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Drinking Water Inspectorate (DWI) 
 

Summary 

i Reasons 

Current guidance for compliance monitoring allows the use of online monitors for data 
collection. However, there has been little uptake of this option by UK water companies. The 
Drinking Water Inspectorate (DWI) wishes to enable water companies to minimise the cost of 
regulation consistent with effective regulation and is therefore currently reviewing the relevant 
guidelines. 

The purpose of this research was to assess the scope for providing simpler guidelines to 
encourage wider take-up of this option without risk to data reliability and compliance 
regulation.  

ii Objectives 

The objectives of the project were: 

• to establish the extent to which online monitors are used for compliance monitoring; 

• to determine whether they meet the requirements of the regulations as specified in 
Regulation 16 and the provisions of the guidance; 

• to make a critical appraisal of the provisions for online monitoring in the existing 
guidance document; and 

• if appropriate, to suggest simplifications to the guidance. 

The scope of these objectives was limited to measurements of chlorine, turbidity and 
conductivity. 

iii Benefits 

The project report provides an evidence base for DWI to make informed decisions about 
possible changes to the current guidance on the use of online monitors for compliance data. 

iv Conclusions 

Use. There is no use of online monitors for compliance at present; economic reasons are 
usually cited. 
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Performance. Whilst most of the provisions in the current guidance are already being, or can 
readily be met, the ‘fit-for-purpose’ requirement presents some difficulties. This part of the 
guidance specifies the extent to which online and laboratory data can differ for the online data 
to be acceptable; it sets limits on the mean difference between data pairs of online and 
laboratory data, and on the 95% confidence range of the difference between online and 
laboratory data pairs. By agreement with DWI, the project focused on chlorine, free and total, 
turbidity and conductivity, and the achievement of the ‘fitness-for-purpose’ criterion was found 
to vary by parameter: 

• Chlorine. The difference of means between online and laboratory data is small in all 
datasets analysed and the limit in the existing guidance would generally be met by the 
online instruments in current use with little additional maintenance and calibration. This 
is believed to be because the same handheld DPD instrument is generally used both 
for the instrument calibration and the laboratory measurement. However the 95% 
confidence range requirement for the difference between online and laboratory data 
cannot be met reliably with existing methods, even with the application of additional 
maintenance and calibration. The report has investigated the option of creating a ‘PCV 
equivalent’ at 2.0 or 2.5 mg/l. Meeting the fit-for-purpose requirement at a ‘PCV 
equivalent’ of 2.5 mg/l is judged to be achievable across a wide range of sites but may 
increase the uncertainty of the compliance data; meeting a ‘PCV equivalent’ of 2.0 mg/l 
may be difficult to achieve reliably at all sites but is estimated to make very little change 
to the uncertainty of the data. 

• Turbidity. The difference of means between online and laboratory data is significant in 
most datasets analysed and exceeds the limit in the existing guidance (0.05 NTU as 
5% of PCV). The bias is generally towards a lower online value and the report 
discusses possible reasons for this. The 95% confidence range requirement for the 
difference between online and laboratory data (0.1 NTU as 10% of PCV) cannot be met 
reliably with existing methods, even with the application of additional maintenance and 
calibration. This is believed to be because current final water turbidity values are close 
to the lower working limit of the instruments in use. Several options for changes to the 
guidance have been considered; the use of a site bench turbidimeter, operated under 
appropriate analytical quality control procedures, for laboratory measurements is 
favoured. 

• Conductivity. Existing online conductivity data in almost all cases meet the current 
guidelines with no additional maintenance and calibration effort needed.  

Quality control procedures. Water companies in England and Wales maintain local records 
of the calibration and validation checks on their online instruments, but for the most part, 
these are not formally reviewed for actions. A centralised electronic system would be needed 
to maintain and review control charts.  
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Costs and benefits. Estimation of costs and benefits shows a small benefit in using online 
compliance samples for works which are required to take daily compliance samples, but on all 
other sites it will be cheaper to meet the compliance sampling obligations using laboratory 
analysis. Many water companies have expressed the view that as long as bacteriological 
quality measurement requires manual sampling, there is little to be gained by using online 
measurements for other parameters. 

Continuous online monitoring. Continuous online monitoring for compliance would provide 
more data for DWI than the current arrangements and, if implemented, the main benefit would 
be to monitor the consistency of final water quality more effectively than is possible with spot 
samples. Online monitoring would however increase the probability of detecting a failure and 
this may require revision of the reporting arrangements. Continuous online compliance 
monitoring would be expected to increase DWI’s monitoring costs.  

v Suggestions 

It is suggested that DWI considers revisions to the guidelines for the use of online data for 
compliance. The suggested revisions are: 

• For chlorine, fixed limits for the mean difference and for the 95% confidence range are 
provided at a level of ‘equivalent PCV’ of 2.0 or 2.5 mg/l. WRc believes that this level of 
performance is achievable within the inherent variability of the DPD measurement as 
currently practised. 

• For turbidity the option of using a site bench instrument for reference measurements is 
offered. Clear AQC requirements and minimum performance requirements for this 
instrument will need to be included in the guidance. It is also essential that a bench 
instrument rather than a handheld instrument is used, in order to have the sensitivity to 
operate reliably at low turbidity values. 

• For conductivity, reporting of the result corrected to 25°C should be emphasised. The 
fitness-for-purpose requirements could be made more demanding, if this is perceived to 
have benefits for regulation. 

• Whilst the current guidance is in principle very straightforward, its clarity would be 
greatly improved by the inclusion of an example dataset and its analysis. 

A move towards continuous online monitoring for compliance is only suggested if DWI 
consider that there is a need to tighten regulation of water treatment works operation. 
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vi Résumé of Contents 

The report establishes the performance of current UK online instruments against laboratory 
measurement using field data and this is complemented by a literature search. The report 
finds that there are some important differences between online and laboratory measurements 
of chlorine, turbidity and conductivity. Possible reasons for the difference are offered, and 
possible changes to the guidance are suggested which would enable the guidance to be more 
readily achievable. The appendices provide a record of the project material based upon 
interim reporting, covering the site data, its analysis, the costs and benefits of switching to 
online compliance data, and a brief assessment of the possible implications of using the full 
online data record as the basis for regulation. 
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1. Introduction 

Current DWI guidance on the implementation of the Water Supply (Water Quality) 
Regulations (1) for water treatment includes the option of using online instrumentation to 
gather compliance data, rather than using sampling and laboratory analysis. The use of online 
data for compliance is conditional upon meeting guidelines on the performance and operation 
of the instrumentation. DWI has funded this research by WRc into the use of online 
instrumentation in water treatment to determine whether simplified guidance might encourage 
uptake of online monitors for collecting compliance data without any risk to data reliability or 
compliance regulation.  

The main project effort has been to collect and analyse available paired online and laboratory 
measurements on final water from UK water companies. It was agreed with DWI that WRc 
would focus on chlorine (free and total), turbidity and conductivity as measured in the final 
water at water treatment works. Online and corresponding compliance measurements have 
been obtained from six water utilities and sixteen works. All but two works were visited to 
assess sampling, instrument checks, calibration and maintenance regimes. WRc would like to 
acknowledge the assistance provided by UK water companies in making the data available 
and informing the project about current operational practice with online instruments. This has 
enabled WRc to consider whether data from online instruments would meet existing 
guidelines. The picture which emerges from the analysis is a mixed one, and WRc has been 
able to make detailed recommendations for the different water quality measurements. In 
addition to analysing UK data, WRc has searched and analysed information from a wide 
range of sources to complement the UK-based analysis, and made an economic appraisal of 
a switch from laboratory to online sampling for compliance. Finally WRc has briefly 
considered the radical option of using the full record of continuous online data for regulation in 
place of periodic sampling; it has been made clear by DWI that such a policy change is not 
under active consideration. 

For convenience of the reader, the material in this report is arranged in the same sequence: 
chlorine, turbidity, conductivity. 

During the project WRc has prepared interim reports (2, 3, 4, 5) covering all aspects of the 
research for DWI. This material is included as appendices to this final report.  

Please note that there are two sets of references: the main report references are listed at the 
end of the main report on page 50. There is a second set of references at the end of Appendix 
A on page 66. 
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2. Review of literature and other sources – 
main findings 

The project has relied upon data provided by UK water companies as the main source of 
information about the performance of online water quality measurements. The literature 
search was conducted to seek out other data which might develop a fuller understanding of 
the issues around comparisons between online and laboratory data for drinking water quality. 
The literature material has also proved useful in confirming the picture obtained by analysing 
the water company data. The full literature search report is given in Appendix A. 

2.1 Scope of searches 

The literature search included: 

• WRc’s Aqualine database and Science Direct, general web searching. 
• WRc instrument evaluation projects. 
• Evaluation reports from the US ETV scheme. 
• Government and research organisations US EPA, CSIRO, KIWA, EU CORDIS 

database. 
• Universities. 
• Instrument suppliers. 

The database searches were generally limited to the last ten years. Some earlier material 
from other sources has been included where it was thought to be of value. 

2.2 Online and laboratory comparison data 

The recent open literature reflects current interests for water companies, and these fall largely 
into two areas: network water quality measurement; and (especially in the US) monitoring for 
deliberate or accidental contamination, so called ‘homeland security’. Most of these contain 
only occasional reports of comparisons between online and laboratory measurements. There 
are two detailed comparisons (6, 7) between laboratory and online measurements for 
distribution instruments. These have some relevance for chlorine measurements where the 
best distribution instruments approach the performance of process instruments, but for 
turbidity the distribution instrument performance falls well short of the process equivalents and 
the comparisons do not provide useful guidance on process instrument performance. Only 
three studies have been found where the data are highly relevant: 

• An AWWA study carried out in 2004 where online and bench instrument data were 
compared over a 12 month period across several sites (8); 

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 6 



Drinking Water Inspectorate (DWI) 
 

• A 2006 comparative study of eight turbidimeters carried out by a UK water company 
over a four week period where the online data were compared with both bench and 
laboratory measurements (9); 

• A WRc laboratory evaluation of bufferless chlorine instruments from 2009 (10). 

Tables 2.1 and 2.2 draw together data on uncertainty for chlorine and turbidity respectively 
from a diverse range of sources; an unhelpful feature of the different sources is that 
performance data is expressed in different ways. An explanation of terms is provided in 
Appendix A Section A.2, and references for the data are included in Appendix A. 

Table 2.1 Summary of performance data for online chlorine measurement against 
laboratory measurement 

Source (reference list in A.9) Overall performance data 

WRc handbook 1994 Uncertainty 0.1 – 0.2 mg/l Cl2 

UKWIR 1999 Uncertainty 0.1 mg/l Cl2 

ETV multiparameter instrument tests 2005 Mean deviation of 0.07 mg/l Cl2 

AWWA study of online vs bench 2004 Mean deviation of 0.011 ± 0.17 mg/l Cl2 

WRc bufferless instruments 2009 Uncertainty 0.07 to 0.24 mg/l Cl2 

WRc distribution instruments 2010 
Mean of all instruments uncertainty 0.4 mg/l. 

Excluding instrument C with poor stability mean 
combined uncertainty is 0.22 mg/l Cl2 

WQRA study of instruments for 
distribution 2010 

Day-to-day repeatability of 0.19 mg/l Cl2 

Supplier literature 2013 
Quoted accuracy of 0.002 to 0.02 mg/l Cl2 

against laboratory measurement 
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Table 2.2 Summary of performance data for online turbidity measurement against 
laboratory measurement 

Source (reference list in A.9) Overall performance data 

WRc handbook 1994 0.2 FTU uncertainty 

UKWIR 1999 0.2 FTU uncertainty 

ETV multiparameter instrument tests 
2000 

Precision comparable to reference. Bias of 0.05 
to 4 FTU 

AWWA study, online vs bench 
instruments 2004 

Mean deviation of -0.011 ± 0.084 FTU between 
online and bench 

UK user evaluation 2006 
Mean deviation of 0.12 FTU from laboratory on 
final water 

WRc distribution instruments 2010 
Mean of combined error for all instruments 2.8 
FTU 

Supplier literature 2013 Quoted accuracy 0.015 to 0.02 FTU 

 
Comparative conductivity data are scarce; it is of limited interest to users and WRc has not 
been funded to carry out an evaluation, a specification or a handbook for conductivity in the 
past 30 years. Data from tests on ETV multiparameter instruments give mean deviations 
between online and laboratory between 2.2% and 57.5%. The checks carried out during the 
WRc distribution instrument evaluation showed deviations from the reference measurement of 
between 0.4% and 9%. Suppliers claim 0.5% – 1.0% accuracy.  

2.3 Conclusions from the literature 

There is a paucity of dependable test data where online and laboratory measurements are 
compared in situations relevant to final water measurements at water treatment works. Based 
upon literature the following numerical conclusions were drawn. 

• Chlorine – an uncertainty of about ± 0.1 mg/l Cl2 against laboratory analysis is being 
achieved.  

• Turbidity – uncertainty against laboratory analysis is better than ± 0.2 FTU, but due to 
the instrument-dependent nature of turbidity it may be more helpful to consider 
reproducibility and systematic error. The reproducibility is better than 0.1 FTU; the 
systematic error varies between instruments. 

• Conductivity – the best instruments can achieve uncertainties of 2% of reading or better 
over the usual range of final water conductivities. 
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In all cases the performance derived from test data is significantly poorer than the suppliers’ 
claimed performance.  

Where comparative evaluations have been carried out, there is a difference as large as an 
order of magnitude between the best and worst performances, on instruments which users 
had thought worth the high cost of testing. 
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3. Current use of online monitors - summary 

A questionnaire was sent to water company contacts in twenty-two different companies and 
twelve responses were received. The questionnaire covered existing monitoring practice, the 
instruments used, how they were operated and maintained, and future plans for online water 
quality monitoring. Site visits were made to fourteen sites to follow up on the questionnaire 
information. The full questionnaire responses are given in Appendix B. Findings are 
summarised in this section. 

At the time of the questionnaire (August 2012), there were no companies using online data for 
compliance and the reason given was primarily the increased cost over laboratory-based 
compliance sampling. 

A further point made by water companies, which relates to costs, is that until there is an 
affordable and effective means of monitoring bacteriological quality online, it will still be 
necessary to carry out manual sampling. The major step will be when the high frequency 
manual sampling can be replaced by online measurement. 

