresponding to the 95th percentile of the occurrence data would be set reflecting levels that are 

realistically achievable and should be reviewed within five years of publication of the Regulation in the 

light of further progress made by food business operators to bring chlorate levels down, or whenever 

new information and data become available that would warrant an earlier review” (Draft Act: 

https://ec.europa.eu/info/law/better-regulation/initiatives/ares-2019-334046_en).  Currently the Drinking 

Water Directive is undergoing revision and WHO are considering their advice on chlorate. Chlorate has 

been proposed for inclusion in a revised directive at a level of 250 μg / L.  

Data collected from samples taken in 2018, showed that 23.5 % of final water samples exceeded the 

proposed value of 250 µg / L, when a maximum value was considered. In contrast, when a locational  

average value was used, 9.3 % final water samples exceeded this value. The data calculated in Table 7 

shows that overall “compliance” for 2012-2017 has been calculated as 96.34 %.  

Whatever the outcome of the Drinking Water Directive negotiations it is clear that there is more focus on 

chlorate than hitherto. Certainly companies will need consider how their policies for the management of 

hypochlorite and OSEC affect chlorate concentrations. This would not only include storage conditions 

and delivery of hypochlorite stocks but would include multiple dosing points and also booster chlorination 

in distribution. This latter point might require a different approach to managing problems in distribution.  

Companies considering a change from gaseous chlorine to chlorine dioxide or hypochlorite (including 

OSEC) will need to consider chlorate in their planning and may wish to delay any change until there is a 

clarification of the impact of the Drinking Water Directive.  

Much will depend on the actual standard and how that standard is applied. Should the standard remain 

at the proposed level of 250 µg/L, most companies will be able to manage this within most of their 

current arrangements assuming that the standard is considered as a rolling average. This would be 

logical as the value is set to protect health following long-term exposure and an average value would still 

provide protection. Should the standard be made more precautionary then based on the result of this 

survey companies would need to practice more careful management of hypochlorite than they currently 

do.  A return to gaseous chlorine carries with it other health and safety issues. However, consideration 

https://ec.europa.eu/info/law/better-regulation/initiatives/ares-2019-334046_en
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has been given in the past to chlorine free systems. In many cases other disinfectants are in place but 

chlorine is used for providing a residual in the distribution system. It is possible that changing distribution 

management could allow chlorine free operation but there remain questions over biofilm and pathogens, 

such as Legionella, that may be a source for seeding the distribution systems of buildings. 

As far as controlling Legionella in buildings with chlorine dioxide, this is only likely to be a problem where 

there is a requirement to dose both hot and cold water systems. However, it will be important to ensure 

that plumbing systems are properly designed and operated to avoid treated water combining with 

untreated water that is subsequently used for potable purposes. Rigorous compliance with the current 

requirements for labelling taps as potable and non-potable will also be important. 

Clearly, in the final analysis, it will be important to make sure that the risks of pathogens are not 

increased in attempting to meet new regulatory standards for chlorate. 

 

Suggested future areas of research 

It is suggested that research is required to develop and calibrate kinetic models to determine the 

chlorate formation potential where new hypochlorite solutions are added to old when tanks are 

continually “topped up”.  

Contrary to previous findings, this survey found OSEC was as likely as hypochlorite to generate levels of 

chlorate above the value proposed in the draft Drinking Water Directive. The formation of chlorate in 

OSEC solutions is less well defined than the formation in concentrated sodium hypochlorite solutions. 

The practice of continually adding freshly prepared OSEC solutions to a tank containing older OSEC 

should be investigated as it is likely that a change in practice could reduce chlorate levels in OSEC 

significantly. Consideration should also be given to temperature effects as the process of generation 

increases the temperature significantly. The frequency of production and storage conditions also warrant 

investigation. Research into OSEC operation is recommended. 

A study on how to use and how to store disinfectants optimally is recommended to produce risk factors 

for different types of WTW / disinfectant.  
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Overall conclusions  
 

The objective of this project was to establish what the current concentrations of chlorate are in drinking 

water supplied in England and Wales and to consider the implications of these results should a new health 

based value be established.  

Concentrations of chlorate and chlorite were determined from historical data and from samples collected 

in 2018 from water companies. Chlorate and chlorite concentrations were also measured in large buildings 

in 2018/2019 that used chlorine dioxide generators for chlorine control. Information from manufacturers 

was also sought on their methods of measurement and monitoring of chlorine dioxide, chlorate and 

chlorite. 

In addition, a questionnaire was compiled to gather information on disinfectant storage and handling at 

WTWs. 

The historic data showed that OSEC and sodium hypochlorite represent the greatest risk of causing 

elevated chlorate levels in final waters. Sites using bulk sodium hypochlorite exceeded the EU Drinking 

Water Directive proposed chlorate value of 250 µg / L 4.9 % of the time. Sites using OSEC based 

sodium hypochlorite exceeded this proposed value 2.9 % of the time. Deviance from compliance to the 

proposed value varied between water companies from 1.8 % to 35 % based on the combined OSEC and 

sodium hypochlorite dataset.  

 

There was a significant increase in the percentage exceedance of the 250 µg / L proposed value by 

water companies during the 2018 period. Sites using bulk sodium hypochlorite exceeded the EU 

Drinking Water Directive proposed chlorate value of 250 µg / L 24.0 % of the time. Sites using OSEC 

based sodium hypochlorite also exceeded this proposed value 24.0 % of the time. When considering 

each water company,  35.6 and 31.8 % exceedance occurred with water companies 1 and 10 

respectively. Water company 4 had greater levels of exceedance which increased by 17 %. Water 

companies 4, 5, 11 and 12 had similar exceedance of the 250 µg / L proposed value. In 2018, 23.5 % of 

final water samples exceeded the proposed value of 250 µg / L, when a maximum value was used. In 

contrast, when a locational  average value was used, 9.3 % final water samples exceeded this value. 

The increase was attributed to higher temperatures during 2018 as well as targeting more OSEC and 

sodium hypochlorite WTWs. 

 

The survey data did not reveal any particular site characteristic that caused chlorate concentrations to 

exceed 250 µg / L with the exception of the number of dosing points. Plainly chlorine dose will be an 

important factor, as chlorine dose is increased there will be a proportionate increase in chlorate 

concentration. If there are more dosing points, there is a higher potential for chlorate. When considering 
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other factors at the sodium hypochlorite sites, the majority did not practice dilution of the disinfectant on 

site and no cleaning of the tanks was carried out at these sites. The worst performing sites ordered new 

sodium hypochlorite when the tanks were 30-50 % full. These practices are all known to be contrary to 

the guidelines to minimise chlorate levels that were produced in the USA although there may be 

pragmatic reasons for such procedures. 

Chlorine dioxide is used in large buildings for control of Legionella. It has the potential to produce total 

oxidant levels greater than the prescribed level of 0.5 mg / L. Although there are clear guidelines on the 

routine inspection and maintenance requirements, these are open to interpretation and the available 

methods of measuring total oxidants are subject to interferences.  
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Suggestions 

The levels of chlorate in final drinking waters are directly impacted by the levels of chlorate present in the 

sodium hypochlorite or OSEC solution and the amount of that solution added. Chlorate is found in the 

solutions when the sodium hypochlorite decomposes over time. The decomposition is unavoidable but 

management of the hypochlorite solutions can impact and minimise the levels of chlorate present. 

Recommendations have been published in the US for the purpose of managing chlorate levels in sodium 

hypochlorite and these are shown here (Table 8). They are reported alongside current practice in 

Quebec, Canada, the BSEN and DWI information on chemicals used for treatment of water intended for 

human consumption and considered in the context of the survey carried out for this project. 



54 

 

 

Table 8 Recommendations for hypochlorite solution management (adapted from AWWA, 2011 and Coulombe et al., 2019) compared with information from the DWI and 
BSEN for Chemicals used for treatment of water intended for human consumption and considered in the context of the survey carried out for this project. 

 AWWA 2011 Quebec training 

document 

BS EN 901:2013 DWI recommendations (DWI, 2011) Survey results from this 

work 

Management 

Stage 

Recommendation 

Purchase Purchase solution with pH values 

between 11 and 13 

Not addressed The product is an alkaline solution with a 

pH value greater than 11 at 20 °C. 

Purchase is from approved suppliers who 

follow BS EN 901:2013 

Follow DWI 

recommendations  

Purchase filtered solution to 

control the removal of transition 

metal ions 

Not addressed Supplied product must contain less than the 

specified concentration of metals  

Purchase is from approved suppliers who 

follow BS EN 901:2013 

Follow DWI 

recommendations 

Purchase certified NSF/ANSI 

Standard 60 

Not addressed The sodium chlorate content shall not 

exceed a mass fraction of 5.4 % of 

available chlorine at the time of delivery by 

the producer. The product shall be visibly 

free from deposits or suspended matter. 

Purchase is from approved suppliers who 

follow BS EN 901:2013 

Follow DWI 

recommendations  

Not addressed Analyse the concentration 

of the purchased solution 

 

Not addressed Companies should carry out their own 

quality control assays on chemical 

deliveries which should include physical 

checking of the chemical, where possible, 

Not surveyed 
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and to sample each delivery for analysis 

in the event of a problem developing if 

not done routinely where reasonably easy 

to do so. 

Receipt Not addressed Not addressed Not addressed Companies must ensure that there are 

appropriate procedures and traceable 

documentation in place throughout the 

supply chain including raw materials and 

containers right through to the 

acceptance of chemical deliveries, such 

that only the correct chemicals of the 

correct specification are received. 

Inconsistent practice 

between, and sometimes 

within, companies 

Purchase, 

Storage 

Use fresh hypochlorite solutions 

when possible 

Do not exceed a storage 

period of two months 

 

The stability of HS is greatly affected by 

heat, light, pH, and the presence of heavy 

metal ions. The HS gradually decomposes 

resulting in the reduction of the 

concentration of the active chlorine and in 

the liberation of oxygen gas. The 

concentration of chlorate increases. 

Not addressed Monitored at some 

companies but not others 

Storage Minimise the quantity of aged 

product in storage tanks prior to 

the delivery of new product 

Not addressed Not addressed Not addressed The focus was on ensuring 

that tanks did not get too low. 

The quantity of aged 

products was not minimised 
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 Dilute stored hypochlorite solution 

(HS) upon delivery 

Not addressed Not addressed Not addressed Dilution practice was works 

specific possibly dependent 

on storage tank size 

availability. Although not 

conclusive, sites that had the 

highest chlorate levels 

tended not to dilute. 

 Store HS at low temperatures Store HS above* 30 °C.  

Avoid freezing. Store at 

temperatures between 10 

and 15 °C. 

HS shall be stored in cool rooms in 

containers made from metal with internal 

coating or suitable plastics materials. To 

protect metal containers from corrosion, 

they shall be either rubber-lined or plastics-

coated.Pressure build-up in the containers 

should be prevented by suitable venting. 

Not addressed Temperature was controlled 

at a limited number of sites 

 Store HS away from direct 

sunlight 

Storage Store away from 

direct sunlight 

 

HS sodium hypochlorite shall be protected 

against light, and particularly direct sunlight. 

Not addressed Generally the solutions were 

stored in building or under 

cover 

 Control the pH of stored HS 

(maintain pH 11–13, even after 

dilution) 

Not addressed Not addressed Not addressed Not surveyed 

 Using low-metal ion concentration 

dilution water 

Not addressed Not addressed Not addressed Softened water was used for 

dilution at some sites 
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 Not addressed Periodically verify the 

concentration of diluted 

HS 

Not addressed Not addressed Not surveyed 

 Rotate stocks Use the oldest products 

before newly received 

products 

Not addressed Not addressed Not surveyed 
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* - the information has been taken from a corrected proof of the article. We believe that it should state 

“below” rather than “above”. 