3.1 Online monitoring of ‘final’ water 

Water treatment parameters and instruments. All companies monitor chlorine (either free 
or total) and turbidity in final water from treatment. Additional parameters are measured in 
final water based on either policy or site-specific needs (e.g. phosphate where phosphate is 
dosed, nitrate where it is either removed or blended, fluoride, pH). Based on the responses, 
turbidity is generally measured by Hach and ABB instruments. Chlorine is mainly measured 
by Siemens (Wallace & Tiernan) or Severn Trent Services units. It is also known by WRc that 
ATi chlorine instruments are being installed widely by a number of companies that have not 
responded. 

Service reservoir parameters and instruments. There is limited online water quality data 
from service reservoirs. Where there is monitoring, this is likely to be predominantly (free) 
chlorine measurement in connection with booster chlorination. In principle the performance of 
these instruments will be similar to those at treatment sites; however, site visits are much less 
frequent, and this will limit the performance achieved.  

3.2 Maintaining online performance 

Replication of online measurements. Water companies use duplication and triplication of 
instruments as a means of detecting instrument problems and of achieving high availability of 
key measurements. There is a range of practice with regard to replication of online 
measurement in final waters:  

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 10 



Drinking Water Inspectorate (DWI) 
 

- some companies restrict dual validation to applications where the measurement is 
used for control purposes (chlorine, pH), and use single instruments for final water; 

- other companies use (or are moving to) dual or triple validation. 

The overall view from this project and from other WRc work is that, in the context of final 
water, where replication is required, dual validation is considered sufficient. Where triple 
validation is installed this tends to be associated with “legacy” systems which will in future be 
replaced with a dual validation system. Note: this conclusion does not apply to more 
demanding process applications such as monitoring of coagulation pH. 

Calibration and validation of online performance. Where responses quoted a calibration 
interval for final water instruments, this is between monthly and three-monthly. Calibration 
records are generally kept electronically. 

The frequency of validation checks (where instrument readings are checked against either 
hand-held instruments or laboratory measurements) ranges from daily to monthly. The 
responses indicate more frequent checks for chlorine and less frequent checks for turbidity 
which is perceived to be more stable. Records of validation checks may be either kept locally 
(probably paper records) or electronically, or both.  

The responses indicate a range of practice is in place with regard to the validation “process”.  
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4. Assessment of treatment works data 
against current guidelines 

As part of the questionnaire responses described in Section 3, companies were asked 
whether they were willing to provide paired online and laboratory data to support the next 
stage of the project. Of the twelve companies responding to the questionnaire, seven 
indicated willingness to provide data. This resulted in data from sixteen treatment works being 
analysed by WRc; the sites are referred to as A to J to preserve anonymity. This section gives 
the outcome of the numerical analysis followed by an assessment of the other requirements in 
the current guidance. Full details of the analysis are given in the appendices structured as: 

• Appendix C – Details of the sites providing data and the outcomes of the analysis by 
site. 

• Appendix D – Full details of the analysis for each site. 

• Appendix E – WRc’s interpretation of DWI’s current guidance on fitness-for-purpose. 

• Appendix F – Testing for statistical normality.  

Prior to analysing the data for its fitness for purpose, WRc applied various statistical tests to 
the data to understand whether the fitness for purpose guidance is the most appropriate for 
the data.  

4.1 Statistical tests 

 Confidence interval 4.1.1

The guidance states that a 95% confidence interval should be used to assess the difference 
between pairs of online and compliance measurements. It is WRc’s view that the most 
appropriate method for such an assessment should be determined by the quantity of the data 
available: 

(i) where there are 80 or more pairs of data per year a 95%ile range should be used; 

(ii) where there are less than 80 pairs of data per year a 95% confidence interval should 
be used and - as the approach assumes that the data are normally distributed - the 
data should first be tested to check for normality. 
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The data analysis has carried out both a 95%ile range and a 95% confidence interval and the 
data shows that in practice the results in pass/fail terms are the same. There is therefore no 
strong case for changing this aspect of the guidance. 

 Data normality testing 4.1.2

WRc has compared the Kolgorov-Smirnoff test and the Chi-square test as methods for testing 
how well the difference data between online and laboratory measurements fit a normal 
(Gaussian) distribution. These methods were chosen as they can be implemented in Microsoft 
Excel and are therefore easily accessible; other well-known tests for data normality are 
practically less accessible. The comparison concluded that the Kolgorov-Smirnoff (K-S) was 
less stringent than the Chi-square test, however when tested on the actual data the difference 
between the two methods was negligible, and the K-S method was easier to automate. The K-
S method was therefore used in analysing the data. 

 Data independence 4.1.3

There are practical reasons for thinking that difference data between laboratory and online 
measurements would be affected for example by a calibration or clean on an instrument and 
that the effect of the action would affect the difference data for more than one day. This would 
then mean that data samples were not truly independent. Data were analysed by looking at 
the autocorrelation function, and the results have been reported as the number of days over 
which there was statistically significant evidence of non-independence of data. The outcome 
is that many of the datasets did show evidence of non-independence over one or a few days. 
The overall effect of this is that the dataset is less informative than a truly independent data 
set. A possible solution would be to take, for example alternate samples from the dataset to 
increase independence. For the purposes of this study this was not felt to be necessary and 
all the data processing has used all samples.  

4.2 Fitness for purpose criteria 

 Criteria 4.2.1

The first requirement in the current guidance document is that the online data should be fit-
for-purpose. The guidance then goes on to describe the assessment of the fitness-for-
purpose requirement. Using at least twenty online and laboratory data pairs collected over at 
least twelve months, it has two criteria: 

• The mean differences between pairs of online and laboratory measurements shall not 
exceed set limits, assessed by calculating the difference between the mean of all the 
laboratory measurements and the mean of all the online measurements from the paired 
dataset. This requirement sets a limit on the bias of the online measurements relative to 
the laboratory measurements.  
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• The 95% confidence interval for the differences between paired online and laboratory 
measurements shall be within a set limit. This requirement limits the spread of the 
difference between online measurements and the laboratory measurements.  

The limits for different parameters are prescribed in terms of the PCV for the parameter and 
the mean value of the parameter over the period. The numerical limits are set out in Sections 
4.2.2 and 4.2.3. 

 Mean difference requirement 4.2.2

The difference between the respective online and laboratory means from the paired dataset 
shall not exceed 10% of ‘the result’ – taken to be the mean of the laboratory measurements 
OR 5% of the PCV for the parameter, whichever is the greater. The limits by parameter are 
set out in Table 4.1. 

Table 4.1 Limits for difference between online and regulatory data 

Measurand 

Limit based on the greater of  

Comment 
5% of PCV 

10% of example 
compliance 

measurement 

Free or total chlorine 
(mg/l Cl2)  

N/A 0.04 
There is no PCV. 
Example concentration 
= 0.4 mg/l Cl2  

Turbidity (NTU) 0.05 0.01 
PCV = 1 NTU 

Example turbidity = 
0.1NTU 

Electrical 
conductivity (μS/cm) 

125 (PCV = 
2,500) 

See comment 

For the majority of 
waters, 10% of the 
conductivity will be 
less than 125 μS/cm. 

 
Since there is no PCV for chlorine, the alternative limit of ‘10% of the result’ must be used. As 
an example Table 4.1 shows that if the mean of all the laboratory data in the paired dataset 
was 0.4 mg/l free chlorine, then the difference between the laboratory overall mean and the 
online overall mean must not exceed 0.04 mg/l free chlorine.  

For turbidity the PCV is 1 NTU and a limit of 0.05 NTU applies for the difference of means 
based upon PCV. Alternatively, for example using the limit based upon ‘the result’, where the 
mean compliance value from the overall data set is 0.1 NTU, 10% of the mean compliance 
measurement in a dataset would give 0.01 NTU.  
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For conductivity the PCV is 2500 µS/cm giving a PCV-based limit for the difference of means 
as 125 µS/cm. The mean compliance value would have to exceed 1250 µS/cm for a mean 
compliance based value to be the greater of the two, and this would be very unusual for UK 
waters.  

 95% confidence interval requirement 4.2.3

The guidance requires that the 95% confidence interval for the differences between paired 
online and laboratory measurements is less than 10% of the PCV or 20% of the mean 
compliance measurement value, whichever is greater. These limit values are set out in Table 
4.2. 

Table 4.2 Limits for 95% confidence interval (or percentile range) for difference 
between pairs of instrument and compliance results 

Measurand 

Limit based on the greater of  

Comment 
10% of PCV 

20% of example 
compliance 

measurement 

Free or total 
chlorine (mg/l Cl2)  

N/A 0.08 
There is no PCV. 
Example concentration 
= 0.4 mg/l Cl2  

Turbidity (NTU) 0.1 0.02 
PCV = 1 NTU 

Example turbidity = 0.1 
NTU 

Electrical 
conductivity 
(μS/cm) 

250 (PCV = 2,500) See comment 

For the majority of 
waters, 20% of the 
conductivity will be less 
than 250 μS/cm. 

 
Since there is no PCV for chlorine the current guidance sets a limit based upon ‘the result’ 
taken to be the mean value of the laboratory data.  

 Example from the data 4.2.4

As a graphical illustration of the guidance, Figure 4.1 shows 708 data paired points from site 
F1 as a time series over a two year period. The mean values of the online and laboratory data 
have been calculated and are shown as lines parallel to the x axis. The difference of the 
means is 0.05 NTU and the data pass the difference of means tests - just. Figure 4.2 shows 
the difference of the laboratory minus the online results as a time series. Figure 4.3 is a 
histogram of this difference data; the data distribution is visually different from a Gaussian (or 
normal) distribution and in the data analysis it failed the normality test. Also on Figure 4.3 the 
95% confidence interval is shown as the space between the two dotted red lines spaced by 
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0.1 NTU. Visually it is clear that more than 5% of the data lies outside the confidence interval 
and this dataset does indeed fail the difference requirement; the 95% confidence interval for 
this dataset is 0.187 NTU.  

Figure 4.1 Dataset F1 turbidity data showing mean values 

 
 

Figure 4.2 Dataset F1 difference data 
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Figure 4.3 Histogram of difference data showing 95% confidence interval of 0.1 NTU 

 

 Results of fitness for purpose testing 4.2.5

The data provided by water companies from their online chlorine, turbidity and conductivity 
instruments with paired laboratory data were assessed against the current guidelines 
requirements. The overall pass rate of all the tests applied is 34 out of 62 or 55%. The 
position is summarised in Table 4.3 and the results by parameter given in the tables which 
follow. 

Chlorine. The results for chlorine are listed in Tables 4.4 and 4.5. Since there is no PCV for 
chlorine the current guidance sets a limit based upon ‘the result’ taken to be the mean value 
of the laboratory data. For the ten datasets available, all passed the difference of means test; 
only two passed the 95% confidence interval test. There is no evidence of a systematic 
difference between online and laboratory data. 

Turbidity. The results for turbidity are listed in Tables 4.6 and 4.7. For the thirteen datasets 
available, six passed the difference of means test; only one passed the 95% confidence 
interval test. A further feature of the turbidity data is evidence of a systematic effect; for the 
thirteen datasets, ten have online average readings below the laboratory readings and only 
three have average turbidity readings above the laboratory readings.  

Conductivity. The results for conductivity are listed in Tables 4.8 and 4.9. For the eight 
datasets available, all but one passed the difference of means test; all passed the 95% 
confidence interval test. There is evidence of a systematic difference between online and 

95% confidence 
interval requirement
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laboratory conductivity measurements; out of the eight data sets analysed, seven have mean 
values above the laboratory mean values.  

As an alternative visual presentation of the fitness-for-purpose findings, Appendix G shows 
graphically by parameter the extent and direction in which the water company data ‘miss’ the 
current fitness-for-purpose requirements. 

Table 4.3 Summary of water company online data fitness for purpose against 
current DWI guidelines 

Parameter Test Pass rate Comments 

Chlorine 

Mean difference 
requirement 

10/10 
Benefits from the same/similar 
instrument being used for calibration and 
compliance 

95% confidence 
interval 
requirement 

2/10 
No PCV means stringent limit at low 
chlorine levels 

Turbidity 

Mean difference 
requirement 

6/13 
Inherent instrument-dependence of 
turbidity and variety of calibration 
methods makes agreement difficult 

95% confidence 
interval 
requirement 

1/13 

At current low turbidity levels instruments 
are working very near the bottom of their 
range so that random errors may be the 
same order of magnitude as the 
readings. 

Conductivity 

Mean difference 
requirement 

7/8 
PCV of 2500 µS/cm makes it relatively 
easy to achieve limits 

95% confidence 
interval 
requirement 

8/8 
PCV of 2500 µS/cm makes it relatively 
easy to achieve limits 
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Table 4.4 Fitness for purpose of online chlorine data: difference of means 

Works Data pairs 
Mean online 

concentration  
(mg/l Cl2) 

Mean 
compliance 

concentration 
(mg/l Cl2) 

10% of 
compliance 

measurement 
(mg/l Cl2) 

Difference 
between 
means**   

 (mg/l Cl2) 

Test result 

B1 204/204 0.44/0.47 0.47/0.51 0.05/0.05 -0.03/-0.04 Pass 

B2 636 0.40 0.43 0.04 -0.03 Pass 

B3 660 0.70 0.68 0.07 +0.02 Pass 

E4 103 0.48 0.48 0.05 0 Pass 

G1 730 0.39 0.40 0.04 -0.01 Pass 

G2 727 0.74 0.72 0.07 +0.02 Pass 

J1 876/867 0.82/0.82 0.81 0.08 +0.01/+0.01 Pass 

J2 846 0.72 0.72 0.07 0 Pass 

F1* 132 1.04/1.05/1.05 1.04 0.10 0/+0.01/+0.01 Pass 

F2* 130-132 0.25/0.25/0.26 0.26 0.03 +0.01/+0.01/0 Pass 

* Total chlorine, otherwise free chlorine. ** Online – compliance. 
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Table 4.5 Fitness for purpose of online chlorine instrument data: 95% confidence interval of the difference data 

Works 
Data 
pairs 

Mean 
compliance 

concentration 
(mg/l Cl2) 

20% of 
compliance 

measurement 
(mg/l Cl2) 

K-S 
test for 

normality of 
data 

Test result for 
95th percentile 

(mg/l Cl2) 

Test result for 95% 
conf. Interval 

(mg/l Cl2) 
Autocorrelation? 

B1 204 0.47/0.51 0.09/0.10 Pass 0.27/0.30 = Fail 0.25/0.27 = Fail No/4 values 

B2 636 0.43 0.08 Pass 0.22 = Fail 0.23 = Fail 4 values 

B3 660 0.68 0.14 Fail 0.42 = Fail 0.44 = Fail 4 values 

E4 103 0.48 0.10 Pass 0.59 = Fail 0.50 = Fail No 

G1 730 0.40 0.08 Pass 0.29 = Fail 0.31 = Fail No 

G2 727 0.72 0.14 Fail 0.33 = Fail 0.35 = Fail 2 values 

J1 876/867 0.81 0.16 Fail 0.40/0.03 = Fail 0.40/0.44 = Fail 1 value 

J2 846 0.72 0.14 Pass 0.28 = Fail 0.28 =Fail 4 values 

F1* 132 1.04 0.21 2 pass, 1 fail 
  0.20 = Pass 

0.22 = Fail 
0.25 = Fail 

  0.20 = Pass 
0.27 = Fail 
0.24 = Fail 

No 

F2* 130-132 0.26 0.05 2 pass, 1 fail 
 0.05 = Pass 
0.10 = Fail 
0.06 = Fail 

  0.05 = Pass 
  0.05 = Pass 

0.09 = Fail 

2 No, 1 value 

* Total chlorine, otherwise free chlorine. 
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Table 4.6 Summary of fitness for purpose of online turbidity data: difference of means 

Works 
Data 
pairs 

Mean 
online value 

(NTU) 

Mean 
compliance value       

(NTU) 

5% of 
PCV   (NTU) 

Difference 
between 

means*   (NTU) 
Test result 

B1 90 0.03 0.14 0.05 - 0.11 Fail 

B2 339 0.09 0.15 0.05 -0.06 Fail 

B3 478 0.05 0.14 0.05 -0.09 Fail 

D1 363 0.12 0.26 0.05 -0.14 Fail 

D2 364 0.24 0.14 0.05 +0.10 Fail 

E2 64 0.10 0.09 0.05 +0.01 Pass 

E3 289 0.11 0.09 0.05 +0.02 Pass 

E4 46 0.05 0.08 0.05 -0.03 Pass 

F1 708 0.08 0.13 0.05 -0.05 Pass 

F2 607 0.01 0.07 0.05 -0.06 Fail 

G1 103 0.03 0.13 0.05 -0.10 Fail 

J1 259 0.11 0.12 0.05 -0.01 Pass 

J2 125 0.06 0.10 0.05 -0.04 Pass 

* Online - compliance  
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Table 4.7 Summary of fitness for purpose of online turbidity data: 95% confidence interval of the difference data 

Works 
Data 
pairs 

Mean 
compliance value 

(NTU) 

10% of 
PCV (NTU) 

K-S 
test for 

normality of 
data 

95th percentile 
95% conf. 
interval 

Autocorrelation? 

B1 90 0.14 0.10 Pass 0.25 = Fail 0.21 = Fail No 

B2 339 0.15 0.10 Fail 0.45 = Fail 0.37 = Fail 4 values 

B3 478 0.14 0.10 Fail 0.29 = Fail 0.26 = Fail 4 values 

D1 363 0.26 0.10 Fail 0.46 = Fail 1.36 = Fail No 

D2 364 0.14 0.10 Fail 1.17 = Fail 1.15 = Fail 4 values 

E2 64 0.09 0.10 Fail 0.63 = Fail 0.83 = Fail No 

E3 289 0.09 0.10 Fail 0.11 = Fail 0.11 = Fail 2 values 

E4 46 0.08 0.10 Pass 0.20 = Fail 0.16 = Fail 1 value 

F1 708 0.13 0.10 Fail 0.21 = Fail 0.19 = Fail 4 values 

F2 607 0.07 0.10 Fail 0.09 = Pass 0.09 = Pass 5 values 

G1 103 0.13 0.10 Pass 0.23 = Fail 0.23 = Fail 1 value 

J1 259 0.12 0.10 Fail 0.24 = Fail 0.32 = Fail No 

J2 125 0.10 0.10 Fail 0.32 = Fail 0.23 = Fail No 
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Table 4.8 Summary of fitness for purpose of online conductivity data: difference of means 

Works Data pairs 
Mean 

online value 
(uS/cm) 

Average 
compliance value 

(uS/cm) 

5% of PCV 
(uS/cm) 

Difference 
between means 

Means 

B1 204 616 539 125 +77 Pass 

B2 624 658 526 125 +132 Fail 

B3 646 329 293 125 +36 Pass 

E1 52 721 621 125 +100 Pass 

E5 75 992 930 125 +62 Pass 

G1 100 695 721 125 -26 Pass 

J1 47 294 251 125 +43 Pass 

J2 157 133 115 125 +18 Pass 

Online – compliance 
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Table 4.9 Summary of fitness for purpose of online conductivity data: 95% confidence interval of the difference data 

Works 
Data 
pairs 

Average 
compliance value 

(uS/cm) 

10% of 
PCV (uS/cm) 

K-S 
test for 

normality of 
data 

95th percentile 
95% conf. 

interval 
Autocorrelation 

B1 204 539 250 Fail 181 = Pass 198 = Pass No 

B2 624 526 250 Fail 259 = Fail 250 = Pass 7 values 

B3 646 293 250 Fail 72 = Pass 96 = Pass 1 value 

E1 52 621 250 Pass 146 = Pass 118 = Pass 1 value 

E5 75 930 250 Fail 113 = Pass 152 = Pass No 

G1 100 721 250 Fail 150 = Pass 116 = Pass No 

J1 47 251 250 Pass 59 = Pass 58 = Pass 2 values 

J2 157 115 250 Pass 26 = Pass 23 = Pass No 
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4.3 Other criteria 

 Sited to ensure that results are representative of the water being 4.3.1
supplied 

This condition is expected to be met without difficulty on almost all sites. The DWI guidance 
implies that this criterion is met if the performance criteria are satisfactory. The questionnaire 
responses (Appendix B) on current practice showed that the compliance sampling point and 
the sampling lines for final water analysers were normally close together on the same pipe 
section. They did not normally share a tapping, to avoid mutual disturbance. As an example, 
one company had the online sampling point before the high lift pumps, and the compliance 
sampling point after the high lift pumps.  

Provided the turbidity sample is properly conditioned before measurement, there is no reason 
why conductivity or turbidity would routinely change across the pumps, there may be some 
effect on residual chlorine due to the turbulence and pressure changes. Sampling before the 
high lift pumps would be expected to be representative for regulatory purposes, but should be 
decided on a case by case basis. 

 Maintained and operated to a demonstrably high standard at all times 4.3.2

This section describes WRc’s view of what would be required for a high standard of operation, 
with comments on current practice for process control instruments. 

Installation 

For an instrument used for compliance, the installation should either meet or exceed the 
suppliers’ requirements, and particular attention would be given to: 

a. Providing short sample lines, or a fast bypass loop for sampling 

b. Providing, smooth opaque materials for sample lines 

c. Avoiding extremes of temperature and rapid temperature changes for the sample or the 
instrument 

d. Avoiding high humidity in the vicinity of the instrument 

e. Ensuring a good quality mains electrical supply free from spikes and power dips 

f. Providing a rigid mechanical support such as a masonry wall for a turbidimeter for 
optical stability 

Some water company operators would meet these installations requirements, but others 
would require improvement. Anecdotally, water company ICA staff often complain about the 
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quality of installation by contractors, where remedial work has been needed to bring the 
installation up to standard for process control use. 

Maintenance and calibration  

Instrument performance should be monitored against a reference measurement. The 
maintenance and calibration applied should then exceed that required to achieve compliance 
fitness for purpose data. In addition, a difference control chart would be used to monitor 
instrument performance.  

The questionnaire responses showed that many water companies carry out validation checks 
against handheld instruments on a daily basis. For chlorine it is common practice to adjust the 
instrument zero to bring the online instrument into agreement with the handheld check 
reading, and the difference may or may not be recorded. Whilst it is good practice to carry out 
daily checks, a formal process for recording the check results and triggers for calibration 
action are needed to meet the requirements of analytical quality control. Some companies 
also check turbidimeters against a solid standard on a daily basis, others weekly, if the 
instrument permits this, though generally the calibration is not adjusted. Turbidity flowcells are 
typically cleaned once or twice a week. Turbidimeter technologies such as falling column 
generally need less frequent cleaning. Record keeping is usually a local paper/log book 
record and is normally a company-wide policy. Some companies have a procedure for 
periodic monitoring of records and identifying poorly performing instruments. None have the 
equivalent of control charts to monitor analytical performance. 

A two-point calibration is usually carried out by technicians at two to three monthly intervals 
and this has been found sufficient for process control purposes. For compliance data, a formal 
AQC-type process would be needed to determine whether the standard calibration interval 
delivers the required measurement uncertainty, and to change the interval to deliver fit-for-
purpose data when necessary. 

Sampling system 

The sampling system for the instrument would be included in the maintenance and operating 
arrangements.  

• The flowrate in the sampling lines should be at least approximately monitored and kept 
within 10% of the target flow. 

• The sampling lines themselves should be periodically cleaned or renewed. The interval 
would depend upon the rate of build-up of material, but one to three months would be 
reasonable on final water. 

In current practice flowswitches are common on sampling systems, and some instruments 
include flow monitoring within the standard instrument. Companies are aware of the build-up 
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of particulates in sampling systems and periodic cleaning would normally be carried out for 
turbidimeter sampling lines. 

Replacements 

Replacement of wearing / consumable parts should be at the frequency recommended by the 
manufacturer or more often unless there is clear performance-based justification for altering 
the intervals. 

The instrument itself will be subject to a realistic maximum life for the instrument type, and in 
any case be replaced in advance of any loss of support from the supplier. 

The questionnaire responses showed that none of the respondents were operating obsolete 
instruments. Replenishment of buffer solutions and buffer pump servicing on chlorine 
analysers are normally carried out in good time. Replacement of long life consumable parts 
such as amperometric cell electrodes may wait until the instrument performance deteriorates 
instead of automatic scheduled replacement. 

 Calibrated in a way that is valid, appropriate and traceable 4.3.3

Chlorine 

Most final water chlorine instruments are amperometric. A two-point calibration should 
normally be carried out for zero and span. The zero calibration should use the normal final 
water with the chlorine removed by a GAC cartridge or other reliable means. The span 
calibration uses a DPD portable instrument using a sample taken from a sampling point close 
to the instrument and representative of the sample in the instrument. Good training is 
essential for operators carrying out the calibration or validation checks. 

The traceability comes from calibrating the portable instrument against potassium 
permanganate chlorine-equivalent solutions. This is usually be done by a specialist 
contractor, who should also check the optics as part of a regular service of the instrument. 

For water companies keen to move to online compliance measurement there would be a good 
case for using a DPD colourimetric analyser for the measurement. This would only provide a 
periodic batch measurement rather than the continuous measurement of the amperometric 
instruments, but this is entirely acceptable for compliance and may be cheaper to operate to a 
high standard than an amperometric unit, as it is less prone to drift and would need less 
frequent calibration. 

Evidence from site visits shows that chlorine instrument calibration always uses DPD 
handheld instruments and these have scheduled calibration usually by the supplier. This 
meets the traceability requirement provided the maintenance and calibration of the handheld 
instrument is sufficiently frequent and uses a traceable standard. 
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Turbidity 

Turbidity calibration is based upon ‘stock’ 4000 NTU suspensions which are stable for a 
month when correctly made and stored. For a two-point calibration including zero, particle-
free water is needed, usually produced by passing freshly distilled water through a membrane 
filter. Pure water scatters light equivalent to a turbidity of 0.008 NTU at 860 nm (10), the 
standard ISO 7027 operating wavelength, or 0.02 NTU at 550 nm, the approximate centre 
wavelength of a white light source. Since the objective is to measure the particulates in the 
sample, a turbidimeter zero should be set to the scattered light of particle-free water rather 
than zero scattered light. 

The choice of the upper calibration point for final water is a compromise. It requires a serial 
dilution from the stock suspension to reach a turbidity of 2 NTU or possibly lower. The 
compromise has to be made because formazine suspensions are less stable as they are 
diluted, and the potential for error in the dilution would increase with the number of steps. In 
practice this makes it difficult for an instrument technician to carry out a site calibration; either 
he/she carries out the serial dilution on site with likely poor laboratory facilities or produces the 
suspension under good laboratory conditions and risks degradation on the way to the 
instrument. 

Suppliers offer some possible solutions to this difficulty. For example SWAN provides a 
factory calibration which they do not expect to change in the short and medium term. The user 
carries out periodic checks and returns the instrument to the factory when the error is 
unacceptable. Sigrist has an internal solid standard which is calibrated against formazine on 
the instrument, and then used to maintain a constant instrument response. Other suppliers 
provide for two point calibrations above the zero level and extrapolate to zero by assuming 
perfect linearity.  

A turbidity calibration is traceable when calibrated against formazine made by an accredited 
laboratory. However the difficulties of serial dilutions on site, or the stability of the dilute 
suspensions make for uncertainty in the calibration achieved. Polymer bead suspensions are 
more stable than dilute formazine suspensions, but cannot be guaranteed to scatter light 
identically to an equivalent formazine suspension and are expensive. Another potential 
calibration option is to use a good quality portable instrument as a transfer standard between 
laboratory and site. The recent WRc project on distribution instruments (6) assessed the 
overall uncertainty of this approach as a reference measurement as 0.07 NTU at 3.12 NTU, 
which exceeds the 5% of PCV value of 0.05 NTU. In practice therefore, available portable 
instruments are not sensitive enough to operate as transfer standards. 

If solid standards are used for instrument checking purposes, they would need a schedule of 
regular checks against traceable formazine standard. 

Water companies have sought to overcome the difficulties of turbidity calibration at low levels 
by using secondary solid standards, either by manual insertion of the standard or 
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automatically. A calibration of the solid standard against formazine is then carried out typically 
annually. There are also large numbers of older and some new instruments which can only be 
calibrated using formazine; the only easy way to check these instruments is by taking a 
sample and comparing with a handheld or bench instrument. As noted above, handheld 
instruments and some bench instruments do not have the sensitivity to provide effective 
performance checks below 0.1 NTU. 

There remains some doubt over reliably achieving calibration of online turbidimeters to an 
uncertainty which is sufficiently below the mean difference and 95% confidence limits for final 
water compliance under the current requirements. 

Conductivity 

Conductivity instruments are calibrated against a solution of potassium chloride of known 
concentration and conductivity at or close to 25ºC. Standard solutions traceable to national 
standards are readily available and should be used. A procedure for checking the 
performance of the temperature correction would also be needed, as the online instrument will 
necessarily measure over as much as 20ºC over a 12 month period. A suggested simple 
check would be to measure the conductivity of a standard solution at about 5ºC, and to set a 
limit on the acceptable difference from the 25ºC result.  

The main source of error with online conductivity instruments is electrode fouling. The 
frequency of cleaning is site dependent and should be determined by the usual control chart 
approach of periodic checks to establish the frequency needed to operate within the desired 
uncertainty. For higher conductivity waters, inductive technology instruments can be used, 
which are not subject to electrode fouling. 