While the purchase of sodium hypochlorite in England and Wales is often well controlled, the fate of the 

sodium hypochlorite solutions is less well defined thereafter. The focus of water companies in England 

and Wales is on ensuring sufficient disinfectant is available at all times to ensure that water supplied is 

free from pathogens. However, greater consideration could be given to the storage and use of 

hypochlorite solutions on site at the same time as ensuring sufficient supplies. 

Water companies should already be testing some of delivered hypochlorite to ensure it complies with the 

relevant BSEN as advised in important note 2 in Annex 2 of the Secretary of State’s list which states: 

  
“Since EN standards for drinking water treatment chemicals and products do not contain mandatory requirements 

for attestation of conformity, it is the responsibility of the user of these products to ensure that the treatment 

chemicals or products provided by a specific supplier fully meet the test requirements of the relevant EN standard 

by provision of a certificate of attestation for the batch of chemical supplied or by internally checking through their 

own laboratories.”  

Further to this companies should be following the advice in Information letter 5/2011 on Production, 

delivery, receipt and control of water treatment chemicals which requires  

1) regular robust review and audit of key suppliers,  

2) appropriate procedures and traceable documentation throughout the supply chain to the 

acceptance of chemical deliveries, such that only the correct chemicals of the correct 

specification are received and 

3) carry out their own quality control assays on chemical deliveries which should include 

physical checking of the chemical, where possible, and to sample each delivery for analysis 

in the event of a problem developing if not done routinely where reasonably easy to do so.  

Finally companies should be monitoring for chlorate at sites using OSEC to ensure compliance with the 

national condition of use set out at section A.7.2 of the Secretary of States list which states 

 

“Products in this section are not fully covered by EN 901 (sodium hypochlorite) and must conform to the following 

conditions of use:  

(i) the method of use and the purity of the output of these products shall be such that, in the case of water for public 

supply, the water so treated meets the requirements of the relevant Regulations; and  

(ii) the treated water must not contain more than 700 μg/l chlorate.”  

It is known that some of the measures listed below are carried out at some of the water companies and it 

is considered that adoption of the following measures would improve chlorate control further: 

 consider routine testing of sodium hypochlorite on arrival to confirm that it meets the quality 

criteria set in BS EN 901:2013 to include pH, free chlorine, temperature and chlorate 
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measurements. 

 evaluate hypochlorite storage conditions including the storage tank size/number of tanks duration 

of storage and storage temperature  

 Minimise storage time of hypochlorite solutions by using the oldest solutions first (stock rotation) 

 consider options to  dilute stock and to enable tanks to be completely cleaned out on a regular 

basis (at least once a year) 

 monitoring of chlorate in final water at sites using sodium hypochlorite in addition to those using 

OSEC. 

 Suitable investigation of elevated chlorate residuals that may include chlorate analysis of stored 

hypochlorite 

 Enhanced monitoring at high risk sites such as those with multiple chlorine dosing points or 

booster chlorination, intermittent use and remote sites with long supply chains. 

 Where OSEC is used, evaluate hypochlorite storage time and the storage tank size/number of 

tanks and consider options to enable tanks to be completely cleaned out on a regular basis (at 

least once a year) and storage time to be minimised. 

 Minimising chlorine demand  

 Water companies should have a clear understanding of the amount of chlorine that they are 

adding to the water  

 

Suggestions for large buildings 

The risk of Legionella exposure is the primary concern when operating water systems in large buildings 

and this should remain the priority. However, it is believed that guidelines should be more explicit on the 

required testing and reporting in order to avoid human exposure to levels of oxidants exceeding the 

guideline values. In the event that the drinking water guidelines change, the guidelines for chlorine 

dioxide disinfected water may need to be reconsidered.  
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Appendices  

Appendix A: The number of works that use Calcium hypochlorite, Sodium hypochlorite, Chlorine dioxide or on-site electrolytic 
chlorination (OSEC). 

 

WTW WTW Name 

Source 
water type 
(from drop 

down 
menu) 

Size of 
WTW 

(average 
flow ML/d) 

Disinfection 
process 

used (from 
drop down 

menu) 

Typical 
range of 
chlorine 

doses used 
(mg/L Cl2) 

Target 
chlorine 
residual 

(mg/L Cl2) 

Data 
available on 
chlorate in 

treated water 
- (yes/no)? 

Data 
available 

on chlorate 
elsewhere 

(e.g. in 
disinfectant 
solutions) - 
(yes/no)? 

Data 
available on 

any other 
inorganic 

disinfection 
by-products 

(bromate, 
chlorite, 

perchlorate) 
- (yes/no)? 

Is UV 
disinfection 

used - 
(yes/no)? 

Additional 
Comments 

A   
        

 

B   
        

C   
        

 

D            
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Appendix B: Monitoring Strategy 

The monitoring programme will aim to establish the current concentrations of chlorate in drinking water 

in England and Wales. Within the scope of the project, the monitoring programme will be implemented in 

three consecutive steps that will provide the basis for an adaptive monitoring programme for successive 

monitoring campaigns. The implementation of the monitoring programme requires the design of a robust 

statistical experiment that enables the characterisation of the spatial variability of chlorate in drinking 

water as well as the identification of statistically significant differences between and within disinfectant 

treatments. The proposed steps are described as follows: 

1. Stratification of England and Wales based on existing chlorate level information. Existing 

chlorate information obtained from water Companies in England and Wales will be used to 

identify sampling regions with similar characteristics via a stratification process. If possible, the 

information will be used to generate an initial map of spatial distribution of chlorate rate and 

disinfectant treatment across England and Wales. We envisage for at least five stratas to be 

identified based on disinfectant treatment (calcium hypochlorite; Sodium hypochlorite; OSEC; 

Chlorine dioxide; Chlorine dioxide in large buildings; and a control group where chlorine gas is 

the disinfectant).  

2. Power analysis for the sampling strategies. The information derived in (1) will be used to 

determine the number of samples required within each strata to robustly estimate key statistical 

parameters (for example, the mean chlorate concentration) and implement specific statistical 

analysis (for example ANOVA) at a given confidence level (Nollet and De Gelder, 2013, Sokal 

and Rohlf, 1994). If no, or limited, information can be gathered from step (1), the values 

required will be derived from the literature or a focused pilot study. We envisage that a minimum 

of 30 samples will need to be taken for each of the stratas in a given sampling campaign.  

3. Identification of statistically significant differences. The samples obtained from (2) will be 

analysed to (a) estimate key measures of dispersion (such as the variance, skewness, kurtosis) 

and central tendency (for example, the mean and median) to define the frequency distribution of 

chlorate in drinking water and (b) identify statistically significant differences in chlorate 

concentrations between and within stratas. For that purpose, a General Linear Model (GLM) 

analysis or equivalent based on data characteristics will be implemented (Nollet and De Gelder, 

2013, Sokal and Rohlf, 1994). We envisage chlorate concentration in drinking water to change 

over time and depend upon other variables. These variables are known as the co-variates and 

include parameters such as the age, temperature and concentration of the stored disinfectant. 

The GLM analysis will take into account the effect of these co-variates. Spatio-temporal co-
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located measures of the covariates will be obtained at sampling location and time identified in 

(2). Changes of chlorate concentration over time will require the repetition of the sampling 

programme proposed in (2). To allow the impact of storage conditions of the disinfectant 

solutions to be assessed, we envisage a minimum of 6 repetitions over time spaced every 2 

months (bimonthly). 

The power analysis will enable the estimation of the sample size required to detect a statistically 

significant effect of a given size with a given degree of confidence. Conversely, it allows determination of 

the probability of detecting an effect of a given size with a given level of confidence, under sample size 

constraints.  

The results will be used to identify which disinfectant treatments are associated with larger chlorate 

concentrations and their impact on relevant health based policy measures. 

Monitoring Programme 

Sampling Instructions for Cranfield University study on Chlorate in Drinking Water 

Sampling 

Location 

Final water exiting works 

Collection Total number of samples: 1 

1 bottle of final water (250 mL HDPE containing 250 µL ethylenediamine with 

green lid).  

Analysis 

on-site 

Free and total chlorine, temperature and pH. 

 

The samples to be taken are listed above. The bottles/vials are pre-labelled except for the date and time. 

For the Final samples – the bottles should be filled from the sample point to the bottle shoulder without 

rinsing out the preservative in the bottle. Fill one 250 mL HDPE bottle with green lid. Label each bottle 

with the location, date, and time. 

Analysis – Measure free chlorine, total chlorine, temperature and pH on site. This should be recorded 

and included on the Record Sheet 
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Appendix C: WTW selected for field survey 
Water Treatment 
Works 

Water 
Company  

Disinfectant Treatment type Historic 
Chlorat
e Data 
(Y/N) 

Source Water Type WTW size 
(ML/D)  

Estimated Dose of 
disinfectant (mg/L) 

Targeted 
Residual of 
disinfectant 
(mg/L) 