The level of maintenance required to meet the current guidance for compliance use of an 
online conductivity instrument is not expected to be onerous, and Table 4.9 shows that the 
current maintenance effort for process instruments would normally be sufficient. 

Current good practice is both to clean the electrodes and flowcell and to calibrate, at intervals 
of three months. Task 2b found that some conductivity instruments are operated with no 
scheduled maintenance (Appendix D D3.1). 

 Subject to reliable quality checks at an appropriate frequency 4.3.4

Quality checks for online instruments can be applied at varying levels of complexity, 
depending upon the data requirement. Two examples are listed in Table 4.10. 
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Table 4.10 Two example quality check procedures 

Source Scope Comments 

AWWA Practical 
application of 
online monitoring 
(12) 

Develop Standard operating Procedure (SOP) to 
include for QA: 

1. Scheduled visual checks; 

2. Check against other online instruments or a 
prediction; 

3. Scheduled checks against a reference with 
calibration triggered by a maximum deviation 
from reference or set time period, whichever 
comes first; 

4. All actions logged and procedures 
documented; 

5. Data subject to online data quality checks e.g. 
flat-lining, limits, rate of change. 

Simple to operate 
and understand. 
Does not provide 
any formal means 
of detecting a 
deteriorating trend 
in the instrument 
performance. 

WRc Quality 
Assurance for the 
Operation of Online 
Analysers (13) 

1. Verification of performance against reference 
after installation by repeatability, linearity & 
response time tests. 

2. Regular validation against reference. 

3. Calibration against reference, and validation 
check after calibration. 

4. Maintenance of Shewart chart and use to 
determine calibration interval and need for 
other actions including replacement. 

5. AQC of reference. 

6. Full auditable records of all the above actions. 

Very thorough. 
Has not been 
adopted in full by 
any water 
company.  

 
The AWWA report (12) offers a simple general purpose approach to the operation of online 
analysers, and includes regulation as one of the possible purposes. This approach is very 
similar to that currently operated by water companies in England and Wales, though the visual 
inspection on unmanned sites could only occur when staff were on site.  

The WRc report (13) presented a rigorous approach to QA of online instruments. It has been 
regarded as a gold standard but never to WRc’s knowledge applied in full. Historically the 
major barrier to achieving procedures such as Shewart charts has been the record-keeping 
needed when the maintenance and calibration may be carried out by different people. 
Nowadays an internet-based application could be used for this though there is still an 
understandable reluctance to have internet-based systems linked with company databases 
and telemetry systems for data security reasons. At present such a system would seem to be 
an unnecessary risk with limited gains for water companies. If it became a requirement a 
secure means would be found. 

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 30 



Drinking Water Inspectorate (DWI) 
 

The existing guidelines require 1 in 10 of the compliance data samples submitted from online 
measurement to be checked by laboratory analysis, or 1 in 50 for high frequency sampling. 

Water companies generally do not have formal AQC arrangements for online instruments. 
They depend upon frequent checks and the use of duplication and triplication of instruments 
to detect instrument errors. Whilst calibration and validation records are kept, in most cases 
there is no formal system for reviewing these. 

There is no equivalent to duplication and triplication of instruments in laboratory AQC 
systems. Water companies have found these valuable as a means of detecting faulty 
measurements, and they have the merit of operating at all times. Some companies have an 
automatic shutdown if the instruments controlling final water residual chlorine differ by more 
than a threshold, indicating too great an uncertainty in the result. The current guidance does 
not include any reference to redundancy arrangements in the measurement; redundancy 
does offer an online check, but it has no status against traceable measurement. It is difficult, 
therefore to allocate duplicated / triplicated installations any kind of status in an AQC scheme. 
The use of duplication / triplication of instruments to detect instrument errors would sit best in 
an assessment of a whole online installation alongside provisions such as automatic flat-lining 
checks in providing early warning of faults. 

 The date and time of each compliance reading is specified in advance of 4.3.5
the start of the compliance year 

The date and time stamp for online data collected through a site SCADA system will originate 
with the local telemetry outstation which acquires the data. This may need to be programmed 
to ensure that it collects the data at a set time, but in practice it will usually be sufficient to 
nominate a date and time series for the year which coincides with readings from the 
outstation’s normal programme. The outstation clock will be synchronised with the SCADA 
system clock and this will be set to within a second of the correct time and date automatically. 
The data could then be extracted manually or automatically from the SCADA record.  

This method would be vulnerable to tampering to the same extent that samples for 
subsequent analysis might be, with the difference that in the case of the SCADA record, non-
compliant results would be obvious. The equivalent under the current system would be that 
following a known event at a works, a compliant sample might be substituted for a suspected 
non-compliant sample to avoid notice and possible investigation. The current relationship 
between regulator and water company assumes a level of trust in carrying out compliance 
sampling correctly; there would be no real change to the risk of tampering with the use of 
online compliance data.  
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 There is a traceable means of demonstrating that the recorded reading 4.3.6
is the true reading of the instrument at that time 

Water companies currently do ‘end-to-end’ checks on their instruments to ensure that the 
instrument reading which arrives at the control room SCADA is identical with the actual 
instrument reading. This checking will normally be carried out at commissioning and then at 
one or perhaps two year intervals, though water company practice is variable. Some 
companies check by injecting a known current into the outstation terminals, rather than 
checking from the instrument itself, so this is not a true ‘end to end’ check. The increasing use 
of fieldbus connections such as Profibus to transmit data between the instrument and the 
SCADA system will improve the accuracy of data transmission, as this eliminates error from 
electronic drift within current loops.  

In order to comply with this step of the current guidance, water companies would need to 
carry out more frequent end-to-end checks for their compliance instruments and keep records 
of the check dates and the results. Intervals of one to three months for analogue systems are 
suggested, whilst for bus systems transmitting serial data an annual check is suggested. 

 There are robust and effective means for sampling and analysis 4.3.7
whenever the monitor is out of service or performing unreliably 

Under current arrangements, sampling will still be required for bacteriological testing of final 
waters, hence a representative sampling point for laboratory compliance measurement should 
always be available. 
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5. Possible reasons for fitness-for-purpose 
results and systematic effects 

This section seeks to understand why the water company data differ from laboratory data and 
whether the difference could be readily reduced or removed. 

It should be born in mind that water companies currently run their final water instruments for 
process control use, and are not particularly setting out to provide data which accurately track 
the compliance sample data. In the end the process control data must be referenced to 
laboratory measurements to be meaningful, but for example small offsets (0.01 NTU) in the 
turbidity zero would not be important for current data use. 

5.1 Chlorine 

 Mean difference 5.1.1

There is very little difference between the mean values for online and laboratory chlorine data. 
This is believed to be because the same handheld DPD-based instruments are used for the 
compliance measurement and for calibration of the online instruments. There is also no 
possibility of sample degradation in transit between sampling and analysis, as both analyses 
are carried out at the online instrument.  

 95% confidence interval of difference 5.1.2

There is no PCV for chlorine, and so the guidance requires the difference between online and 
laboratory data in a paired dataset to be within a 95% confidence interval of 20% of the mean 
value. The average laboratory compliance value across all datasets analysed is 0.58 mg/l 
chlorine, corresponding to a 95% confidence interval limit of 0.12 mg/l. 

There is some evidence that the uncertainty in the handheld and online chlorine 
measurements is of a similar order of magnitude to these figures: 

• The 2010 WRc distribution instrument evaluation (6) gave the combined uncertainty of 
the Hach pocket colorimeter as ± 0.03 mg/l chlorine as the reference measurement for 
the evaluation study. This uncertainty applies to both the online instrument calibration 
and the handheld compliance measurement giving a combined uncertainty of 
approximately 0.04 mg/l chlorine for the difference measurement. This figure applies to 
measurements made by the same skilled technician with an instrument newly 
calibrated by Hach and so represents the best that can be achieved. In water company 
practice there will be differences between operators using the handheld instruments; 
timing is especially important for chlorine analysis by DPD and varying times between 
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operators will produce additional variability in the readings. The handheld instruments 
will also have some calibration drift between services.  

• The most recent evaluation figure for the best of the distribution water quality chlorine 
instruments gave a combined uncertainty of ± 0.075 mg/l chlorine.  

• The 2002 AWWA study (8) of online against bench chlorine measurements found a 
small mean difference of 0.011 mg/l chlorine between online and bench instruments, 
and a much larger standard deviation of ± 0.17 mg/l chlorine. 

• The datasets which passed the 95% confidence range limit are from sites F1 and F2; 
these sites probably maintained their instruments to the highest standards across the 
datasets analysed, but they only just passed. 

The evidence from water company data and WRc evaluation data is that, using good current 
equipment and diligent and skilled operation, the current 95% confidence limit may still not be 
reliably met, and that this is inherent in the measurement methods in use. 

5.2 Turbidity  

 Mean difference 5.2.1

There has long been a perception that online turbidity readings on final water are lower than 
the laboratory readings, and this is true for ten out of thirteen of the datasets analysed for this 
project (see Appendix G G.2 and G.3). There are numerous possible reasons for this 
associated with the laboratory method, the online method or differences between them. 

Laboratory method. Possible causes of increased turbidity readings after sampling are: 

• Additional turbidity in the sample caused by sample bottle contamination or gas 
bubbles through temperature change and sample handling; 

• Condensation on the sample cell at the laboratory; 

• Laboratory instruments working below their reliable linear range. This is the view of 
some suppliers and there is some evidence for this from the fact that some compliance 
laboratory data samples are returned as ‘below detection limit’. WRc’s 2010 project on 
distribution instruments (6) used a good quality portable instrument as a reference for 
turbidity and assessed its combined uncertainty as ± 0.07 NTU at 3.17 NTU. 

• Dirt on sample cells will produce scattered light which will register as increased 
turbidity. The effect of small scratches should be eliminated by calibration. 
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A difficulty in practice for laboratory measurement of turbidity, is that working at such low 
absolute levels, condensation or sample cell dirt sufficient to cause a significant error would 
be invisible to the user.  

Online method. Possible causes of instrument underreading: 

• Settlement of particulates in sample lines and sample cells. There is evidence for this; 
sample lines and sample cells do collect solid material and require periodic cleaning. 

• Calibration with a ‘zero turbidity’ water which does in fact have significant turbidity, for 
example from material left in the flowcell, or simply due to gas bubbles acquired in 
moving the water to site. This would have the effect of causing underreading of the 
instrument. 

• Use of a worn (scratched) solid zero standard – this would have the same effect as 
calibrating the zero with slightly turbid water. 

It is perhaps worth pointing out that the online data gathered from water companies are 
produced for process control purposes. On some online instruments a different calibration 
approach could be taken and this might narrow the gap with laboratory measurements. 

Other reasons for systematic differences.  

• Turbidity measurement is inherently instrument-dependent; different instruments 
calibrated correctly with formazine will only give identical readings on a sample if the 
light scattering properties of the sample replicate those of formazine. In practice 
formazine works quite well as an optical simulation of drinking water samples. 
Instruments will generally conform to ISO 7027 which specifies centre wavelength and 
scattering angle. There will still be differences of detail such as beam widths, 
wavelength ranges and manufacturing tolerances. It is likely that the majority of 
laboratories will use Hach bench instruments, and it may simply be that there is an 
instrument-dependent factor which tends to give higher readings on water samples 
associated with the optical arrangement of these instruments. 

• Although the standard method for calibrating the zero of a turbidimeter is with zero 
turbidity water, an alternative is to switch off or blank off the light source. This assumes 
that the stray light in the instrument is negligible, and this is very unlikely for 
instruments reading below 1 NTU. 

Overall it may be said that most of the causes of systematic error between laboratory and 
online measurement of turbidity have the effect of either increasing the laboratory result or 
reducing the online result. There does not therefore need to be one overriding cause of the 
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difference observed, there is a selection of possible causes which can contribute to the 
observed bias. 

 95% confidence interval of difference 5.2.2

Whilst the systematic difference between mean online and mean laboratory turbidity data is a 
potential barrier for use of online data for compliance, meeting the current guidance for the 
95% confidence interval of the difference is a greater challenge. The current guidance has a 
limit of 0.1 NTU for the 95% confidence interval of the difference between laboratory and 
online data. The average 95% confidence range for the difference of WRc’s water company 
data is 0.42 NTU. The average variability in the AWWA 2002 data set (12) was given as a 
standard deviation of 58% of the difference between the readings. These are a long way from 
meeting the compliance data requirements. 

There is some evidence that expert analysts do not have a high level of confidence in the 
results of laboratory turbidity measurement at these low levels. The 22nd edition of Standard 
Methods (15) requires results in the 0 – 1 NTU range to be reported to the nearest 0.05 NTU 
whilst EN ISO 7027 recommends reporting results below 0.99 NTU to the nearest 0.01 NTU. 
Some of the water company laboratory data gathered for this project is simply given as less 
than 0.1 NTU, though other laboratories give lower values. This expresses a wide range of 
confidence in laboratory turbidimeter data, but if the worst case of Standard Methods 
guidance is followed, the effective resolution of the result equates to half the 95% confidence 
limit for the difference between online and laboratory results.  

Part of the difficulty may be attributed simply to the low levels of turbidity now being achieved 
in final water samples. The average of the turbidity data analysed for this project is 0.08 NTU 
for the online data and 0.13 NTU for the laboratory data. For comparison, the 1981 ‘Blue 
Book’ for colour and turbidity (14) quotes a tap water result as 0.54 NTU. Current operational 
turbidity levels are well below the compliance limit of 1 NTU; they are closer to the limit under 
current guidance of 0.1 NTU for the 95% confidence range of the difference between 
laboratory and online data, and often well below this. But whilst the amount of turbidity 
present in the water has fallen, the variability of the difference between online and laboratory 
measurements has not. This suggests that the magnitude of the variability is embedded in the 
overall methods; the fact that this same variability has been found across the literature 
suggests that simply doing more maintenance and calibration will not be effective in reducing 
the 95% confidence range. 

Figures 5.1 – 5.3 are typical of the water company datasets provided to WRc and 
demonstrates visually how different the measurements are. Some major change in approach 
will be needed for them to become equivalent for compliance use. 
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Figure 5.1 Example turbidity data set from B3 

 

 

Figure 5.2 Example turbidity data set from F1 
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Figure 5.3 Example turbidity data set from G1 
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6. Appraisal of current guidance and possible 
changes 

The major issue in appraising the current guidance is in finding a way of providing online data 
which DWI can trust to be within the same uncertainty as the existing laboratory data. Issues 
such as quality control and traceability of calibration can be addressed, but there are 
fundamental technical difficulties in achieving a close and consistent match to laboratory data 
across all the required parameters. These are discussed in Section 6.1 and other aspects 
related directly to the current guidance in Section 6.2. 

WRc has also considered the costs and benefits of using online data for compliance; the 
findings are summarised in Section 6.3 with the background and assumptions in Appendix I. 
A radical option which is not being contemplated at present would be to use a continuous 
online data record for compliance, rather than using online data to provide a scheduled data 
sample; this is discussed in Appendix J. A further radical option would be to use an approach 
to assessment which is based upon the instrument used, its performance on evaluation and 
the operational management regime of the instrument, rather than upon a comparison of 
online data against laboratory data. This approach is described in Appendix K. 

6.1 Fitness-for-purpose requirements 

 Chlorine 6.1.1

The current guidance for the fit-for-purpose limit for the mean difference between online and 
laboratory data is achievable, and there is no evidence that changing it would be of benefit. 
The current guidance for the 95% confidence interval test is difficult to meet and a change 
would be needed if water companies were to adopt online data reporting for compliance. One 
way to change the current guidance would be to use an ‘equivalent PCV’ value for chlorine to 
provide fixed limits for the fitness-for-purpose criteria. 

Some possible ‘equivalent PCV’ values and the calculated fixed limits are listed in Table 6.1. 
Table 6.1 retains the ratio of 1:2 between the limits for mean difference and 95% confidence 
limits for the difference between laboratory and online data. 
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Table 6.1 Possible fixed limits for chlorine in place of the percentage PCV limits 

Equivalent 
PCV level 

using 5% and 
10% rule for 
limits mg/l 

Mean 
difference 
limit mg/l 

Pass rate for 
water company 

datasets on 
mean difference 

95% 
confidence 
interval for 

difference limit 
mg/l 

Pass rate for water 
company datasets on 

difference 95% 
confidence limit 

0.4 0.02 13/16 0.04 0/16 

1.0 0.05 16/16 0.10 3/16 

1.5 0.075 16/16 0.15 4/16 

2.0 0.1 16/16 0.2 4/16 

2.5 0.125 16/16 0.25 7/16 

3.0 0.15 16/16 0.3 10/16 

3.5 0.175 16/16 0.35 13/16 

4.0 0.2 16/16 0.4 13/16 

4.5 0.225 16/16 0.45 15/16 

5.0 0.25 16/16 0.5 16/16 

 
At an ‘equivalent PCV’ of 2-3 mg/l seven out of sixteen sites would meet the requirements. 
The remaining nine sites would require additional maintenance effort, primarily more frequent 
calibration to combat instrument drift, but it would be achievable. They might also choose to 
use a DPD based online instrument for compliance which is potentially less liable to drift. 

A ‘PCV equivalent’ of 2.5 mg/l would be achievable with good and well-maintained 
instruments. The possible effect of providing this is considered in Section 6.1.2. 

 Effect of adding an ‘equivalent PCV’ for chlorine 6.1.2

Estimation of the possible change in overall uncertainty 

If the handheld DPD-based local measurement is thought of as being the ‘right answer’, then 
allowing the online instrument additional latitude in its range of variation from this ‘right 
answer’ will necessarily increase the uncertainty of data from an online instrument. Currently 
the guidance allows a 95% confidence range which varies with mean concentration and thus 
varies between 0.04 mg/l and 0.2 mg/l for typical chlorine concentrations of 0.2 mg/l to 1 mg/l 
respectively. The ‘PCV equivalent’ of 2.5 mg/l would allow a 95% confidence range of 
0.25 mg/l, which under current guidance would only be allowed at a high concentration of 
1.25 mg/l.  

Of course the handheld DPD-based local measurement has its own uncertainty which, as 
discussed in section 5.1.2, WRc estimated as ± 0.03 mg/l under ideal conditions. There is no 
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public domain data for the performance in practice of the handheld DPD measurement. The 
uncertainty, taking into account different operators and the possible deterioration between 
services, is expected to be in the range ± 0.05 to 0.1 mg/l. In the case of chlorine, the 
systematic difference between the laboratory and online measurement is very small. If it is 
neglected, the uncertainty of the laboratory measurement is expected to be in the range 
± 0.05 to 0.1 mg/l; the uncertainty of the online reading if a ‘PCV equivalent’ of 2.5 mg/l is 
used in the guidance would be ± 0.125 mg/l. This suggests that a change to a ‘PCV 
equivalent’ of 2.5 mg/l would significantly increase the uncertainty of online compliance data 
compared with existing practice. A ‘PCV equivalent’ of 2 mg/l would probably make very little 
change to the uncertainty of the compliance data, but is also probably close to the limit of 
what is reliably achievable with a well-installed good quality online instrument under a good 
operating regime. 

Operational scenario 

The following scenario is offered as a means of understanding the process implications of a 
change to a ‘PCV equivalent’ of 2.5 mg/l for chlorine. 

Water companies have discretion to set the final water residual chlorine at the concentration 
they consider appropriate to achieve good microbiological quality at the tap, whilst minimising 
disinfection by-products and taste and odour problems which can occur with high residual 
chlorine concentrations. The range of average final water chlorine concentrations in the water 
company datasets is 0.25 mg/l – 1.05 mg/l, with an average value across the datasets of 
0.6 mg/l. For each works the final water residual concentration will be adjusted to achieve a 
small residual chlorine of 0.1 mg/l - 0.2 mg/l at the customer’s tap. Chlorination or 
dechlorination, depending upon the process, will be applied under a closed control loop to 
achieve the final water set point chlorine concentration. Conditions at this stage in treatment 
are normally very stable, and it would be reasonable to set the low level alarm close to the set 
point, 0.1 mg/l below set point being a typical value. There may then be a further low low limit 
which would shut the works down if triggered. 

A statistical analysis of the probability of a chlorine low level alarm being missed is presented 
in Appendix H. The analysis takes into account the uncertainty in the measurement made by 
the final water online chlorine analyser but assumes for simplicity that the laboratory 
measurement is correct. It concludes that if the actual chlorine concentration falls below the 
low level alarm by 1.28 times the standard deviation of the difference between the online and 
true concentration value, the probability of the alarm not being triggered is 10%. At two 
standard deviations below the alarm level the probability of the alarm not being triggered falls 
to 2.3%. Table 6.2 shows numerically how this would work using the water company datasets. 
Where duplicated or triplicated instruments are used, these are indicated by lower case letters 
for each site where they are installed; for the purpose of this analysis they are considered as 
separate installations. Table 6.2 assumes that the alarm is set at 0.1 mg/l below the set point, 
which in turn is assumed to be set at the average chlorine concentration. Using the theory 
outlined in Appendix B of (3), columns 5 and 6 show the level to which the actual chlorine 
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concentration must fall for a 10% and 2.3% probability respectively of missing a low level 
alarm.  

Column 7 shows the 95% confidence range of the dataset, alongside the existing pass/fail 
outcomes for the existing guidance in column eight and in the last column the pass/fail rate if 
revised guidance were to be issued with an equivalent PCV of 2.5 mg/l. In addition to the 
three sites which pass the current guidance, a revised guidance setting a limit of 0.25 mg/l for 
the 95% confidence range would allow data from sites B1a, B2, F1c, F2b and F2c to meet the 
fitness-for-purpose limits.  

Consideration of Table 6.2 indicates that datasets such as G1 should not pass as fit-for-
purpose; the 95% confidence interval is not much below the mean concentration and the 2% 
alarm level is below 50% of the mean concentration. The chlorine residual can therefore be 
significantly below the required dose. Under these circumstances DWI would require 
laboratory data for reliable information on conditions at the works outlet. Sites B1b and F1b 
would be borderline failures under a revised guidance with a limit of 0.25 mg/l for the 95% 
confidence range of the difference between online and laboratory data. Datasets from both 
sites have a 95% confidence range of 0.27 mg/l. At site B1b, the 2% missed alarm 
concentration is 0.28 mg/l with the mean concentration at 0.47 mg/l and this would be a 
significant loss of residual chlorine. At site F1b, because the mean chlorine concentration is 
high at 1.05 mg/l, the 2% missed alarm concentration is 0.86 mg/l and under most 
circumstances this would be an ample residual concentration.  
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Table 6.2 Low level chlorine alarm scenario using water company datasets and pass/fail under current and suggested guidance 

 

 

Site
Mean chlorine 
concentration 

mg/l

Standard 
deviation 
against 

laboratory data 
mg/l

Estimated low 
alarm 

concentration 
(mean – 0.1 

mg/l)

Actual 
concentration 

for 10% 
probability of 
missing alarm 

mg/l

Actual 
concentration 

for 2.3% 
probability of 
missing alarm 

mg/l

95% confidence 
interval of 
online  – 

laboratory data 
mg/l

Status under 
current 95% 
confidence 

guidance (limit)

Status under 
suggested 95% 

confidence 
guidance

B1a 0.44 0.07 0.34 0.25 0.2 0.25 Fail (0.09) Pass
B1b 0.47 0.07 0.37 0.28 0.23 0.27 Fail (0.10) Fail
B2 0.6 0.06 0.5 0.42 0.38 0.23 Fail (0.12) Pass
B3 0.7 0.11 0.6 0.46 0.38 0.44 Fail (0.14) Fail
E4 0.48 0.13 0.38 0.21 0.12 0.5 Fail (0.1) Fail
F1a 1.04 0.05 0.94 0.88 0.84 0.2 Pass (0.21) Pass
F1b 1.05 0.07 0.95 0.86 0.81 0.27 Fail (0.21) Fail
F1c 1.05 0.06 0.95 0.87 0.83 0.24 Fail (0.21) Pass
F2a 0.25 0.013 0.15 0.13 0.124 0.05 Pass (0.05) Pass
F2b 0.25 0.02 0.15 0.12 0.11 0.09 Fail (0.05) Pass
F2c 0.26 0.01 0.16 0.15 0.14 0.05 Pass (0.05) Pass
G1 0.4 0.08 0.3 0.20 0.14 0.31 Fail (0.08) Fail
G2 0.72 0.09 0.62 0.50 0.44 0.35 Fail (01.4) Fail
J1a 0.82 0.11 0.72 0.58 0.5 0.4 Fail (0.16) Fail
J1b 0.8 0.14 0.7 0.52 0.42 0.44 Fail (0.16) Fail
J2 0.72 0.07 0.62 0.53 0.48 0.28 Fail (0.14) Fail
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 Turbidity 6.1.3

The existing guidance for turbidity online compliance data assurance is difficult to achieve for 
two main reasons: 

1. There are numerous sources of systematic error in both online and laboratory 
measurements which generate a bias of the online measurement to underread 
compared with the laboratory measurement. 

2. The 95% confidence range for the difference between online and laboratory 
measurements is comparable with the very low levels of turbidity being measured.  

There is some evidence that better maintenance will improve performance. The instruments 
from sites F1 and F2 were judged to be especially well maintained, but still failed on one 
dataset on turbidity 95% confidence range, the other only just passing the 95% confidence 
test. The gap between online data and laboratory data is probably too great for the existing 
guidance to be reliably met even with substantial effort. For most online turbidimeters neglect 
of cleaning will produce an increase in reading, which will generally help to mitigate the bias 
which is usually present. But this does not sufficiently mitigate the variability between the 
differences of measurements, which is the greater cause of failing to meet the current 
guidelines. This finding is consistent with the data in all the available literature which WRc has 
located. 

If DWI wanted to enable the use of online turbidity data for compliance, what changes to the 
guidelines would assist this?  

Possibilities are: 

1. Simply lowering the pass level for the 95% confidence range on turbidity. The current 
limit for the 95% confidence interval is 0.1 NTU. For example, if this were raised to 
0.25 NTU it would allow seven out of thirteen of the water company datasets to pass 
the variability of difference test.  

From a data point of view, this would mean accepting a 95% confidence interval for the 
difference which is 2 to 5 times the mean value of the turbidity of typical UK final 
waters. This is too great a range of uncertainty for the data if DWI inspectors are to 
reliably understand possible changes in works performance. 

2. Instead of sending samples to the laboratory for analysis, a local good quality bench 
turbidimeter subject to rigorous AQC could be used for the compliance reference data. 
Water companies could use the same machine for local calibration, instead of 
preparing and transporting large volumes of low turbidity formazine standard. 
Essentially they could bring the online machine into line with the bench instrument 
when measuring final water samples at the normal operating level. This should result in 
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much lower differences in mean and variability, but the traceability and accuracy would 
be retained through the bench instrument. This is the approach used for chlorine, and 
would not be a change in principle of working for DWI.  

Provided the bench machine is subject to rigorous AQC and can deliver the 
measurement performance required, the data may be of greater reliability than existing 
data, as the uncertainty due to sample transit and measurement delay is avoided. 

3. Move to an online quality system (see Appendix K). This would replace the current 
laboratory-based approach for the fit-for-purpose requirement with one based upon 
instrument test data, inspection, agreed operating procedure and checks on the 
installation.  

Although there are difficulties with the laboratory reference for turbidities below about 
0.1 FTU, an online quality system would require detailed instrument-specific and site-
specific effort to deliver compliance data of comparable uncertainty to the laboratory-
referenced approach. WRc‘s view is that the laboratory-referenced method remains 
workable. 

Overall, only option (2) offers a viable route to making online compliance data for 
turbidity an achievable option. 

 Conductivity 6.1.4

The existing requirements for conductivity are readily met and could be implemented 
immediately by water companies if they chose to do this. It would be useful to state the need 
for calibration checks to include the temperature compensation and to report these results as 
part of the procedure. Any revision should also stress that the temperature at which the 
conductivity result is to be reported is 25°C. 

There is evidence that slightly more stringent fit-for-purpose criteria could readily be achieved. 

6.2 Other requirements 

The existing guidance requires reliable quality control checks to be carried out. Water 
companies may not be able to implement this immediately for two reasons: 

• Recording of checks and calibrations against a reference are often local and a mixture 
of paper-based and computer database records. Since these tasks are often carried out 
by mobile operators, a centralised system of recording and charting these data would 
be needed. Staff would also need to be appointed and trained to produce control charts 
using the data and to carry out or initiate actions from the chart data, though much of 
this could be automated. 
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• The status of the reference measurement used in checks and calibrations may need to 
be upgraded to meet the traceability and quality requirement. 

6.3 Costs and benefits 

Estimates have been made of the costs and benefits of using online data for compliance 
following the current guidelines. It has been assumed that an existing final water monitoring 
instrument would be used. The costs are therefore additional costs, without need of a new 
instrument purchase, and include items such as improved installation, additional maintenance 
and calibration and quality assurance procedures. The benefits are derived from reduced 
laboratory analysis costs. The assumptions are listed in Appendix I. 