1 1 Calcium hypochlorite Y Groundwater 0.2 0.7 0.7 
2 1 Sodium hypochlorite Y Lowland River - 2.0 0.7 
3 1 Sodium hypochlorite Y Groundwater 17.7 0.6 0.5 
4 1 Sodium hypochlorite Y Lowland River 26.0 2.0 0.8 
5 1 OSEC Y Groundwater 4.9 0.2 0.2 
6 1 OSEC Y Groundwater 1.2 0.3 0.3 
7 1 OSEC Y Groundwater 3.1 0.3 0.3 
8 1 OSEC Y Groundwater 8.4 0.5 0.5 
9 1 OSEC Y Groundwater 25.3 0.8 0.3 
10 1 OSEC Y Groundwater 1.2 1.5 0.2 
11 1 OSEC Y Groundwater 5.3 0.2 0.2 
12 1 OSEC Y Groundwater 1.4 0.3 0.3 
13 1 Sodium hypochlorite Y Lowland River 34.7 2.0 0.7 
14 1 OSEC Y Groundwater 0.8 0.2 0.2 
15 1 OSEC Y Groundwater 13.3 0.2 0.2 
16 1 OSEC Y - - - - 
17 1 OSEC Y Groundwater 0.3 0.2 0.2 
18 2 Sodium hypochlorite Y Groundwater 3.2 0.8 0.7 
19 2 Sodium hypochlorite Y Groundwater 35.4 0.6 0.5 
20 2 Sodium hypochlorite Y Lowland River 7.7 0.4 0.2 
21 2 OSEC Y Groundwater 1.7 0.6 0.6 
22 2 OSEC Y Groundwater 12.6 0.6 0.6 
23 2 OSEC Y Groundwater 23.4 0.6 0.5 
24 2 OSEC Y Mixed Source 34.5 2.0 1.8 
25 2 OSEC Y Groundwater 1.9 0.6 0.0 
26 2 OSEC Y Lowland Reservoir 17.4 1.6 1.6 
27 2 OSEC Y Groundwater 1.2 0.6 0.6 
28 2 OSEC Y Groundwater 3.6 0.5 0.5 
29 2 OSEC Y Groundwater 29.4 0.3 0.4 
30 2 OSEC Y Groundwater 8.5 0.3 0.0 
31 2 OSEC Y Groundwater 3.8 0.6 0.8 
32 2 Superchlorination Y Groundwater 9.1 0.7 0.0 
33 10 Sodium hypochlorite N Groundwater 2.0 0.7 0.6 
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34 10 OSEC N Upland Reservoir  2.2 0.6 0.7 
35 10 OSEC N Upland Reservoir  1.7 0.9 0.6 
36 10 Sodium hypochlorite N Upland Reservoir  1.0 0.8 0.5 
37 10 OSEC Y Groundwater 2.0 0.7 0.6 
38 10 OSEC Y Upland River 0.5 0.6 0.5 
39 10 OSEC Y Upland River 0.5 0.6 0.5 
40 5 Chlorine gas - no UV Y Groundwater 14.5 0.3 0.3 
41 5 Chlorine gas - no UV Y Groundwater - 0.4 0.4 
42 5 Chlorine gas - no UV Y Groundwater 4.8 0.0 0.0 
43 5 Chlorine gas - no UV Y Lowland Reservoir - 0.7 0.8 
44 5 Sodium hypochlorite Y Lowland River 33.0 0.5 0.5 
45 5 Sodium hypochlorite Y Upland Reservoir 16.7 0.7 0.7 
46 5 Chlorine gas - no UV Y Groundwater 31.1 0.9 0.9 
47 5 OSEC Y Lowland River 79.2 0.7 0.7 
48 5 OSEC Y Upland Reservoir  133.0 0.6 0.6 
49 5 OSEC Y Groundwater 11.2 0.2 0.2 
50 5 OSEC Y Mixed Source 343.0 1.7 1.6 
51 5 OSEC Y Groundwater 2.0 0.4 0.4 
52 5 OSEC Y Groundwater - 0.4 0.4 
53 5 OSEC Y Groundwater 8.3 0.5 0.5 
54 5 OSEC Y Lowland River 145.0 2.1 0.9 
55 5 OSEC Y Lowland Reservoir 36.1 0.6 0.6 
56 5 OSEC Y Lowland Reservoir 208.0 0.7 0.8 
57 5 Sodium hypochlorite Y Lowland River 54.8 0.6 0.6 
58 5 Sodium hypochlorite Y Lowland Reservoir 18.0 1.0 1.0 
59 5 Sodium hypochlorite Y Groundwater 2.6 0.3 0.3 
60 5 Sodium hypochlorite Y Groundwater 11.0 0.3 0.3 
61 5 Sodium hypochlorite Y Groundwater 5.4 0.3 0.3 
62 5 Sodium hypochlorite Y Groundwater 2.6 0.3 0.3 
63 5 Sodium hypochlorite Y Groundwater - 0.8 0.5 
64 5 Sodium hypochlorite Y Groundwater 1.2 0.4 0.4 
65 5 Sodium hypochlorite Y Groundwater 0.9 0.4 0.4 
66 5 Sodium hypochlorite Y Groundwater 2.4 0.4 0.4 
67 5 Chlorine gas with UV Y Groundwater 9.1 0.3 0.3 
68 5 Chlorine gas with UV Y Groundwater 18.1 0.3 0.3 
69 5 Chlorine gas with UV Y Groundwater 16.9 0.2 0.2 
70 5 Chlorine gas with UV Y Groundwater 2.6 0.3 0.3 
71 5 Chlorine gas with UV Y Groundwater 7.2 0.4 0.4 
72 5 Chlorine gas - no UV Y Lowland River 35.4 0.9 0.7 
73 5 Chlorine gas - no UV Y Lowland Reservoir 40.0 1.5 0.6 
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74 5 Chlorine gas - no UV Y Mixed Source 22.0 1.3 0.4 
75 5 Chlorine gas - no UV Y Groundwater 

 
0.4 0.4 

76 8 Sodium hypochlorite Y Surface Water 25.0 1.5 0.7 
77 8 Sodium hypochlorite Y Surface Water 25.0 1.5 0.7 
78 8 Sodium hypochlorite Y Lowland Reservoir 650.0 1.5 0.7 
79 8 Sodium hypochlorite Y Lowland Reservoir 485.0 1.5 0.7 
80 8 Sodium hypochlorite Y Groundwater 21.0 1.5 0.4 
81 8 Sodium hypochlorite Y Surface Water  50.0 1.3 0.7 
82 8 Sodium hypochlorite Y Lowland Reservoir 260.0 1.5 0.7 
83 8 Sodium hypochlorite Y Groundwater 22.0 0.4 0.4 
84 8 Sodium hypochlorite Y Groundwater 35.0 0.3 0.3 
85 8 Sodium hypochlorite Y Lowland Reservoir 205.0 0.7 0.7 
86 8 Sodium hypochlorite Y Groundwater 13.6 0.4 0.4 
87 9 Chlorine gas with UV Y Mixed Source 118.8 1.5 1.1 
88 9 Chlorine gas with UV Y Mixed Source 25.0 1.5 1.0 
89 9 Chlorine gas with UV Y Other 89.0 1.8 1.1 
90 9 Chlorine gas with UV Y Other - - - 
91 9 Chlorine gas with UV Y Other - - - 
92 9 UV + sodium hypochlorite (residual) Y Groundwater 0.9 0.9 0.7 
93 9 UV + sodium hypochlorite (residual) Y Groundwater 1.1 1.0 0.7 
94 9 Sodium hypochlorite Y Lowland Reservoir 1.5 1.5 1.1 
95 9 Sodium hypochlorite Y Groundwater 1.0 1.0 0.8 
96 9 UV + sodium hypochlorite (residual) Y Upland Reservoir  9.3 1.5 1.3 
97 9 UV + sodium hypochlorite (residual) Y Upland Reservoir  8.9 1.0 0.8 
98 9 UV + sodium hypochlorite (residual) Y Groundwater 1.5 0.8 0.6 
99 9 UV + sodium hypochlorite (residual) Y Mixed Source 29.7 1.5 1.0 
100 9 UV + sodium hypochlorite (residual) Y Other 34.3 0.8 0.7 
101 9 UV + sodium hypochlorite (residual) Y Groundwater 8.0 1.0 0.7 
102 9 UV + sodium hypochlorite (residual) Y Groundwater 1.5 0.8 0.6 
103 9 UV + sodium hypochlorite (residual) Y Groundwater 11.7 1.0 0.7 
104 9 OSEC Y Upland Reservoir  47.1 1.3 0.9 

105 11 Sodium hypochlorite Y Lowland Reservoir 10. 0.8 0.8 
106 11 Sodium hypochlorite Y Groundwater 2.0 0.8 0.5 
107 11 Sodium hypochlorite Y Groundwater 5.0 0.5 0.5 
108 11 Sodium hypochlorite Y Groundwater 5.6 0.4 0.4 
109 12 OSEC N Upland Reservoir  40.0 1.0 0.8 
110 12 Sodium hypochlorite N Upland Reservoir  75.0 1.2 0.8 
111 12 OSEC N Upland Reservoir  45.0 1.2 0.6 
112 12 OSEC N Upland Reservoir  24.0 0.7 0.7 
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113 12 Sodium hypochlorite N Lowland Reservoir 30.0 1.0 0.0 
114 12 Sodium hypochlorite N Upland Reservoir  25.0 0.7 0.7 
115 12 OSEC N Groundwater 48.0 0.9 0.8 
116 12 Sodium hypochlorite N Groundwater 1.7 0.7 0.7 
117 12 Sodium hypochlorite N Upland Reservoir  20.0 0.7 0.7 
118 12 Sodium hypochlorite N Upland Reservoir 20.0 1.0 0.9 
119 12 Sodium hypochlorite N Upland Reservoir  18 0.7 0.7 
120 4 Sodium hypochlorite N Groundwater 0.02 2.0 0.9 
121 4 Sodium hypochlorite N Surface Water 0.03 0.6 0.6 
122 4 Sodium hypochlorite N Mixed Water 0.01 1.0 0.6 
123 4 Sodium hypochlorite N Mixed Water  2.8 0.6 0.6 
124 4 Sodium hypochlorite N Surface Water  0.3 1.2 0.8 
125 4 Sodium hypochlorite N Groundwater 2.6 0.4 0.4 
126 4 Sodium hypochlorite N Groundwater 6.5 0.4 0.4 
127 4 Sodium hypochlorite N River 110 1.5 1.1 
128 4 Sodium hypochlorite N Upland reservoir  120 1.1 1.1 

129 4 Sodium hypochlorite N Groundwater 2.4 0.7 0.7 
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Appendix D: Method Statement for analysis for chlorate and chlorite - This 
method was UKAS accredited  
 
INTRODUCTION  
This method, using ion chromatography with reagent-free eluent generation, is for 
quantification of bromide, chlorate and chlorite by electrical conductivity, with the 
addition of a post-column reagent and UV-visible detection for quantification of 

bromate. The PCV for bromate is 10g l-1, there is no PCV for bromide, chlorate and 
chlorite. Based on Dionex Application Note 171:-Determination of Disinfection  
Byproduct Anions and Bromide in Drinking Water Using a Reagent-Free Ion 
Chromatography System with Postcolumn Addition of an Acidified On-Line 
Generated Reagent for Trace Bromate Analysis and on Dionex Application Note 149 
:-Determination of Chlorite, Bromate, Bromide and Chlorate in Drinking  
Water by Ion Chromatography with an On-Line-Generated Postcolumn Reagent 
for Sub-µg/l Bromate Analysis.  
 

 

PRINCIPLE OF METHOD  
The sample is analysed using ion exchange chromatography. Bromide, chlorate and 
chlorite are detected using electrical conductivity and bromate is detected by post 
column reaction with UV-visible detection.  
 

 

INTERFERENCES  
In uncontaminated water, there should be few interferences. However, large 
concentrations of anions with similar retention time to bromide, chlorate and chlorite can 
interfere, and less common inorganic anions and low molecular weight organic anions 
may also cause interference in bromide, chlorate and chlorite detection. (Refer to ISBN: 
011 752331 3 for further details).  
 

 

ANALYTICAL RANGE 
 

Component *Calibration Range Reporting Limit of Detection 

Bromide Up to 500 g l-1 5 g Br l-1  

Bromate Up to 50 g l-1 0.5 g BrO3 l-1 

Chlorite Up to 60 g l-1 

1 g 
Chlorine 
dioxide l

-1
 

Chlorate Up to 500 g l-1 2 g ClO3 l
-1

 

(*These can be extended by diluting the sample, refer to 12.4) 



70 

 

 
SAMPLE PRESERVATION & STORAGE  
SAMPLE BOTTLE & PRESERVATION  
Samples to be taken in 250 ml round, HDPE bottles with green caps. These bottles shall 

2503l of preserving solution (7.3.1) dispensed using an automatic pipette, prior to the 
sample being taken. This removes any residual chlorine or ozone.  
 

BROMS 

 

250ml HDPE 
Green lid 

 

Bottle contains 
ethylenediamine.  

Do not rinse 
 
 
 
 
 

 

SAMPLE STORAGE & STABILITY  
If samples cannot be analysed on the day of arrival then the samples shall be stored in 

the refrigerator (Temp: 2-8C) and analysed after allowing samples to reach room 
temperature. Samples shall be analysed within 4 weeks of the sample being taken (as 
per sample stability data) 
 

 

Determinand Concentration Total Degrees Bias Limit of % Recovery 
 (g l-1) Standard of (g l- Detection (n) 

  Deviation Freedom 1) (g l-1)  

  (g l-1) (k) (l) (m)  
  (j)     

       
 

 
50 (a) 0.792 14 

- 
0.731 

   
 

3.753 
   

         

 
100 (b) 2.047 15 

-     
 

5.385 
    

         

 
450 (c) 4.728 17 

-     
 

4.615 
    

         

 240.838 (d) 4.089 13      

ClO3- 332.752 (e) 3.801 15   94.32 ± 1.34 

 4.08631 (f) 0.532 13      

 96.0883 (g) 2.425 22   92.04 ± 1.05 

 74.0371 (h) 2.419 18      

 169.495 (i) 2.306 15   96.20 ± 1.20 

 9.70042 (j) 1.493 11      
          

 101.23 (k) 3.171 15   91.63 ± 2.15  
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(a) Ultra-Low CONTROL standard 
(b) Low CONTROL standard 
(c) CONTROL standard 
(d) Sample of hard water 
(e) Spiked sample of hard water 
(f) Sample of raw water 
(g) Spiked sample of raw water 
(h) Sample of soft water 
(i) Spiked sample of soft water 
(j) Sample of raw surface water 
(k) Spiked sample of raw surface water  
(l), (m), (n), (o) and (p) are all based on NS30 “A Manual on Analytical Quality Control for 

the Water Industry” WRc. 
 

Validation completed on: 24.06.2017 

 

Validation carried out in accordance with procedure and protocol described in internal 
procedure No. C.12 ‘Performance Testing (validation) of analytical systems, based on the 
design outlined in NS30 ‘A Manual on Analytical Quality Control for the Water Industry’. 
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Appendix E: Sample sites proposed for sampling as part of Objective 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Disinfectant used at WTW # of WTW  

Calcium hypochlorite 1 
Chlorine gas - no UV 9 
Chlorine gas with UV 10 
Sodium hypochlorite 55 
OSEC 43 
UV (primary) + sodium hypochlorite (residual) 10 
Superchlorination 1 
Total 129 

  
Source Water Type # of WTW 

Groundwater  68 
Upland Reservoir 18 
Upland River 2 
Lowland Reservoir 16 
Other 4 
Mixed Source 8 

Lowland River 9 
Surface Water  3 
N/A 1 
Total 129 

  
WTW size (ML/D)  # of WTW 

Size of works not known 9 
<10 59 
<50 104 
<100 109 
<1000 120 
Total 129 
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Appendix F: Number of sampling events undertaken for each water company surveyed in 
England and Wales 

 

Water 
Company*  

# of 
WTW 

Planned 
number of 
Sampling 
events 

Total number of 
sampling events 
planned 

Total number 
of events 
undertaken 

1 15 6 90 378 

2 15 6 90 14 

10 7 6 42 48 

5 36 6 216 134 

8 11 6 66 45 

9 18 6 108 35 

11 4 6 24 21 

12 6 6 36 35 

4 11 6 66 39 

Total 
 
  738 749 

*Water company designation taken from Table 1 
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Appendix G: Survey of practice of disinfection at sodium hypochlorite WTW used in this study 

Basic works information 
Dosing 
Points UV information    

Water 
Company Site name  

Disinfectant 
Treatment 
type 

Source Water 
Type 
(simplified 
from earlier 
list) 

WTW size 
(ML/D)  

Estimated Dose 
of disinfectant 
(mg/L) 

Targeted 
Residual 
of 
disinfecta
nt (mg/L) 

Describe the 
chlorine 
dosing 
points at this 
water 
treatment 
works (e.g. 
at the 
contact 
tank, before 
the 
manganese 
contactor). 

Is there 
UV 
disinfectio
n onsite 
(Y/N)? 

Location 
of UV 
disinfectio
n system 
(Pre- or 
post-
chlorine 
contact 
tank).    

Response Response Response Response Response Response Response Response Response Response    

Storage conditions for sodium hypochlorite   

Disinfectant 
dosing tank 
material type 
(e.g. 
polypropylene
). 

Size of 
disinfectan
t dosing 
tank (L). 

Is the age of 
sodium 
hypochlorite 
monitored/ 
recorded? 

Location of 
dosing tank 
(e.g. inside, 
outside, near a 
heat source). 

Is the storage 
temperature 
controlled for 
this disinfectant? 
(please provide 
details e.g. 
chiller unit).  

Please describe 
the building 
which your 
disinfectant 
tank is located 
(e.g. brick built, 
prefabricated or 
metal).  

Is the 
dosing 
tank 
exposed 
to sunlight 
(e.g. 
through 
windows, 
located 
outside) 

How are 
levels of 
disinfectant 
monitored 
on the 
dosing tanks 
(e.g. visual, 
electronicall
y, 
transmitter 
via SCADA, 
please 
provide 
details) 

Is there a 
reorder 
level for 

this 
storage 
tank? If 

so please 
provide 
details 

Are your 
disinfecta
nt tanks 
ever 
completel
y cleaned 
/ fully 
turned 
over? 
(Y/N) 

If yes, how 
frequently 
are they 
cleaned/turn
ed over?   

Response 
 
 
 
 

Response 
 
 
 
 

Response 
 
 
 
 

Response 
 
 
 
 

Response 
 
 
 
 

Response 
 
 
 
 

Response 
 
 
 
 

Response 
 
 
 
 

Response 
 
 
 
 

Response 
 
 
 
 

Response 
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Delivery of sodium hypochlorite 
Dilution conditions of sodium hypochlorite based 

disinfectant         

What is the 
frequency of 
sodium 
hypochlorite 
deliveries to 
this water 
treatment 
works? (E.g. 
once 
monthly) 

Is the 
sodium 
hypochlorit
e assigned 
a batch 
number 
when it 
arrives at 
this water 
treatment 
works?  

Is the date 
of 
manufacture 
of the 
sodium 
hypochlorite 
solution 
known / 
recorded?  

Is the sodium 
hypochlorite 
based 
disinfectant 
diluted? (Y/N) 

If yes, what is 
used to dilute 
the disinfectant? 

What is the 
dilution factor 
for the sodium 
hypochlorite 
based 
disinfectant 
used at this 
water treatment 
works?        

Response Response Response Response Response Response        

Storage conditions for diluted disinfectant   
Additional 
Notes 

Material type 
of disinfectant 
dosing tank 

Size of 
disinfectan
t dosing 
tank (L) 

Is the age of 
sodium 
hypochlorite 
monitored/ 
recorded? 

Location of 
dosing tank 
(e.g. inside, 
outside, near a 
heat source) 

Temperature 
controlled 
storage of 
disinfectant? 
(please provide 
details e.g. 
chiller unit).  

Please describe 
the building 
which your 
disinfectant 
tank is located 
(e.g. brick built, 
prefabricated or 
metal).  

Is the 
dosing 
tank 
exposed 
to sunlight 
(e.g. 
through 
windows, 
located 
outside) 

How are 
levels of 
disinfectant 
monitored 
on the 
dosing tanks 
(e.g. visual, 
electronicall
y, 
transmitter 
via SCADA, 
please 
provide 
details) 

Is there a 
reorder 
level for 

this 
storage 
tank? If 

so please 
provide 
details 

Are your 
disinfecta
nt tanks 
ever 
completel
y cleaned 
/ fully 
turned 
over? 

If yes, how 
frequently 
are they 
cleaned/turn
ed over? 

Is the age 
of the 
stored 
disinfecta
nt 
monitored
/ 
recorded? 

Please add 
any 
information not 
covered by the 
previous 
questions or 
that you feel is 
important. 

Response Response Response Response Response Response Response Response Response Response Response Response Response 
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Appendix H: Survey of practice of disinfection at OSEC WTW used in this study 
Basic works information Dosing Points UV information  

Water 
Company Site name  

Disinfectant 
Treatment 
type 

Source 
Water Type 
(simplified 
from earlier 
list) 

WTW size 
(ML/D)  

Estimated 
Dose of 
disinfectant 
(mg/L) 

Targeted 
Residual of 
disinfectant 
(mg/L) 

Describe the chlorine 
dosing points at this water 
treatment works? (e.g. at 
the contact tank, before 
the manganese contactor) 

Is there UV 
disinfection 
onsite (Y/N)? 

Location of UV 
disinfection 
system (Pre- or 
post-chlorine 
contact tank).  

Response Response Response Response Response Response Response Response Response Response  

           

Storage conditions for OSEC 

Disinfectant 
dosing tank 
material type 
(e.g. 
polypropylene). 

Size of 
disinfectant 
dosing tank (L). 

Is the age of 
the OSEC 
solution 
monitored/ 
recorded? 

Location of 
dosing tank 
(e.g. inside, 
outside, 
near a heat 
source). 

Is the storage 
temperature 
controlled for 
this 
disinfectant? 
(please provide 
details e.g. 
chiller unit).  

Please 
describe the 
building 
which your 
disinfectant 
tank is 
located (e.g. 
brick built, 
prefabricated 
or metal).  

Is the 
dosing 
tank 
exposed to 
sunlight 
(e.g. 
through 
windows, 
located 
outside)? 

How are levels of 
disinfectant monitored on 
the dosing tanks? e.g. 
visual, electronically, 
transmitter via SCADA, 
please provide details. 

Is there a 
trigger level 

for this 
storage tank 

for further 
OSEC 

production? 
If so please 

provide 
details. 

Are your 
disinfectant tanks 
ever completely 
cleaned / fully 
turned over? 

If yes, how 
frequently are 
they 
cleaned/turned 
over? 

Response Response Response Response Response Response Response Response Response Response Response 

           

Manufacture of OSEC based sodium hypochlorite solution Additional Notes       

What is the 
frequency of 
production of 
OSEC based 
disinfectant? 

What is the batch 
volume? 

What is the 
concentration 
of sodium 
hypochlorite 
produced 
from this 
unit? (e.g. 
1%).  

What 
instrument 
is used at 
this site? 
(e.g. 
Maufacturer, 
Model).  

Please add any 
information not 
covered by the 
previous 
questions or 
that you feel is 
important.       

Response Response Response Response Response       
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Appendix I: Survey Data Collected but not included in main report 

 

 

Figure I1 – The material categories used for chlorine dosing tanks for A. sodium hypochlorite sites and B. OSEC 
sites. 
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Figure I2 Reported delivery frequency of sodium hypochlorite 

 

 

Figure I3 Responses to the question “Is the date of manufacture of the sodium hypochlorite solution known / 
recorded?” 
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Table I1 Responses to questionnaire regarding storage and monitoring of sodium hypochlorite 

 Yes  No Not Provided 

Is the age of sodium 
hypochlorite monitored/ 
recorded?  

21 31 13 

Is the storage temperature 
controlled for this 
disinfectant (i.e. air 
conditioning used)? 

16 39 10 

Is there a reorder level for 
this storage tank? 

39 6 20 

Are your disinfectant tanks 
ever completely cleaned / 
fully turned over?  

8 44 13 

Table I2 Responses to questionnaire regarding storage and monitoring of OSEC 

 Yes  No Not Provided 

Is the age of the OSEC 
solution monitored/ 
recorded?  

2 29 5 

Is the storage temperature 
controlled for this 
disinfectant? 

3 27 6 

Is there a trigger level for 
this storage tank for 
further OSEC production? 

30 0 6 

Are your disinfectant tanks 
ever completely cleaned / 
fully turned over?  