Table 6.3 shows the estimated costs and benefits for the largest sites where daily sampling 
compliance is required. It assumes that sampling for microbiological testing will continue. 
There is a small benefit in using online compliance data on these sites; on sites where 
compliance sampling is less often than daily, there are marginal or negative net benefits. This 
assumes that with the additional effort costed into the estimate, the online data will meet the 
fit-for-purpose requirements, but this is uncertain for some of the requirements under current 
guidance. 

Table 6.3 Estimated cost savings from using online compliance data on the largest 
sites requiring daily compliance sampling 

Parameter 

Additional annual 
costs of online 

compliance data 
provision 

Annual cost 
savings on daily 

sampling and 
analysis 

Annual net benefit 

Chlorine £2200 £2884 £684 

Turbidity £2000 £2058 £58 

Conductivity £500 £1307 £807 
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7. Conclusions and suggestions 

7.1 Conclusions 

Use. There is no use of online monitors for compliance at present; economic reasons are 
usually cited. 

 Current guidelines 7.1.1

The existing guidelines for the use of online data for compliance could be met immediately, 
with the important exceptions of the statistical ‘fit-for-purpose’ measure and the quality control 
procedure. 

Fit-for-purpose. This part of the guidance specifies the extent to which online and laboratory 
data can differ from the online data to be acceptable; it sets limits on the mean difference 
between data pairs of online and laboratory data, and on the 95% confidence range of the 
difference between online and laboratory data pairs. By agreement with DWI, the project 
focused on chlorine, free and total, turbidity and conductivity, and the achievement of the 
‘fitness-for-purpose’ criterion was found to vary by parameter: 

• Chlorine can achieve the required mean difference against laboratory data provided 
that sufficiently frequent calibrations against DPD are competently carried out. This is 
believed to be because the same handheld DPD instrument is generally used both for 
the instrument calibration and the laboratory measurement. Achieving compliance for 
the 95% confidence range is much more difficult as the random variations in the 
difference between the online and laboratory measurements are large compared with 
the current guideline requirement for online compliance data. A fixed limit for 
measurement difference equivalent to a PCV of 2-3 mg/l (see Table 6.1) would be 
needed for it to be achievable with reasonable additional maintenance effort. Meeting 
the fit-for-purpose requirement at a ‘PCV equivalent’ of 2.5 mg/l is judged to be 
achievable across a wide range of sites but may increase the uncertainty of the 
compliance data; meeting a ‘PCV equivalent’ of 2.0 mg/l may be difficult to achieve 
reliably at all sites but is estimated to make little difference to the uncertainty of the 
data. 

• Turbidity data on average give lower readings online than in the laboratory and this 
makes achieving the mean difference required by the current guidance difficult. There 
does not appear to be a single cause for this bias; most sources of systematic error in 
both laboratory and online measurements produce bias in the same direction, namely 
to increase the laboratory results and to reduce the online result. The 95% confidence 
range required for turbidity under the current guidance is very difficult to achieve; it is 
made more difficult by the effect of bias, but for all datasets analysed the range of the 
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differences between the online and laboratory measurements is large compared with 
the current guideline requirements for online compliance data. This is believed to be 
because current final water turbidity values are close to the lower working limit of the 
instruments in use. Under the current guidelines, meeting the requirements for turbidity 
cannot be assured even with substantial maintenance and calibration effort. A possible 
alternative would be to allow the reference measurements to be made locally using a 
high quality bench site instrument operated under a sufficient AQC regime. This would 
not increase the uncertainty of the compliance data, but would remove the possible 
uncertainty associated with sample transport and measurement delay. 

• Existing online conductivity data in most cases meet the current guidelines with no 
additional maintenance and calibration effort. The only additional effort required would 
be to put in place a quality control procedure to track performance and take corrective 
action when required. Slightly more stringent fitness-for-purpose criteria could be 
readily achieved. 

Quality control procedures. Most water companies in England and Wales maintain local 
records of the calibration and validation checks on their online instruments. There are 
exceptions, but for the most part, the records are not formally reviewed to take action on 
instruments performing below requirements. Since many sites are unmanned and staffed by 
different people, a centralised electronic system would be needed to maintain control charts 
and opting for online compliance would require water companies to put these arrangements in 
place.  

 Other considerations 7.1.2

Costs and benefits. Estimation of costs and benefits shows a small benefit in using online 
compliance samples for works which are required to take daily compliance samples, but on all 
other sites it will be cheaper to meet the compliance sampling obligations using laboratory 
analysis. Water companies have expressed the view that as long as bacteriological quality 
measurement requires manual sampling, there is little to be gained by using online 
measurements for other parameters. 

Continuous online monitoring. Continuous online monitoring for compliance would provide 
a great deal more data for DWI than the current arrangements. The main benefit for DWI 
would be to monitor the consistency of final water quality more effectively than is possible with 
spot samples. Online monitoring would however increase the probability of detecting failure 
and this may require revision of the reporting arrangements. Continuous compliance 
monitoring would result in closer regulation and this would be expected to increase DWI’s 
monitoring costs. The impact on costs for water companies would depend upon the detailed 
implementation.   
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7.2 Suggestions 

It is suggested that DWI consider revisions to the guidelines for the use of online data for 
compliance. The suggested revisions are: 

• For chlorine, fixed limits for the mean difference and for the 95% confidence range are 
provided at a level of ‘equivalent PCV’ of 2.0 or 2.5 mg/l.  

• For turbidity the option of using a site bench instrument for reference measurements is 
offered. Clear AQC requirements and minimum performance requirements for this 
instrument would need to be included in the guidance. It is also essential that a bench 
instrument rather than a handheld instrument is used, in order to have the sensitivity to 
operate reliably at low turbidity values. 

• For conductivity, reporting of the result corrected to 25°C should be emphasised. The 
fitness-for-purpose requirements could be made more demanding, if this is perceived to 
have benefits for regulation. 

• Whilst the current guidance is in principle very straightforward, its clarity would be 
greatly improved by the inclusion of an example dataset and its analysis. 

A move to continuous online monitoring for compliance would only be suggested if DWI 
considered that there was a need to tighten regulation of water treatment works operation 
beyond the current level.  
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Appendix A Online monitor performance data 
– literature and other sources 

A1 Introduction 

DWI has commissioned WRc to carry out a project to appraise the existing guidance for water 
companies in England and Wales wishing to use data from online instruments for regulatory 
compliance. An important aspect of the project is to understand the performance of online 
instruments compared with laboratory analysis on treated water samples. The main focus of 
this comparison is the water supply companies themselves, however the project is also 
gathering data from other sources. This section covers the work carried out under Task 2b - 
Test and Evaluation data (from past WRc, Water Company and manufacturers), and Task 2c 
- Published Literature on instrument performance (other organisations, grey literature). The 
literature search has included: 

o WRc’s Aqualine database and Science Direct, general web searching. 
o WRc instrument evaluation projects. 
o Evaluation reports from the US ETV scheme. 
o Government and research organisations US EPA, CSIRO, KIWA, EU CORDIS 

database. 
o Universities. 
o Instrument suppliers. 

The database searches were limited to the last 10 years. Some earlier material from other 
sources has been included where it was thought to be of value. 

A2 Terminology 

As far as possible the following terminology is used to describe the results of the search, and 
this is taken from the definitions in the ‘GUM’ Guide to Uncertainty in Measurement (1). 

• Repeatability. This is the difference between successive measurements on the same 
sample. 

• Error. This is the difference between the instrument reading and the true value. In 
practice the true value is not known, but a reference measurement is normally used to 
approximate to the true value. Error is therefore often used to describe the difference 
between the instrument reading and the reference measurement on the same sample. 
In instrument evaluations a combined error may be given and this is normally the 
square root of the sum of squares of errors from different measured errors. Systematic 
errors are offsets that occur throughout the measuring range of the instrument, also 
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known as bias. Random errors are random effects due to influences on the reading 
such as electronic noise or mechanical vibration. 

• Accuracy. This tends to be used very loosely, but generally describes how closely the 
instrument reading is to the true value. In the text of this report an accuracy of 5% will 
be taken as meaning an error of 5%. Note that this means that the error may be +5% or 
-5%. When percent accuracy is given it can be expressed as percent of reading or as 
percent of full scale. Wherever it is given in the literature quoted, the range for the 
parameter of the sample will be included in the text. 

• Uncertainty. This is the statistical expression of error. It recognises that errors will be a 
distribution not a single value, and incorporates the probability that the measurement 
will be within a range of values from the true value. Strictly the confidence level should 
accompany the uncertainty; conventionally uncertainty without a confidence level is 
taken to mean at 95% confidence. 

A2.1 Turbidity units  

Turbidity is commonly expressed as either FTU and NTU. These are defined as (2): 

• 1 FTU (Formazine Turbidity Unit) is 1/400th of the turbidity of a standard suspension 
prepared under the correct standard conditions.  

• 1 NTU (Nephelometric Turbidity Unit) is taken to mean turbidity measured using a 90º 
scatter instrument calibrated using formazine prepared under correct standard 
conditions.  

It is also possible to measure turbidity by an absorbance method, in which case the result is 
quoted as FAU, Formazine Attenuation Units, however this would not normally be used in any 
online or laboratory equipment for the very low levels of turbidity on drinking water samples in 
the UK. 

A3 Aqualine, Science Direct, Web search, Research bodies 

The published material reflects current interests for water companies, and these fall largely 
into two areas: network water quality measurement; and (especially in the US) monitoring for 
deliberate or accidental contamination, so called ‘homeland security’. Skadsden (3) describes 
work carried out in Ann Arbor, Michigan to carry out pilot testing of instrumentation in the 
distribution system to monitor for contamination. It includes some laboratory testing of chlorine 
instrumentation on treated water. For their ‘Instrument A’ mean and standard deviation values 
of 3.11 ± 0.13 mg/l compares with 3.03 ± 0.11 mg/l for analysed grab samples. Their findings 
on conductivity showed difficulty in obtaining agreement between laboratory and online 
instruments, but this was not reported numerically. Another homeland security document from 
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the EPA (4) gives the responses of various sensors including chlorine to a range of 
contaminants. It includes information on maintenance frequencies, but no instrument data 
against laboratory analysis. This is further developed in (5) but without specific instrument 
performance data. 

Two papers were found reporting academic contributions to water quality monitoring in 
distribution for operational purposes (6 & 7). The Imperial College study (6) used a 
commercial instrument to monitor changes in the water distribution network. During the 
laboratory evaluation they concluded that the turbidity sensor repeatability was 1 FTU. The 
chlorine sensor response using a spiked tap water sample showed a response time of more 
than an hour, and an under-reading of about 0.5 mg/l over a 0 to 2.5 mg/l free chlorine range. 
The Finnish study (7) was primarily about analysing data patterns in a simulated distribution 
system and does not include any instrument performance data. 

AWWA has produced some directly useful material (8). For online measurement of filtered 
water turbidity, this gives 0 – 0.5 FTU for the range with a lowest detectable change less than 
0.01 FTU. For chlorine, amperometric dual electrode systems with pH correction are quoted 
as having a resolution of 0.001 mg/l free chlorine; colourimetric systems based upon the DPD 
chemistry are quoted as having an accuracy of better than ± 5% of reading or ± 0.05 mg/l 
whichever is greater. There are references to some US Instrumentation Test Association 
(ITA) evaluations of chlorine sensors conducted pre- 2000; these were not purchased by WRc 
as the results are now dated. 

There is also a highly relevant AWWA report (9) documenting online measurements against 
bench instruments at six US water treatment works. Data were collected for 12 months and 
the works used their normal maintenance and calibration procedures. They found that on 
filtered water samples of average turbidity 0.08 FTU, the average difference and standard 
deviation between corresponding readings from online and bench instruments was - 0.011 ± 
0.084 FTU respectively, the sign indicating that the online instrument reading was on average 
lower than the bench reading. The high standard deviation figure for the difference shows an 
inherent variability between the bench and online values much greater than the average 
difference. At the site with the greatest volume of data the gradient of the best fit straight line 
to the data from the online (as Y-axis) and bench instruments (as X-axis) was 0.93, again 
reflecting the systematic difference in readings, with the bench reading being the higher. For 
chlorine instruments the corresponding gradient for online and laboratory at the same works 
was 1.00. The overall performance for final water at an average concentration of 1.6 mg/l 
residual chlorine showed an average difference and standard deviation between 
corresponding readings from on line and bench instruments of -0.011 ± 0.17 mg/l 
respectively. 

Reflecting the current interest in distribution measurements, an Australian study (10) reports 
on an evaluation of nine free chlorine analysers. This gives a day-to-day repeatability of 
0.19 mg/l averaged across all analysers at 35% and 65% of full scale, though the individual 
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analyser performance varies, with the best repeatability reading being 0.06 mg/l and the worst 
as 0.46 mg/l. The gradient of the best fit line varies from 0.63 to 1.07.  

The 1999 UKWIR project (11) was curtailed before detailed performance data were gathered, 
and it contains predominantly marketing and business information. Appendix 4 of the report 
lists, by parameter, the performance then being achieved. The performance for parameters of 
interest to this project are given in Table A.1.  

No relevant evaluation data for current equipment were found in the large body of EU funded 
research on water. Projects such as Aquafit4use and Techneau, whilst covering quite wide 
areas of water measurement technology, do not include anything of direct use for this project. 

Table A.1 Online instrument performance by parameter from reference (11) 

Parameter Range Uncertainty 
Lower detection 

limit 

Chlorine residual 0-2 mg/l 
0.1 mg/l or 2% of 

range 
0.05 mg/l 

Conductivity 1500 µS/cm Not available N/A 

Final water turbidity 0-5 FTU 0.2 FTU 0.1 FTU 

 
The Swiss company Sigrist specialises in high quality turbidimeters and in 1998 published a 
useful paper (12) on the measurement of low turbidity levels. A number of claims are made 
which are relevant to the measurement of turbidity in final water: 

• The turbidity of pure water is 20 ± 2 mFTU at 550 nm and 8 ± 1 mFTU at 860 nm. This 
has implications for zero calibration, which is best carried out with highly filtered water, 
finishing with a 0.05 micron pore membrane. Any scattered light above a zero level set 
with this water is then due to suspended material. 

• Formazine suspensions at 1 FTU and below are difficult to produce, but accuracies of 
± 10 mFTU are achievable. 