1 30 5 

Table I3 Location of disinfection dosing tank 

 Inside Outside Not Provided 

Location of sodium 
hypochlorite tanks  

43 10 12 

Location of OSEC tanks 19 12 5 

 

Table I4 Type of level monitoring on the disinfection dosing tanks  

 Visually (e.g. 
site glass) 

Electronically (e.g. 
level monitor) 

Visually and 
Electronically 

Not Monitored Not Provided 
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Sodium 
hypochlorite 
tanks level 
monitoring 

6 30 14 3 12 

Location of OSEC 
tanks level 
monitoring 

0 29 1 1 5 
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Appendix J: Sampling of large buildings where chlorine dioxide dosing is practised.  

10 buildings where chlorine dioxide dosing is adopted were identified and included in the sampling 

programme. The concentrations of chlorate that is produced by this equipment, were investigated. 

Disinfectants that can give rise to chlorate may be used in larger buildings for Legionella control. While 

this is usually restricted to hot water and air conditioning systems, there are circumstances where 

potable water systems will also be affected (e.g. large buildings requiring secondary disinfection). In 

addition the terms of the drinking water directive include water that may be consumed and so would 

include hot water systems. This part of the work was be carried out in conjunction with a company 

whose core business is to advise on disinfection systems for the control of Legionella in large buildings. 

Permissions to gain access to and take samples from the large buildings was obtained prior to sampling 

efforts.  

The team of the chlorine dioxide generator manufacturing company, Dr Emma Goslan and Prof John 

Fawell determined suitable buildings to study the use of chlorine dioxide systems in England and Wales. 

The Defra project officer approved the choice of large buildings.  

A desktop review of the available current best practice for the operation of chlorine dioxide disinfection 

plants for use within large buildings was undertaken. Consideration should be given to whether best 

practice can be improved to minimise the potential for chlorate formation. This shall link into the 

recommendations from Objective 5.
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Appendix K: Impact should new health based value be established and provide advice on 
any possible future areas of research. 

One of the team members, Prof John Fawell, is a member of the WHO team involved in the revision 

process for the standards and he is well placed to be aware of the current thinking on any new health 

based values. Prof John Fawell was also part of the team which compiled the WHO drinking water 

guidelines. The aim of this objective is to discuss the impact of any new values proposed as outlined 

above or indeed implemented during the timescale of the study. The findings of the study overall will be 

reported including the outcome from Objectives 1 and 2 to describe the extent of use of each disinfectant 

regime and any associated data. The report will present the results of the monitoring programmes 

carried out in Objectives 3 and 4 including a statistical analysis of the data from Objective 3.  Finally, 

recommendations on best practice for controlling chlorate formation will be provided alongside 

recommendations advising on possible future areas of research.
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Appendix L: Impact of temperature control systems for disinfectant on LA chlorate  
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Appendix M: Large Building Data for each Building 

 

 Figure M.1 Site 1 Chlorate/Chlorite Concentrations Pre and Post generator 

Site 2 Hospital 1 – Building B (South) 

 

Figure M.2 Site 2 Chlorate/Chlorite Concentrations Pre, At and Post generator 
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Site 3 Large Hotel (South) 

 

Figure M.3 Site 3 Chlorate/Chlorite Concentrations Pre, At and Post generator (On the 28th September 

2018, duplicate samples were taken) 

Site 4 College (Midlands) 
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Figure M.4 Site 4 Chlorate/Chlorite Concentrations Pre, At and Post generator (On each date, samples 

were taken from two different locations fed by the same water system) 

Site 5 School (South) 

 

Figure M.5 Site 5 Chlorate/Chlorite Concentrations Pre, At and Post generator (On each date, where two 

samples are indicated, these were taken from different locations fed by the same water system) 

Site 6 Golf Club (South) 
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Figure M.6 Site 6 Chlorate/Chlorite Concentrations Post generator (The samples were taken from 

different locations fed by the same water system) 

Site 7 Supermarket Large Distribution (Midlands) 

  

Figure M.7 Site 7 Chlorate/Chlorite Concentrations Pre, At and Post generator  
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Site 8 Hospital 2 – Building A  (North) 

  

Figure M.8 Site 8 Chlorate/Chlorite Concentrations Pre, At and Post generator  

Site 9 Hospital 2 – Building B  (North) 

 

Figure M.9 Site 9 Chlorate/Chlorite Concentrations Pre, At and Post generator  
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Site 10 Hospital 2 – Building C  (North) 

 

Figure M.10 Site 10 Chlorate/Chlorite Concentrations Pre, At and Post generator  
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Appendix N: Analytical Results 

 

LimsId  Water Treatment 

Works Anon

Water 

Company Anon

Date/Time 

Sampled

Chlorate as 

ClO3 (ug/L)

Chlorite as 

ClO2 (ug/L)

Final or Hypo? 

Or OSEC

1844281 66 5 15/06/2018 37 <1.0 Final

1876432 96 9 31/07/2018 179 1 Final

1876449 99 9 31/07/2018 10 1 Final

1876442 102 9 01/08/2018 62 1 Final

1876433 87 9 02/08/2018 6 1 Final

1876467 100 9 01/08/2018 <2 1 Final

1876415 88 9 02/08/2018 26 1 Final

1876444 92 9 31/07/2018 75 1 Final

1876429 89 9 31/07/2018 10 1 Final

1876437 98 9 01/08/2018 <2 1 Final

1876435 104 9 01/08/2018 252 1 Final

1876423 95 9 01/08/2018 45 1 Final

1884333 Large Buildings N/A 18/09/2018 <2 5 Chlorine Dioxide

1884333 Large Buildings N/A 18/09/2018 <2 5 Chlorine Dioxide

1884334 Large Buildings N/A 18/09/2018 2808 404.5 Chlorine Dioxide

1884334 Large Buildings N/A 18/09/2018 2808 404.5 Chlorine Dioxide

1884335 Large Buildings N/A 18/09/2018 3449 Chlorine Dioxide

1884336 Large Buildings N/A 18/09/2018 <2 <1.0 Chlorine Dioxide

1884336 Large Buildings N/A 18/09/2018 <2 <1.0 Chlorine Dioxide

1884337 Large Buildings N/A 18/09/2018 <2 <1.0 Chlorine Dioxide

1884337 Large Buildings N/A 18/09/2018 <2 <1.0 Chlorine Dioxide

1881725 Large Buildings N/A 06/09/2018 80 <1.0 Chlorine Dioxide

1881726 Large Buildings N/A 06/09/2018 456 <1.0 Chlorine Dioxide

1881727 Large Buildings N/A 06/09/2018 71 <1.0 Chlorine Dioxide

1881728 Large Buildings N/A 06/09/2018 107 2.5 Chlorine Dioxide

1881729 Large Buildings N/A 06/09/2018 70 <1.0 Chlorine Dioxide

1876799 Large Buildings N/A 28/08/2018 141 1 Chlorine Dioxide

1876800 Large Buildings N/A 28/08/2018 177 1 Chlorine Dioxide

1876801 Large Buildings N/A 28/08/2018 101 1 Chlorine Dioxide

1876802 Large Buildings N/A 28/08/2018 7 1 Chlorine Dioxide

1876803 Large Buildings N/A 28/08/2018 54 1 Chlorine Dioxide

1876804 Large Buildings N/A 28/08/2018 70 1 Chlorine Dioxide

1876805 Large Buildings N/A 28/08/2018 8 1 Chlorine Dioxide

1876806 Large Buildings N/A 28/08/2018 360 1 Chlorine Dioxide

1876807 Large Buildings N/A 28/08/2018 353 1 Chlorine Dioxide

1878984 Large Buildings N/A 03/09/2018 <2 <1.0 Chlorine Dioxide

1878985 Large Buildings N/A 03/09/2018 <2 <1.0 Chlorine Dioxide

1878986 Large Buildings N/A 03/09/2018 <2 2.4 Chlorine Dioxide

1878987 Large Buildings N/A 03/09/2018 2624 462.5 Chlorine Dioxide

1878988 Large Buildings N/A 03/09/2018 3736 597.3 Chlorine Dioxide

1899988 Large Buildings N/A 01/11/2018 12 <1.0 Chlorine Dioxide

1899989 Large Buildings N/A 01/11/2018 12 <1.0 Chlorine Dioxide

1899990 Large Buildings N/A 01/11/2018 <2 <1.0 Chlorine Dioxide

1899991 Large Buildings N/A 01/11/2018 287 <1.0 Chlorine Dioxide

1899992 Large Buildings N/A 01/11/2018 322 <1.0 Chlorine Dioxide

1907341 Large Buildings N/A 26/11/2018 <2 <1 Chlorine Dioxide

1907342 Large Buildings N/A 26/11/2018 1431 555.4 Chlorine Dioxide

1907343 Large Buildings N/A 26/11/2018 1225 524.1 Chlorine Dioxide

1914511 Large Buildings N/A 17/12/2018 <2 <1 Chlorine Dioxide
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LimsId  Water Treatment 

Works Anon

Water 

Company Anon

Date/Time 

Sampled

Chlorate as 

ClO3 (ug/L)

Chlorite as 

ClO2 (ug/L)

Final or Hypo? 

Or OSEC

1914512 Large Buildings N/A 17/12/2018 139 <1 Chlorine Dioxide

1914513 Large Buildings N/A 17/12/2018 <2 <1 Chlorine Dioxide

1891002 29 2 01/08/2018 <2 OSEC

1891001 29 2 01/08/2018 <2 Final

1852656 79 8 02/07/2018 103 <1.0 Final

1892856 79 8 08/10/2018 48 <1.0 Final

1910000 79 8 03/12/2018 73 <1 Final

1900494 79 8 05/11/2018 41 <1.0 Final

1880796 79 8 03/09/2018 78 <1.0 Final

1900191 41 5 18/10/2018 1025 <1 Final

1852655 41 5 27/06/2018 8 <1.0 Final

1852637 48 5 28/06/2018 32 <1.0 Final

1849168 48 5 29/06/2018 42 <1.0 Final

1864900 48 5 12/07/2018 1 44 Final

1900169 48 5 17/10/2018 135 <1.0 Final

1886010 48 5 12/09/2018 72 <1.0 Final

1852659 76 8 02/07/2018 5 <1.0 Final

1852663 76 8 02/07/2018 49 <1.0 Final

1880792 76 8 03/09/2018 132 <1.0 Final

1880793 77 8 03/09/2018 <2 <1.0 Final

1839866 5 1 06/06/2018 26 <1.0 Final

1888153 5 1 28/09/2018 24 <1.0 Final

1888153 5 1 28/09/2018 24 <1.0 Final

1837668 5 1 31/05/2018 31 <1.0 Final

1817192 5 1 29/03/2018 30 <1.0 Final

1880672 5 1 14/09/2018 33 0 Final

1840434 5 1 12/06/2018 30 0 Final

1818451 5 1 09/04/2018 21 0 Final

1786907 5 1 12/01/2018 18 0 Final

1796610 5 1 07/02/2018 18 0.1 Final

1808995 5 1 14/03/2018 18 0 Final

1907915 5 1 29/11/2018 21 <1 Final

1891016 53 5 17/09/2018 <2 Final

1890943 117 12 24/09/2018 141 <1.0 Final

1885978 117 12 22/08/2018 298 <1.0 Final

1839969 117 12 23/05/2018 183 <1.0 Final

1832605 117 12 16/05/2018 53 <1.0 Final

1876419 117 12 25/07/2018 422 1 Final

1864911 37 10 12/07/2018 1 2 Final

1907806 37 10 02/10/2018 662 <1 Final

1907814 37 10 30/10/2018 213 <1 Final

1907822 37 10 21/11/2018 174 <1 Final

1852665 37 10 11/07/2018 480 <1.0 Final

1844287 65 5 15/06/2018 59 <1.0 Final

1852645 65 5 26/06/2018 47 <1.0 Final

1864898 65 5 12/07/2018 46 <1.0 Final

1876450 65 5 16/08/2018 71 1 Final

1900179 65 5 17/10/2018 48 <1 Final

1900184 67 5 17/10/2018 7 <1 Final
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1864914 67 5 12/07/2018 1 148 Final