During 2011/12 one of the UK water companies carried out a comparative test of commercial 
online turbidimeters for filtered water. WRc has not been given access to the data, but a 
presentation on the trial was given to the WRc Instrument User Group. The primary interest 
for the company concerned was to choose the best process instrument to monitor filter 
performance. No results comparing output with laboratory data were presented; instead the 
instrument response to spiked samples was shown. The most notable result for this project 
was the very impressive reproducibility of one of the instrument models tested. Two sample 
instruments of the same model were operating with the same sample, and the logged data 
showed as one line; at the resolution of the logging system they were indistinguishable.  
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WRc contacted Sheffield University as they have an extensive programme on distribution 
measurement, to see whether they had come across any instrument studies which had been 
missed, but no new material was located. 

A4 WRc evaluation data 

Up to the 1990s WRc carried out a systematic programme of evaluation for water quality 
instruments at its Mitcheldean site. The results of this work informed the 1994 WRc 
Instrument Handbooks and the 1989/1991 Water Industry Specifications (WIS) for 
instrumentation. The handbooks gave figures which were considered achievable with existing 
instruments and practices. The WIS figures were a statement of the application requirement, 
tempered by what was thought to be achievable. The figures given in these documents are 
summarised in Table A.2. 

Table A.2 Summary of instrument performance (chlorine and turbidity) from 1990s 

Application Performance Source 

Filtered/final water 
free chlorine 

Overall uncertainty ± 0.1 – 0.2 mg/l. 
Considered to be achievable with current 
instrumentation 

WRc instrument 
handbook 1994 

Final water turbidity Overall uncertainty ± 0.2 FTU. Considered 
to be achievable with current 
instrumentation 

WRc instrument 
handbook 1994 

Final water free 
chlorine residual 
monitoring 

Range/overall uncertainty 0-0.5 ± 
0.02 mg/l 

OR 0-1.0 ± 0.04 mg/l, i.e. 4% of span 

Repeatability at 2% of span 

WIS specification  
7-02-01 1989 

Final/filtered water 
turbidity 

Overall uncertainty ± 2.0% of span or ± 
0.2 FTU whichever is greater 

Repeatability ± 1.0% of span or 0.05 FTU 
whichever is greater 

WIS specification  
7-09-01 1994 

 
Since that time WRc has been commissioned to carry out laboratory tests on bufferless 
chlorine instruments (13) and water quality distribution instrumentation (14) but no evaluation 
work on standard online process instruments for turbidity, chlorine or conductivity. 

The summary table for chlorine from the 2010 evaluation study of distribution instruments is 
given in Table A.3. The pairs of results are from two nominally identical instruments. The 
corresponding turbidity results from this study were very poor compared with online process 
instruments, reflecting the difficulty of making a compact turbidimeter for use in a pipe; 
controlling stray light is very much more difficult with little space and no control over the pipe 
position and surface reflectivity. Combined errors were in the range 1.2 to 8.1 FTU with a 
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mean combined error of 2.8 FTU. The sample turbidity level was below 1 FTU except when 
spiked when it was raised to about 4 FTU.   

The summary table from the 2009 evaluation of bufferless chlorine analysers is shown in 
Table A.4. This was a laboratory test using tap water chlorinated to 0.3 – 1.8 mg/l and looked 
at the effects of changes in pH, temperature and sample flow, followed by a 3 week drift test. 
These data give a better indication of online performance than the distribution instrument data 
of Table A.3. In these tests the instrument ‘E’ performed very well indeed, and following this 
study is expected to be widely adopted. 

During the 2010 study there were some checks on the conductivity measurements of the 
instruments. These were not part of the main evaluation, but simple checks against a 
reference measurement when there was an opportunity within the test programme. These are 
summarised in Table A.5. 
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Table A.3 Summary table from 2010 WRc evaluation of distribution instruments – free chlorine,  
two instruments of each type 

Instrument 
Accuracy (mg/l Cl2) for lowland & upland tests* Drift** 

(av. mg/l Cl2) &Fouling issues Random error (±) Mean error Comb. error (±) 

A 
0.01/0.02 -0.01/-0.03 0.04/0.09 Drift: -0.04/0.01 
0.02/0.02 0.01/0.00 0.08/0.09  

B 
0.09/0.07 0.15/0.02 0.30/0.20 

Not tested.  
Calibration problems with both instruments. 

0.13/0.14 0.44/-0.21 0.80/0.67  

C 
0.07/0.07 0.07/0.06 0.41/0.37 Drift: 0.72/0.00 

Fouling of counter electrodes 0.19/0.25 0.90/0.62 1.90/1.82 

D 
0.05/0.04 -0.06/-0.06 0.16/0.14 

Drift: 0.10/0.06 
0.02/0.02 0.01/0.01 0.08/0.07 

E 
0.05/0.04 0.06/0.05 0.23/0.19 Drift: -0.01/-0.02 

Particulates accumulate in flow cell 0.05/0.05 0.07/0.04 0.20/0.18 
*  Lowland water shaded, upland water unshaded. 

** Drift after 3 weeks in lowland water 
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Table A.4 Summary table from 2009 evaluation of bufferless chlorine instruments  

Performance 
measure 

A B C D E 

Combined uncertainty 
(lowland) 

0.11 mgCl2/l 0.20 mgCl2/l 0.24 mgCl2/l 0.19 mgCl2/l 0.07 mgCl2/l 

Combined uncertainty 
(upland) 

0.21 mgCl2/l 0.14 mgCl2/l 0.15 mgCl2/l 
? (measurements 
unrepresentative) 

0.18 mgCl2/l 

Note: sample chlorine concentration was 0.3 to 1.8 mg/l Cl2. 

 

Table A.5 Conductivity data from the distribution instruments tested in 2010.  

Instrument 
Conductivity measurement deviation from 
reference measurement on sample (µS/cm) 

Sample conductivity level (µS/cm) 

B -40/+10  630-650 

C -21/+24  630-650 

D -45/+45  630-650 

E -2/-2 141 

Note: values are from the pair of instruments tested. 
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A5 ETV test data 

The US Environmental Technology Verification (ETV) program has carried out testing on a 
number of turbidimeters and multiparameter instruments intended for drinking water 
distribution networks. The reports are listed in the references as 15 to 21. Tables A.6 and A.8 
give the headline figures from the summaries of the reports for multiparameter instruments 
and turbidimeters respectively. 

Table A.6 Summary of ETV data on multiparameter distribution instruments 

Instrument  

Turbidity accuracy 
as range of 

percentage deviation 
and median 

Chlorine accuracy  
as range of 

percentage deviation 
and median 

Conductivity 
accuracy as range of 
percentage deviation 

and median 

Multiparameter 1 -53.9 to -1.3, -34.1 
Total chlorine. -47.4 to 

4.5, -3.9 
-15.5 to 8.1, 2.2 

Multiparameter 2 - 
Free chlorine. -11.1 to 

96.7, 14.5 
2.9 to 5.3, 4.2 

Multiparameter 3 -65.2 to 0.6, -45.2 
Total chlorine. -13.2 to 

20.6, 7.5 
37.9 to 94.3, 57.5 

Multiparameter 4 -47.2 to -16.9, -24.9 
Free chlorine. -41.5 to 

54.3, -15.7 
-19.7 to -2.6, -12.7 

Sample range 
0.46 to 1.54 FTU with 

a mean level of 
0.96 FTU 

0.3 to 1.5 mg/l with a 
mean level of 
0.7 mg/l Cl2. 

412 to 694 µS/cm with 
a mean level of 

497 µS/cm 

 
The error data of Table A.6 are quoted from the reports and is expressed in unusual terms. 
For each parameter the report gives the full range of the deviation of the test instrument 
measured value from the reference value plus the median deviation value, all expressed as a 
percentage of reading on each sample. The sample range used for each parameter is given in 
the bottom row of Table A.6. As an alternative way of presenting these data, Table A.7 gives 
the values in engineering units of the median percent deviation applied to the mean sample 
concentration. It would be necessary to extract and process the data from each report to 
produce overall uncertainty values, and in the context of the project this was not considered 
worthwhile for data from distribution instruments. 
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Table A.7 Calculated approximate mean deviation results from the data of Table 6 

Instrument 
Approximate mean deviation from reference 

Turbidity / NTU Chlorine mg/l Cl2 Conductivity µS/cm 

Multiparameter 1 -0.32 -0.03 11 

Multiparameter 2 - -0.07 21 

Multiparameter 3 -0.43 0.05 286 

Multiparameter 4 -0.23 -0.11 -63 

 

Table A.8 Summary of ETV data on turbidimeters 

Instrument Precision Bias* Drift 

Turbidimeter 1 
Comparable to 
reference instrument. 

Positive bias on 
water samples 0.1 – 
0.6 FTU of 0.05 - 0.2 
FTU relative to 
reference. 

Zero intercept 
drifted by 0.04 
FTU over 6 weeks, 
but this is within 
uncertainty of 
reference. 

Turbidimeter 2 
Comparable to 
reference instrument. 

Positive bias of 0.1 – 
0.3 FTU against 
ISO7027 reference 
on filtered water 
samples. 

Zero intercept 
drifted by 0.2 FTU 
over 6 weeks. 

Turbidimeter 3 
0.2-3% RSD over 0.5 – 
5 FTU approximating 
precision of reference. 

Average of 18.8% 
bias over 0.3 to 4 
FTU range on water 
samples. 

9% change, within 
the combined 
uncertainty of the 
reference. 

*Bias is the same as a systematic error in the GUM nomenclature, see Section A2. 

A6 Supplier data 

Suppliers of online turbidity, chlorine and conductivity instruments were contacted requesting 
data which compared online and laboratory data. The outcomes are listed in Table A.9. 
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Table A.9 Results of data requests to suppliers 

Supplier Outcome 

1 No data available 

2 Data believed to be available but nothing received by 31.1.13 

3 Data believed to be available but nothing received by 31.1.13 

4 
Laboratory evaluation report carried out by IWW Rheinisch- 
Westfalisches Institut fur Wasser (German) 

5 
Data provided from a chlorine in distribution study, but does not 
include direct laboratory comparison 

6 Turbidity data from a UK user study 

7 No data available 

 
The IWW laboratory study tested a turbidimeter from supplier 4 and found: 

• that a sample of 0.1 FTU can be measured with a reproducibility of 0.005 FTU; 

• linearity of formazine samples over a 0 – 2 FTU range was 1.002 ± 0.039. 

Data from supplier 5 were provided as a presentation on a chlorine decay study. Figure A.1 
shows data gathered to investigate the effect of chlorine dosing at a secondary service 
reservoir, supplied from a primary service reservoir. Whilst there is no comparison against 
laboratory data, the data do indicate good instrument stability at the 0.2 – 0.3 mg/l level over 
the 1 month timescale of the study.  

Figure A.1 Example data from chlorine decay study at service reservoirs using a 
supplier 5 instrument 

 

Of greater relevance is the data from supplier 6. This is from a study carried out by a UK user 
during 2006. Eight online turbidity instruments were operated for a period of 4 weeks each on 
filtered water (slow sand filter) and final water. Data were compared with daily grab samples 
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analysed by the works laboratory instrument and the company laboratory. The average 
turbidity of the water samples was 0.23 FTU for the slow sand filtered water and 0.16 FTU for 
the final water. The results are summarised in Table A.10. 

Table A.10 Summary of user evaluation of online turbidimeters 2006 

Filtered Final 

Mean differences 
vs lab data 

Mean differences 
vs bench data 

Mean differences 
vs lab data 

Mean differences vs 
bench data 

Max, Min, Mean.  
FTU 

Max, Min, Mean. 
FTU 

Max, Min, Mean. 
FTU 

Max, Min, Mean. 
FTU 

0.99, -0.11, -0.20 -1.02, -0.14, -0.21 1.07, -0.02, 0.12 1.02, -0.07, 0.09 

 
The supplier 6 representative was keen to make the case for using online analysers for 
compliance. The company maintains that there is no point in quoting an accuracy figure for a 
turbidimeter calibrated to read FTU, as this depends upon the accuracy of the calibration 
standard which they believe has greater variability than the instrument response. There is 
some support for this view from the ETV data, where the online instrument variability was 
within the day-to-day variability of the reference instrument as calibrated on freshly prepared 
formazine standard. 

In addition to these data, suppliers’ literature offers a useful guide to performance. It generally 
represents the best that can be achieved with the instrument under ideal conditions, and it 
must be recognised that the maintenance and calibration practice provided by most operators 
will achieve less than this. Tables A.11, A.12 and A.13 list data from some reputable 
suppliers, and the measurement performance claimed in their literature. 

Table A.11 Examples of free chlorine instrument performance from suppliers’ 
literature 

Instrument Accuracy Repeatability 

Wallace & Tiernan basic 
chlorine residual analyser 

0.01 mg/l Cl2 or 2% of full scale 
whichever is greater 

0.01 mg/l Cl2 or 2% of full 
scale whichever is greater 

Hach CL17 
5% or 0.03 mg/l Cl2 whichever is 

greater 

0.01 mg/l Cl2 or 3% 
whichever is greater, listed 

as precision 

STS CL1000 

1% of reading or 
± 0.002 mg/l Cl2, whichever is 
greater, for residual levels below 
20 mg/l; 5% of reading for 
residual levels from 20-60 mg/l. 

Not given 

ATI Q45/62-63 0.02 mg/l or 0.5% of full scale 
0.01 mg/l Cl2 or 0.3% of full 

scale 
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Table A.12 Examples of turbidity instrument performance from suppliers’ literature 

Instrument Accuracy Repeatability 

Hach 1720E 2% of reading or 0.015 FTU 1% or reading or 0.002 FTU 

Sigrist  
Dependent upon calibration 

suspension 
0.001FTU resolution 

Swan AMI Turbiwell - 0.003 FTU or 1% of reading 

Endress + Hauser CUE21 2% or 0.02 FTU 1% of reading 

 

Table A.13 Examples of conductivity instrument performance from suppliers’ 
literature 

Instrument Accuracy Repeatability 

ABB TB82EC transmitter 0.5% of measurement range 0.5% of measurement range 

Wallace & Tiernan MFC 
and 4 electrode probe 

0.5% of scale - 

 

A7 Discussion 

The main sources of data found by the search are: 

• instrument evaluations and research studies; 

• specification and guidance literature; 

• suppliers’ literature. 