1852647 33 10 11/07/2018 301 2.6 Sodium Hypochlorite solution

1852661 33 10 04/07/2018 2 1 Sodium Hypochlorite solution

1844292 53 5 13/06/2018 29 <1.0 Final

1864888 53 5 13/07/2018 1 Final

1864893 53 5 12/07/2018 1 26 Final

1876439 53 5 17/08/2018 31 1 Final

1886000 53 5 14/09/2018 23 <1.0 Final

1886000 53 5 14/09/2018 23 <1.0 Final

1876468 33 10 31/07/2018 466 1 Final

1885986 33 10 04/09/2018 92 <1.0 Final

1907827 33 10 23/11/2018 92 <1 Final

1907809 33 10 03/10/2018 87 <1 Final

1907817 33 10 31/10/2018 148 <1 Final

1886006 49 5 12/09/2018 467 <1.0 Final

1900182 49 5 17/10/2018 <2 <1 Final

1876413 37 10 31/07/2018 465 1 Final

1885993 37 10 04/09/2018 431 <1.0 Final

1864910 60 5 12/07/2018 1 33 Final

1900180 60 5 17/10/2018 13 <1 Final

1886005 60 5 12/09/2018 15 <1.0 Final

1900193 N/A 9 04/10/2018 8 <1 Final

1900195 N/A 9 04/10/2018 9 <1 Final

1900198 N/A 9 04/10/2018 55 <1 Final

1900199 N/A 9 04/10/2018 35 <1 Final

1900197 N/A 9 04/10/2018 170 <1 Final

1900201 N/A 9 04/10/2018 81 <1 Final

1900203 N/A 9 04/10/2018 249 <1 Final

1900200 N/A 9 04/10/2018 <2 <1 Final

1900196 N/A 9 04/10/2018 52 <1 Final

1900205 N/A 9 04/10/2018 93 <1 Final

1900204 N/A 9 04/10/2018 8 <1 Final

1900194 N/A 9 04/10/2018 16 <1 Final

1900202 N/A 9 04/10/2018 58 <1 Final

1855153 N/A 9 17/07/2018 54 1 Final

1855167 N/A 9 17/07/2018 1 2 Final

1855161 N/A 9 17/07/2018 16 1 Final

1855158 N/A 9 17/07/2018 134 1 Final

1855162 N/A 9 17/07/2018 73 1 Final

1855168 N/A 9 17/07/2018 1 7 Final

1855169 N/A 9 17/07/2018 1 10 Final

1855118 N/A 9 17/07/2018 115 1 Final

1855115 N/A 9 17/07/2018 6 1 Final

1855163 N/A 9 17/07/2018 7 1 Final

1849169 63 5 29/06/2018 112 <1.0 Final

1852755 63 5 27/06/2018 133 <1.0 Final

1900174 63 5 17/10/2018 110 <1.0 Final

1842304 122 4 24/05/2018 41165 90.7 Sodium Hypochlorite solution

1891014 122 4 17/09/2018 <2 Final
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1817190 6 1 29/03/2018 28 <1.0 Final

1849569 6 1 02/07/2018 118 0 Final

1801430 6 1 21/02/2018 34 1 Final

1873715 6 1 24/08/2018 31 0 Final

1791541 6 1 29/03/2018 29 0 Final

1863425 6 1 26/07/2018 27 0 Final

1902000 6 1 08/11/2018 58 <1.0 Final

1864894 75 5 12/07/2018 44 <1.0 Final

1900189 75 5 16/10/2018 41 <1 Final

1886003 68 5 12/09/2018 6 <1.0 Final

1852660 68 5 28/06/2018 5 6.3 Final

1864890 68 5 12/07/2018 15 <1.0 Final

1839057 13 1 01/06/2018 209 <1.0 Final

1868273 13 1 06/08/2018 439 0 Final

1875728 13 1 31/08/2018 378 0 Final

1865726 13 1 31/07/2018 362 1 Final

1882641 13 1 19/09/2018 349 0 Final

1873686 13 1 24/08/2018 328 2.4 Final

1863404 13 1 26/07/2018 316 0 Final

1870737 13 1 15/08/2018 282 0 Final

1853873 13 1 20/07/2018 269 0 Final

1847997 13 1 02/07/2018 245 2.1 Final

1838310 13 1 06/06/2018 212 0 Final

1783697 13 1 02/01/2018 176 0 Final

1840962 13 1 15/06/2018 170 1.3 Final

1801400 13 1 21/02/2018 169 1 Final

1845250 13 1 26/06/2018 162 2.7 Final

1791512 13 1 26/01/2018 131 0 Final

1808597 13 1 13/03/2018 115 0 Final

1818973 13 1 12/04/2018 102 0 Final

1817197 13 1 29/03/2018 29 <1.0 Final

1901938 13 1 08/11/2018 243 <1 Final

1888154 13 1 28/09/2018 287 <1.0 Final

1888154 13 1 28/09/2018 287 <1.0 Final

1793860 7 1 01/02/2018 39 0 Final

1825999 7 1 02/05/2018 39 0 Final

1784952 7 1 03/01/2018 37 0 Final

1835791 7 1 29/05/2018 32 0 Final

1877493 7 1 04/09/2018 29 0 Final

1816670 7 1 07/04/2018 28 0 Final

1863426 7 1 26/07/2018 26 0 Final

1902833 7 1 14/11/2018 29 <1 Final

1837667 7 1 31/05/2018 29 <1.0 Final

1817189 7 1 29/03/2018 21 <1.0 Final

1907816 106 11 31/10/2018 69 <1 Final

1876412 106 11 31/07/2018 124 1 Final

1907831 106 11 23/11/2018 38 <1 Final

1842312 106 11 05/06/2018 108 <1.0 Final

1813348 106 11 15/03/2018 34 <1.0 Final

1842306 106 11 05/06/2018 1415 34.5 Sodium Hypochlorite solution
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1842306 106 11 05/06/2018 1415 34.5 Sodium Hypochlorite solution

1887889 8 1 27/09/2018 50 <1.0 Final

1887889 8 1 27/09/2018 50 <1.0 Final

1875755 8 1 30/08/2018 102 0 Final

1793203 8 1 29/01/2018 69 0 Final

1803828 8 1 27/02/2018 67 0 Final

1823994 8 1 27/04/2018 62 0 Final

1845497 8 1 27/06/2018 62 0 Final

1863644 8 1 23/07/2018 55 0 Final

1814326 8 1 29/03/2018 51 0 Final

1902219 8 1 09/11/2018 64 <1.0 Final

1817193 8 1 29/03/2018 20 <1.0 OSEC 

1837669 8 1 31/05/2018 78 <1.0 Final

1852753 47 5 28/06/2018 247 <1.0 Final

1886016 47 5 12/09/2018 256 <1.0 Final

1886008 47 5 12/09/2018 256 <1.0 Final

1900187 47 5 15/10/2018 273 <1 Final

1886493 Large buildings N/A 24/09/2018 9 <1.0 Chlorine Dioxide

1895169 Large buildings N/A 18/10/2018 <2 <1.0 Chlorine Dioxide

1895167 Large buildings N/A 18/10/2018 <2 <1.0 Chlorine Dioxide

1895168 Large buildings N/A 18/10/2018 <2 <1.0 Chlorine Dioxide

1839058 Large buildings N/A 01/06/2018 53 <1.0 Final

1909346 Large buildings N/A 18/11/2018 140 375.4 Chlorine Dioxide

1844284 71 5 11/06/2018 <2 <1.0 Final

1864896 71 5 12/07/2018 1 2 Final

1886022 71 5 13/09/2018 <2 <1.0 Final

1900192 71 5 18/10/2018 4 <1 Final

1852631 71 5 27/06/2018 4 <1.0 Final

1869477 9 1 10/08/2018 127 0 Final

1796468 9 1 07/02/2018 119 2 Final

1880539 9 1 14/09/2018 119 0 Final

1786773 9 1 12/01/2018 108 0 Final

1840310 9 1 12/06/2018 107 1 Final

1828263 9 1 08/05/2018 106 0 Final

1808845 9 1 14/03/2018 99 0 Final

1818317 9 1 09/04/2018 94 0 Final

1838995 9 1 31/05/2018 117 <1.0 Final

1817383 9 1 30/03/2018 90 <1.0 Final

1907614 9 1 27/11/2018 133 <1 Final

1886346 9 1 26/09/2018 128 <1.0 Final

1849639 Large buildings N/A 02/07/2018 52 1 Chlorine Dioxide

1849638 Large buildings N/A 02/07/2018 7 1 Chlorine Dioxide

1900166 58 5 17/10/2018 246 <1.0 Final

1886001 58 5 12/09/2018 30 Final

1864907 47 5 12/07/2018 265 <1.0 Final

1852632 80 8 02/07/2018 64 <1.0 Final

1892853 80 8 08/10/2018 57 <1.0 Final

1900491 80 8 05/11/2018 42 <1.0 Final

1909998 80 8 03/12/2018 31 <1 Final
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1852750 83 8 02/07/2018 92 <1.0 Final

1892854 83 8 08/10/2018 63 <1.0 Final

1900492 83 8 05/11/2018 62 <1.0 Final

1880794 83 8 03/09/2018 71 <1.0 Final

1900172 43 5 17/10/2018 49 <1.0 Final

1852630 43 5 27/06/2018 11 <1.0 Final

1840313 10 1 12/06/2018 453 0 Final

1869481 10 1 10/08/2018 428 0 Final

1818321 10 1 23/04/2018 390 0 Final

1828267 10 1 08/05/2018 386 0 Final

1796472 10 1 07/02/2018 351 0.1 Final

1880543 10 1 14/09/2018 333 0 Final

1786777 10 1 12/01/2018 310 0 Final

1817157 10 1 29/03/2018 177 <1.0 Final

1886347 10 1 26/09/2018 343 <1.0 Final

1876420 105 11 31/07/2018 134 1 Final

1907829 105 11 23/11/2018 103 <1 Final

1907819 105 11 01/11/2018 148 <1 Final

1885997 105 11 06/09/2018 259 <1.0 Final

1842314 105 11 05/06/2018 217 <1.0 Final

1813347 105 11 14/03/2018 52 <1.0 Final

1842307 105 11 06/06/2018 19194 206.9 Sodium Hypochlorite solution

1813351 105 11 17/03/2018 18979 Sodium Hypochlorite solution

1876447 108 11 31/07/2018 98 1 Final

1907828 108 11 23/11/2018 123 <1 Final

1907820 108 11 01/11/2018 95 <1 Final

1885996 108 11 06/09/2018 75 <1.0 Final

1842315 108 11 05/06/2018 56 <1.0 Final

1813346 108 11 13/03/2018 24 <1.0 Final

1852662 84 8 02/07/2018 99 <1.0 Final

1892857 84 8 08/10/2018 98 <1.0 Final

1900495 84 8 05/11/2018 68 <1.0 Final

1910001 84 8 03/12/2018 70 <1 Final

1900165 40 5 17/10/2018 <2 <1.0 Final

1852756 40 5 26/06/2018 <2 <1.0 Final

1864904 40 5 12/07/2018 1 824 Final

1876418 107 11 31/07/2018 72 1 Final

1907818 107 11 01/11/2018 57 <1 Final

1907830 107 11 23/11/2018 35 <1 Final

1842313 107 11 05/06/2018 53 <1.0 Final

1813349 107 11 16/03/2018 16 <1.0 Final

1864908 66 5 12/07/2018 95 <1.0 Final

1852639 66 5 26/06/2018 51 <1.0 Final

1876422 66 5 15/08/2018 49 1 Final

1886002 66 5 12/09/2018 97 <1.0 Final

1855117 129 4 25/06/2018 29 <1.0 Final

1876461 129 4 13/08/2018 48 1 Final

1855120 129 4 25/06/2018 2 1 Sodium Hypochlorite solution

1842303 129 4 21/05/2018 2796 29.5 Sodium Hypochlorite solution
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1852759 50 5 27/06/2018 126 <1.0 Final

1900173 50 5 17/10/2018 140 <1.0 Final

1892912 Large buildings N/A 09/10/2018 261 <1.0 Chlorine Dioxide

1826232 11 1 03/05/2018 50 0 Final

1836596 11 1 01/06/2018 50 0 Final

1848948 11 1 06/07/2018 49 0 Final

1734887 11 1 04/08/2017 47 0 Final

1796475 11 1 06/06/2018 47 0 Final

1805660 11 1 05/03/2018 44 0 Final

1784056 11 1 03/01/2018 39 0 Final

1873026 11 1 21/08/2018 33 0 Final

1865976 11 1 01/08/2018 30 0 Final

1839634 11 1 05/06/2018 43 <1.0 Final

1888155 11 1 28/09/2018 27 <1.0 Final

1888155 11 1 28/09/2018 27 <1.0 Final

1817195 11 1 29/03/2018 51 <1.0 OSEC 

1793868 12 1 01/02/2018 28 0 Final

1826007 12 1 02/05/2018 27 0 Final

1816683 12 1 07/04/2018 20 0 Final

1848036 12 1 02/07/2018 20 0 Final

1841504 12 1 08/06/2018 26 <1.0 Final

1817188 12 1 29/03/2018 333 <1.0 Final

1832606 112 12 16/05/2018 68 <1.0 Final

1852658 78 8 02/07/2018 26 <1.0 Final

1900496 78 8 05/11/2018 27 <1.0 Final

1880797 78 8 03/09/2018 80 <1.0 Final

1910002 78 8 03/12/2018 57 <1 Final

1852627 42 5 26/06/2018 31 <1.0 Final

1900176 42 5 17/10/2018 103 <1.0 Final

1849181 42 5 15/06/2018 29 <1.0 Final

1907821 34 10 21/11/2018 141 <1 Final

1907803 34 10 02/10/2018 133 <1 Final

1876446 34 10 31/07/2018 84 1 Final

1907810 34 10 30/10/2018 132 <1 Final

1852752 34 10 11/07/2018 92 <1.0 Final

1839971 112 12 23/05/2018 63 <1.0 Final

1890942 112 12 24/09/2018 124 <1.0 Final

1876443 112 12 25/07/2018 75 1 Final

1885980 112 12 22/08/2018 103 <1.0 Final

1864912 112 12 12/07/2018 1 2 Final

1852624 112 12 28/06/2018 <2 <1.0 Final

1900171 112 12 17/10/2018 <2 <1.0 Final

1890998 81 8 30/07/2018 <2 OSEC

1891000 81 8 30/07/2018 <2 Final

1852634 81 8 02/07/2018 373 <1.0 Final

1909997 81 8 03/12/2018 248 <1 Final

1911553 Large buildings N/A 05/12/2018 237 <1 Chlorine Dioxide

1911554 Large buildings N/A 05/12/2018 <2 <1 Chlorine Dioxide

1911555 Large buildings N/A 05/12/2018 <2 <1 Chlorine Dioxide
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1890999 27 2 30/07/2018 <2 Sodium Hypochlorite solution

1839973 119 12 23/05/2018 99 <1.0 Final

1890945 119 12 24/09/2018 169 <1.0 Final

1832604 119 12 16/05/2018 50 <1.0 Final

1885976 119 12 22/08/2018 257 <1.0 Final

1876430 119 12 25/07/2018 347 1 Final

1865763 2 1 31/07/2018 478 0 Final

1863440 2 1 26/07/2018 451 0 Final

1868318 2 1 06/08/2018 380 0 Final

1873731 2 1 24/08/2018 361 0 Final

1870782 2 1 15/08/2018 307 2.5 Final

1851017 2 1 11/07/2018 306 2.6 Final

1841007 2 1 15/06/2018 278 0 Final

1843216 2 1 21/06/2018 266 1.8 Final

1845287 2 1 26/06/2018 227 2.2 Final

1848042 2 1 02/07/2018 227 0 Final

1882686 2 1 19/09/2018 217 0 Final

1875771 2 1 30/08/2018 208 0 Final

1838355 2 1 06/06/2018 200 0 Final

1853918 2 1 20/07/2018 128 0 Final

1783753 2 1 02/01/2018 108 0 Final

1791557 2 1 26/01/2018 94 0 Final

1819009 2 1 12/04/2018 82 0 Final

1808634 2 1 13/03/2018 76 0 Final

1801445 2 1 21/02/2018 72 1 Final

1837100 2 1 29/05/2018 311 <1.0 Final

1817199 2 1 29/03/2018 158 <1.0 Final

1886497 2 1 26/09/2018 186 <1.0 Final

1901939 2 1 08/11/2018 104 <1 Final

1852643 85 8 02/07/2018 4 <1.0 Final

1892858 85 8 08/10/2018 111 <1.0 Final

1900497 85 8 05/11/2018 43 <1.0 Final

1880798 85 8 03/09/2018 <2 <1.0 Final

1910003 85 8 03/12/2018 5 <1 Final

1839972 113 12 23/05/2018 53 <1.0 Final

1890941 113 12 24/09/2018 102 <1.0 Final

1832603 113 12 16/05/2018 34 <1.0 Final

1876417 113 12 25/07/2018 113 1 Final

1885975 113 12 22/08/2018 127 <1.0 Final

1852648 61 5 28/06/2018 33 <1.0 Final

1864892 61 5 12/07/2018 1 48 Final

1900168 61 5 17/10/2018 31 <1.0 Final

1886009 61 5 12/09/2018 29 <1.0 Final

1852657 57 5 21/06/2018 214 <1.0 Final

1864895 57 5 12/07/2018 363 <1.0 Final

1900170 57 5 17/10/2018 43 <1.0 Final

1852758 35 10 11/07/2018 201 <1.0 Final

1876428 35 10 31/07/2018 160 1 Final

1907811 35 10 30/10/2018 178 <1 Final
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1907824 35 10 21/11/2018 192 <1 Final

1907804 35 10 02/10/2018 195 <1 Final

1885991 35 10 04/09/2018 176 <1.0 Final

1872060 Large buildings N/A 15/08/2018 14 1 Chlorine Dioxide

1872061 Large buildings N/A 15/08/2018 2 1 Chlorine Dioxide

1872062 Large buildings N/A 15/08/2018 211 1 Chlorine Dioxide

1872063 Large buildings N/A 15/08/2018 2 1 Chlorine Dioxide

1872064 Large buildings N/A 15/08/2018 223 1 Chlorine Dioxide

1872065 Large buildings N/A 15/08/2018 2 1 Chlorine Dioxide

1849173 57 5 15/06/2018 153 <1.0 Final

1839974 109 12 23/05/2018 72 <1.0 Final

1890946 109 12 24/09/2018 189 <1.0 Final

1832602 109 12 16/05/2018 81 <1.0 Final

1876426 109 12 25/07/2018 121 1 Final

1885979 109 12 24/08/2018 120 <1.0 Final

1876414 38 10 31/07/2018 56 1 Final

1907825 38 10 21/11/2018 44 <1 Final

1907805 38 10 02/10/2018 57 <1 Final

1907813 38 10 30/10/2018 53 <1 Final

1885983 38 10 04/09/2018 60 <1.0 Final

1864913 69 5 12/07/2018 1 38 Final

1900183 69 5 17/10/2018 <2 <1 Final

1849167 69 5 29/06/2018 2 <1.0 Final

1907807 39 10 02/10/2018 338 <1 Final

1876445 39 10 31/07/2018 325 1 Final

1907812 39 10 30/10/2018 299 <1 Final

1907823 39 10 21/11/2018 294 <1 Final

1885989 39 10 04/09/2018 51 <1.0 Final

1852629 39 10 11/07/2018 262 <1.0 Final

1852626 56 5 28/06/2018 201 <1.0 Final

1864887 56 5 13/07/2018 1 194 Final

1852633 44 5 27/06/2018 175 <1.0 Final

1876438 44 5 16/08/2018 237 1 Final

1844290 44 5 15/06/2018 105 <1.0 Final

1844290 44 5 15/06/2018 105 <1.0 Final

1886013 44 5 13/09/2018 179 <1.0 Final

1864902 44 5 12/07/2018 208 <1.0 Final

1900178 56 5 17/10/2018 280 <1.0 Final

1852751 38 10 11/07/2018 65 <1.0 Final

1842309 128 4 22/05/2018 13394 127.4 Sodium Hypochlorite solution

1855156 29 2 29/06/2018 47 <1.0 Final

1855134 29 2 29/06/2018 2 1 Sodium Hypochlorite solution

1855131 29 2 29/06/2018 2 1 Sodium Hypochlorite solution

1876448 29 2 14/08/2018 13713330 1 Sodium Hypochlorite solution

1876466 29 2 23/07/2018 46 1 Final

1876464 29 2 14/08/2018 98 1 Final

1876463 29 2 14/08/2018 41265890 1 Sodium Hypochlorite solution

1891010 29 2 17/09/2018 <2 Final

1842310 29 2 22/05/2018 19056 78.7 Sodium Hypochlorite solution
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1891008 29 2 17/09/2018 <2 Final

1886023 3 1 24/09/2018 59 <1.0 Final

1837285 3 1 29/05/2018 45 <1.0 Final

1793237 3 1 29/01/2018 66 0 Final

1833459 3 1 23/05/2018 53 0 Final

1863678 3 1 23/07/2018 50 0 Final

1824029 3 1 27/04/2018 30 0 Final

1814363 3 1 29/03/2018 19 0 Final

1901799 3 1 06/11/2018 57 <1.0 Final

1839970 115 12 23/05/2018 107 <1.0 Final

1890947 115 12 24/09/2018 71 <1.0 Final

1832601 115 12 16/05/2018 123 <1.0 Final

1876427 115 12 25/07/2018 67 1 Final

1885981 115 12 22/08/2018 67 <1.0 Final

1886004 55 5 12/09/2018 152 <1.0 Final

1864915 55 5 12/07/2018 592 <1.0 Final

1852754 55 5 28/06/2018 456 <1.0 Final

1842301 124 4 23/05/2018 13815 133.9 Sodium Hypochlorite solution

1852652 70 5 29/06/2018 14 <1.0 Final

1864891 70 5 12/07/2018 1 33 Final

1900167 70 5 17/10/2018 28 <1.0 Final

1876441 125 4 14/08/2018 17307970 329550 Dilute Hypo

1855112 125 4 29/06/2018 106 <1.0 Final

1876465 125 4 23/07/2018 172 1 Final

1876456 125 4 14/08/2018 48 1 Sodium Hypochlorite solution

1855122 125 4 17/07/2018 2 1 Sodium Hypochlorite solution

1876454 125 4 14/08/2018 32317310 1 Sodium Hypochlorite solution

1842311 125 4 24/05/2018 22487 113.2 Sodium Hypochlorite solution

1891011 125 4 17/09/2018 <2 Final

1886025 15 1 24/09/2018 8 <1.0 Final

1837286 15 1 29/05/2018 12 <1.0 Final

1817384 15 1 30/03/2018 10 <1.0 Final

1901800 15 1 06/11/2018 12 <1.0 Final

1866479 15 1 03/08/2018 31 0 Final

1784611 15 1 05/01/2018 18 0 Final

1805689 15 1 05/03/2018 16 0 Final

1806142 15 1 07/03/2018 16 0 Final

1825814 15 1 01/05/2018 14 0 Final

1815822 15 1 02/04/2018 11 0 Final

1848748 15 1 05/07/2018 8 0 Final

1886495 Large Buildings N/A 24/09/2018 9 <1.0 Chlorine Dioxide

1892913 Large Buildings N/A 09/10/2018 155 <1.0 Chlorine Dioxide

1889241 Large Buildings N/A 28/09/2018 162 <1.0 Chlorine Dioxide

1889241 Large Buildings N/A 28/09/2018 162 <1.0 Chlorine Dioxide

1889242 Large Buildings N/A 28/09/2018 170 <1.0 Chlorine Dioxide

1889242 Large Buildings N/A 28/09/2018 170 <1.0 Chlorine Dioxide

1909347 Large Buildings N/A 18/11/2018 184 372.7 Chlorine Dioxide

1922885 Large Buildings N/A 14/01/2019 <2 <1 Chlorine Dioxide

1914399 Large Buildings N/A 10/12/2018 434 <1 Chlorine Dioxide
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1886494 Large Buildings N/A 24/09/2018 <2 <1.0 Chlorine Dioxide

1892911 Large Buildings N/A 09/10/2018 36 <1.0 Chlorine Dioxide

1889237 Large Buildings N/A 28/09/2018 <2 <1.0 Chlorine Dioxide

1889237 Large Buildings N/A 28/09/2018 <2 <1.0 Chlorine Dioxide

1889238 Large Buildings N/A 28/09/2018 <2 <1.0 Chlorine Dioxide

1889238 Large Buildings N/A 28/09/2018 <2 <1.0 Chlorine Dioxide

1909345 Large Buildings N/A 18/11/2018 62 <1 Chlorine Dioxide

1922883 Large Buildings N/A 14/01/2019 <2 <1 Chlorine Dioxide

1914397 Large Buildings N/A 10/12/2018 59 <1 Chlorine Dioxide

1844285 52 5 14/06/2018 22 <1.0 Final

1864909 52 5 12/07/2018 1 53 Final

1900188 52 5 15/10/2018 53 <1 Final

1852636 52 5 26/06/2018 47 <1.0 Final

1876451 52 5 16/08/2018 111 1 Final

1839968 110 12 23/05/2018 46 <1.0 Final

1890944 110 12 24/09/2018 328 <1.0 Final

1832607 110 12 16/05/2018 35 <1.0 Final

1876424 110 12 25/07/2018 4 1 Final

1885977 110 12 22/08/2018 260 <1.0 Final

1855137 121 4 27/06/2018 2 1 Dilute Hypo

1876458 121 4 15/08/2018 29103580 226640 Sodium Hypochlorite solution

1876462 121 4 15/08/2018 265 1 Final

1876460 121 4 15/08/2018 32223280 1 Sodium Hypochlorite solution

1842305 121 4 23/05/2018 17966 118.4 Sodium Hypochlorite solution

1889239 Large buildings N/A 28/09/2018 159 <1.0 Chlorine Dioxide

1889239 Large buildings N/A 28/09/2018 159 <1.0 Chlorine Dioxide

1889240 Large buildings N/A 28/09/2018 163 <1.0 Chlorine Dioxide

1889240 Large buildings N/A 28/09/2018 163 <1.0 Chlorine Dioxide

1890992 24 2 27/07/2018 <2 OSEC

1784614 16 1 05/01/2018 581 0 Final

1836388 16 1 31/05/2018 498 0 Final

1882487 16 1 18/09/2018 440 0 Final

1809370 16 1 27/05/2018 434 0 Final

1840120 16 1 11/06/2018 424 0 Final

1838166 16 1 05/06/2018 422 0 Final

1866482 16 1 03/08/2018 420 0 Final

1843015 16 1 20/06/2018 417 0 Final

1868060 16 1 02/08/2018 396 0 Final

1869299 16 1 09/08/2018 395 0 Final

1864150 16 1 25/07/2018 392 0 Final

1863463 16 1 26/07/2018 387 Final

1850819 16 1 10/07/2018 383 0 Final

1853073 16 1 16/07/2018 378 0 Final

1848751 16 1 05/07/2018 375 0 Final

1846001 16 1 29/06/2018 359 0 Final

1872853 16 1 20/08/2018 355 0 Final

1790669 16 1 22/01/2018 298 0 Final

1870596 16 1 14/08/2018 269 0 Final

1818809 16 1 11/04/2018 237 0 Final
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1901941 16 1 08/11/2018 557 <1 Final

1839637 16 1 05/06/2018 428 <1.0 Final

1817156 16 1 29/03/2018 15 <1.0 Final

1886024 16 1 24/09/2018 415 <1.0 Final

1855116 120 4 12/07/2018 2 1 Sodium Hypochlorite solution

1855126 120 4 12/07/2018 2 1 Sodium Hypochlorite solution

1844283 74 5 14/06/2018 5 <1.0 Final

1864906 74 5 12/07/2018 5 <1.0 Final

1900177 74 5 17/10/2018 <2 <1.0 Final

1876436 74 5 17/08/2018 113 1 Final

1852650 74 5 27/06/2018 116 <1.0 Final

1864903 51 5 12/07/2018 1 19 Final

1844286 51 5 13/06/2018 36 <1.0 Final

1852646 51 5 29/06/2018 30 <1.0 Final

1900185 51 5 15/10/2018 30 <1 Final

1876431 51 5 14/08/2018 20 1 Final

1886019 51 5 13/09/2018 23 <1.0 Final

1844282 64 5 13/06/2018 18 <1.0 Final

1864897 64 5 12/07/2018 1 22 Final

1900186 64 5 15/10/2018 34 <1 Final

1852649 64 5 29/06/2018 30 <1.0 Final

1876440 64 5 14/08/2018 25 1 Final

1886007 64 5 13/09/2018 36 <1.0 Final

1886007 64 5 13/09/2018 36 <1.0 Final

1842300 120 4 24/05/2018 12616 12.6 Sodium Hypochlorite solution

1891006 120 4 20/09/2018 <2 Final

1855129 120 4 27/06/2018 2 1 Dilute Hypo

1855124 120 4 27/06/2018 2 1 Sodium Hypochlorite solution

1844291 54 5 14/06/2018 139 <1.0 Final

1876425 54 5 17/08/2018 159 1 Final

1886020 54 5 24/09/2018 137 <1.0 Final

1864889 54 5 13/07/2018 1 156 Final

1864905 54 5 12/07/2018 172 <1.0 Final

1852635 54 5 27/06/2018 194 <1.0 Final

1852651 62 5 28/06/2018 130 <1.0 Final

1900190 62 5 16/10/2018 85 <1 Final

1864886 62 5 11/07/2018 118 <1.0 Final

1885999 62 5 11/09/2018 110 <1.0 Final

1844288 45 5 14/06/2018 303 <1.0 Final

1864899 45 5 12/07/2018 649 <1.0 Final

1900181 45 5 17/10/2018 177 <1 Final

1855141 123 4 29/06/2018 2 1 Sodium Hypochlorite solution

1842302 123 4 23/05/2018 11888 130.9 Sodium Hypochlorite solution

1876421 73 5 16/08/2018 2 1 Final

1844289 73 5 15/06/2018 <2 <1.0 Final

1844289 73 5 15/06/2018 2 1 Final

1852642 73 5 27/06/2018 <2 <1.0 Final

1864901 73 5 12/07/2018 <2 <1.0 Final

1886021 73 5 13/09/2018 <2 <1.0 Final
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LimsId  Water Treatment Water Date/Time Chlorate as Chlorite as Final or Hypo? 

1914398 Large Buildings N/A 10/12/2018 186 <1 Chlorine Dioxide

1901940 82 8 08/11/2018 283 <1.0 Final

1839056 82 8 01/06/2018 165 <1.0 Final

1817198 82 8 29/03/2018 105 <1.0 Final

1870983 82 8 16/08/2018 612 0 Final

1869456 82 8 10/08/2018 552 0 Final

1873003 82 8 21/08/2018 469 0 Final

1863628 82 8 23/07/2018 444 0 Final

1853229 82 8 17/07/2018 350 0 Final

1842484 82 8 18/06/2018 340 0 Final

1865950 82 8 01/08/2018 321 0 Final

1874826 82 8 22/08/2018 304 Final

1838563 82 8 07/06/2018 274 0 Final

1845481 82 8 27/06/2018 225 1.2 Final

1840293 82 8 12/06/2018 214 0 Final

1790833 82 8 23/01/2018 187 0 Final

1882886 82 8 20/09/2018 184 0 Final

1836569 82 8 01/06/2018 167 0 Final

1808824 82 8 14/03/2018 139 0 Final

1784027 82 8 03/01/2018 124 0 Final

1801641 82 8 22/02/2018 65 1 Final

1892859 82 8 08/10/2018 18 <1.0 Final

1852625 82 8 02/07/2018 38 <1.0 Final

1900498 82 8 05/11/2018 34 <1.0 Final

1880799 82 8 03/09/2018 169 <1.0 Final

1910004 82 8 03/12/2018 50 <1 Final

1852638 86 8 02/07/2018 50 <1.0 Final

1892855 86 8 08/10/2018 77 <1.0 Final

1900493 86 8 05/11/2018 45 <1.0 Final

1880795 86 8 03/09/2018 90 <1.0 Final

1909999 86 8 03/12/2018 50 <1 Final

1852628 72 5 27/06/2018 27 <1.0 Final

1876416 36 10 31/07/2018 632 1 Final

1852664 36 10 11/07/2018 333 <1.0 Sodium Hypochlorite solution

1852757 36 10 04/07/2018 2 1 Sodium Hypochlorite solution

1907815 36 10 31/10/2018 275 <1 Final

1907808 36 10 03/10/2018 465 <1 Final

1907826 36 10 23/11/2018 204 <1 Final

1885985 36 10 05/09/2018 443 <1.0 Final

1900175 36 10 17/10/2018 33 <1.0 Final

1855145 127 4 26/06/2018 61 <1.0 Final

1876455 127 4 15/08/2018 5 1 Final

1876453 127 4 24/07/2018 36071980 1 Sodium Hypochlorite solution

1876459 127 4 15/08/2018 38620740 1 Sodium Hypochlorite solution

1876452 127 4 24/07/2018 17165670 1 Sodium Hypochlorite solution

1876457 127 4 15/08/2018 15730570 258440 Sodium Hypochlorite solution

1842308 127 4 29/05/2018 18002 72 Sodium Hypochlorite solution

1891005 20 2 01/05/2018 190 <1.0 Chlorine Dioxide

1890995 81 8 30/07/2018 54 <1.0 Final

1891003 20 2 01/08/2018 <2 Sodium Hypochlorite solution

1890996 89 9 30/07/2018 17404700 Sodium Hypochlorite solution