Instrument evaluations generally have the benefit that they are carried out under controlled 
conditions, however the conditions may not reflect normal operation. For example, during 
evaluations, maintenance will be carried out to a strict schedule; in operational practice, the 
schedule may be varied to fit in with site visit schedules. The AWWA study (9) is exceptional 
in that it provides data collected under operational conditions. Specification and guidance 
literature is more likely to take account of operational practice than evaluation data, being 
based upon users’ experience of how well their instruments perform in practice. Reputable 
suppliers will carry out their own testing before launching a new product, and their claims for 
accuracy will be based upon the test performance, albeit giving a best case scenario. It is 
disappointing that suppliers have not been willing to share these data. 
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The major performance data for chlorine are drawn together in Table A.14. The distribution 
instruments are expected to give poorer performance, as they are calibrated less frequently 
compared with treatment sites. Overall the accuracy achieved in testing is about 0.1 mg/l Cl2, 
with a significant range of performance across different instruments, and none of the test data 
approaching the suppliers’ claims. 

Table A.14 Summary performance data for chlorine 

Source Overall performance data 

WRc handbook 1994 Uncertainty 0.1 – 0.2 mg/l Cl2 

UKWIR 1999 Uncertainty 0.1 mg/l Cl2 

ETV multiparameter instrument tests 
2005 

Mean deviation of 0.07 mg/l Cl2 

AWWA study of online vs bench 2004 Mean deviation of 0.011 ± 0.17 mg/l Cl2 

WRc bufferless instruments 2009 Uncertainty 0.07 to 0.24 mg/l Cl2 

WRc distribution instruments 2010 
Mean of all instruments uncertainty 0.4 mg/l. 

Excluding instrument C with poor stability 
mean combined uncertainty is 0.22 mg/l Cl2 

WQRA study of instruments for 
distribution 2010 

Day-to-day repeatability of 0.19 mg/l Cl2 

Supplier literature 2013 Quoted accuracy of 0.002 to 0.02 mg/l Cl2 

 
For turbidity, the performance data are summarised in Table A.15. The distribution instrument 
data are in this case a poor guide to works performance; the turbidity level is higher, and the 
instruments are necessarily much smaller and so cannot implement the usual anti-fouling 
strategies such as non-contact measurement. As with chlorine, there is a major gap between 
the test data and the suppliers’ claims. 

There is a further issue with turbidimeters, as the results of measurements on water samples 
from instruments calibrated on formazine suspensions will inherently vary with instrument 
design, and this will produce systematic errors in the readings between instruments. This is 
recognised by the ETV testing which reports reproducibility and bias, but not accuracy.  
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Table A.15 Summary performance data for turbidity 

Source Overall performance data 

WRc handbook 1994 0.2 FTU uncertainty 

UKWIR 1999 0.2 FTU uncertainty 

ETV multiparameter instrument tests 
2000 

Precision comparable to reference. Bias of 
0.05 to 4 FTU 

AWWA study, online vs bench 
instruments 2004 

Mean deviation of -0.011 ± 0.084 FTU 
between online and bench 

UK user evaluation 2006 
Mean deviation of 0.12 FTU from laboratory on 
final water 

WRc distribution instruments 2010 Mean of all instruments 2.8 FTU 

Supplier literature 2013 Quoted accuracy 0.015 to 0.02 FTU 

 
Conductivity data are scarce; it is of limited interest to users and WRc has not been funded to 
carry out an evaluation, a specification or a handbook for conductivity in the past 30 years. 
The ETV multiparameter data give mean deviations ranging from 2.2% to 57.5%, and the 
Michigan test work (2) reports difficulty in obtaining agreement between their online and 
reference measurements. The checks carried out during the WRc distribution instrument 
evaluation showed deviations from the reference measurement of between 0.4% and 9%. 
Suppliers claim 0.5 – 1.0% accuracy. It is generally viewed by users and suppliers as a very 
straightforward measurement and it is difficult to understand how deviations of 50% can occur 
without either instrument faults or major fouling of electrodes.  

There is a perception amongst users that instrument performance has improved over the past 
ten to fifteen years, and there is some support for this view from the literature. In 1994, 
chlorine uncertainty was thought to be 0.1 – 0.2 mg/l Cl2 whereas in 2009 the best bufferless 
instruments were achieving uncertainties better than 0.1 mg/l Cl2. For turbidity the 1994 view 
was that the uncertainty was 0.2 FTU but by 2006 an evaluation gave a mean deviation of 
0.12 FTU with the best instrument as low as 0.02 FTU. The measures of uncertainty are not 
comparable, but the trend is downward. Whether this is due to improvements in 
instrumentation, operational practice, or the general lowering of turbidity operating levels over 
this period is not clear from the literature.   

A8 Conclusions 

The search and review has found a range of material for online and laboratory water quality 
data comparisons. The coverage is patchy, and the most recent data are associated with the 
specific issues of water security and distribution measurement, and does not directly translate 
to the situation at the treatment works. In all cases the performance derived from test data is 
significantly poorer than the suppliers’ claimed performance.  
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Where comparative evaluations have been carried out, there is a difference as large as an 
order of magnitude between the best and worst performances, on instruments which users 
had thought worth the high cost of testing. 

The numerical conclusions based upon the search data for final water measurements are: 

• Chlorine – an uncertainty of about ± 0.1 mg/l Cl2 against laboratory analysis is being 
achieved.  

• Turbidity – uncertainty against laboratory analysis is better than ± 0.2 FTU, but due to 
the instrument-dependent nature of turbidity it may be more helpful to consider 
reproducibility and systematic error. The reproducibility is better than 0.1 FTU; the 
systematic error varies between instruments. 

• Conductivity – the best instruments can achieve uncertainties of 2% of reading or better 
over the usual range of final water conductivities, however there are much greater 
uncertainties with inferior instruments which are being submitted for testing for drinking 
water applications. 
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Report Rosemount analytical model WQS continuous multi-parameter water quality 
monitor. Battelle. October 2005. 
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Appendix B Review of current use of online 
monitors based upon 
questionnaire responses 

This appendix gives details of the questionnaire responses for reference. The results of the 
review are summarised in Section 3. 

A questionnaire was sent (August 2012) to each of the water companies in England and 
Wales requesting information on:  

- views/experience of compliance based on online monitoring;  

- current practice with regard to online monitoring of the quality of final water from 
treatment and of water drawn from service reservoirs; 

This appendix summarises information obtained from the survey, based upon 12 responses 
received from a total of 22 sent out. Three responses were also received from the “inset” 
companies stating that they receive treated water from other water companies, and do not 
undertake online monitoring of water quality. 

Complementary information was also obtained from a meeting convened by WRc on 26th July 
2012 to introduce the project and to identify key issues relating to current monitoring practice 
and the current DWI guidelines on use of online data. 

B1 Objectives of survey 

The primary objectives of the questionnaire survey were to: 

- identify whether companies have considered the use of online measurements to 
provide data for compliance, and to what extent this has been pursued;  

- determine the water quality parameters measured in “final” water from treatment and in 
water drawn from service reservoirs; 

- identify how monitoring varies for different types of treatment works; 

- to determine the main types of online instrument being used; 

- characterise current practice with regard to checking and recording online instrument 
performance and instrument calibrations, and approaches being taken to enhance 
reliability;  
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- identify companies willing to help with data collection under Task 2 of the project. 

The information obtained from the survey was used to decide which water quality parameters 
should be the focus of project Task 2a in which laboratory data (operator check, regulatory 
compliance) and online data will be collected from different water companies as part of a 
wider, detailed, assessment of the feasibility of assessing compliance with such data. 

B2 Summary of questionnaire responses 

The information from the completed questionnaires is summarised in this section. Water 
companies are referred to by alphabetic code to preserve anonymity. 

B2.1.1 Use of online data for compliance 

The DWI confirmed to WRc that no companies in England or Wales are currently using online 
water quality data for regulatory compliance. 

Companies were asked whether they had considered using online water quality data for 
compliance, for which parameters, and any barriers to implementation that had been 
experienced. The responses, Table B.1 show that a few companies have explored the 
concept, but have not taken it further after consideration of the technical requirements of the 
DWI’s current guidance. 

Table B.1 Online compliance: explored by companies 

Code 
Online 

compliance 
considered? 

Which 
parameters? 

Comments 

A No  
Additional cost and technical issues mean 
that it is not something we would 
countenance. 

B No   
C No   

D Yes Turbidity 

Archived telemetry data assessed: 
identified that data were averaged rather 
than instantaneous, also noted wider 
issues with AQC checks of online 
instruments. 

E Yes 
Turbidity, pH (?) 
conductivity (?). 

The effort required to achieve the required 
level of QA outweighed the financial 
benefits of moving to online. 

F No   
G No   
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Code 
Online 

compliance 
considered? 

Which 
parameters? 

Comments 

H No   

J Yes Turbidity, chlorine 
Main barrier is requirement to calibrate 
much more frequently than at present. 

K No  
Had a brief look at this a few years ago but 
do not think the instrumentation is there. 

L No   

M Yes briefly Turbidity 

Not in any depth, whilst there is no way of 
collecting microbiological compliance 
online there is little benefit in not getting 
the turbidity samples at the same time. 

 

B2.1.2 Final water after treatment 

Parameters and instruments 

Water company practice with regard to online monitoring of final water after treatment is 
summarised in Tables, B.2, B.3 and B.4. 

Table B.2 Online monitoring of final water post-treatment (Part 1) 

Code Application Parameter Instrument 

A 

All works Turbidity 
Chlorine 

Hach Lange or ABB 
W&T 

Additional monitoring for 
surface water (SW) spring 
water (SpW) and groundwater 
(GW) 

Aluminium (SW/SpW) 
Redox (SW) 
Phosphate (Sp/GW) 
Conductivity (SW) 
Colour (Sp) 
Nitrate (GW) 
VOC (SpW) 

Tytronics 
ABB 
ABB 
ABB/WTW 
Tytronics 
ABB 
Multi Sensor 
Systems/RAE 

B 

All works Turbidity 
Chlorine 

ABB (various) 
W&T Depolox 

Additional monitoring at 
selected surface and ground 
water sites 
 

Iron (GW) 
Aluminium (SW) 
Colour (SW) 
Phosphate (GW/SW) 
pH (GW/SW) 
Nitrate (GW) 

Aztec 1000 
Aztec 1000 
Aztec 1000 
Tytronics sentinel 
Yokagawa 
ABB 7330 
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Code Application Parameter Instrument 

C 

“Treatment works” Turbidity 
pH 
Free or total chlorine 
Chloramine/ammonia 

Hach  
ABB/Hach 
Various 
Ati 

D 
All works Turbidity  

Free chlorine 
Hach 
W&T Depolox 

SW after pH adjustment pH  

E 

All works (SW + GW) Turbidity 
Chlorine 
Fluoride 
Phosphate 

Hach 1720 E 
W&T Depolox 4 or 5 
ABB 1000 series 
ABB 1000 or 600 series 

Additional at SW Nitrate, iron, conductivity Kowa, ABB, ABB 
Additional at GW, Fe removal  Iron ABB 1000 or 600 series 
Additional at GW, NO3 removal Nitrate Kowa 

 

Table B.3 Online monitoring of final water post-treatment (Part 2) 

Code Application Parameter Instrument 

F 

All works Turbidity 
Total chlorine 
 
pH 

ABB 4600 or Hach 
1720D 
STS CL500 (SW) or 
W&T Depolox 4 (GW) 
ABB AX460 

G 

All works (SW + GW) Turbidity 
Free or total chlorine 

Various 

Most works as final indicator  
of a dosing problem. Can set 
“tight” band for an individual 
works. Occasional “grab” 
samples of conductivity 
considered to be on no 
value. 

Conductivity 

3 or 4 strategic works with 
phosphate dosing.  

pH, phosphate 

SW with coagulation Aluminium or iron 

Works with nitrate 
removal/blending 

Nitrate 
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Code Application Parameter Instrument 

H 

All works Turbidity 
Chlorine 
pH 

ABB (typically) 
- 
Typically Hach 

At strategic works where 
phosphate dosed. or with 
nitrate present 

Phosphate 
Nitrate 

ABB and Hach 
ABB 

J 

All works Turbidity 
Chlorine (free or total, 
depends on works) 
Conductivity 
pH 

Hach or ABB 
W&T or STS 
 
Various 
Various 

Works with coagulation Coagulant metal ABB 

Works where phosphate 
dosed 

Ortho phosphate ABB 

Sites with manganese risk. Manganese ABB 
 

Table B.4 Online monitoring of final water post-treatment (Part 3) 

Code Application Parameter Instrument 

K 

(Confirmation awaited on 
whether applies to all works). 

Turbidity 
Chlorine (90% are free 
chlorine instruments) 
pH 
Aluminium and iron 
Manganese 
Phosphate 
 
Colour 

Hach 1720D 
ABB 1000 series 
E+H, Knick Stratos 
Tytronics Sentinal or 
ABB AW630 
 
Tytronics Sentinal or  
ABB P1000 
ABB 1000 series 

L 

All works Chlorine 
 
Turbidity  
pH 
Conductivity 
Nitrate 
Fluoride 

Colorimetric (Hach) and 
amperometric (W&T) 
Hach 1720 series 
E+H 
E+H 
Hach Nitratax 
ISE Phoenix 1800 series 

Surface water Colour 
Aluminium 
Phosphate 

ABB Aztec 
ABB Aztec 
Hach Phosphax 
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Code Application Parameter Instrument 

Groundwater Iron 
Manganese 

ABB Aztec 
ABB Aztec 

M 

Ground and surface water Chlorine 
Conductivity 

W&T Depolox 5 
ABB AX400 series 

Groundwater with ion 
exchange and blending 

Nitrate Hach Nitrax Plus SC UV-
absorption 2-beam probe 

All new installations pH Ceraliquid CPS41D 
Memosens glass pH 
electrode with flowing 
reference and 
temperature sensor, 
CPS41D-7AC2B1 

 

All companies that responded have online instrumentation for turbidity and chlorine (free or 
total, sometimes both) in final water. 

B2.1.3 Compliance and “final water” sample point 

Information was requested on the relationship between the “final water” sample point used to 
obtain manual samples for compliance purposes, and the sample point used for online water 
quality monitoring. The responses are given in Table B.5. 

Table B.5 Final water: relationship between compliance and online sampling 

Code 

Is the sample for online 
instrument the same as 

that used for 
compliance laboratory 

sample? 

Comments 

A Yes  

B Yes Separately tapped but from same point. 

C Yes 
Sampling points available at point of online 
monitoring. 

D Yes Sample line and instrument feed in close proximity. 

E Yes The tappings are different but from same section. 

F Yes 
The location of tapping is different, e.g. online is 
before the high-lift pump and the grab sample is 
after the pump*. 
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Code 

Is the sample for online 
instrument the same as 

that used for 
compliance laboratory 

sample? 

Comments 

G Most of the time - 

H Yes 
Only difference is compliance taps are turned off 
between sampling. 

J Yes  

K Yes  

L Yes 

Sample lines used for compliance monitoring are 
dedicated to that purpose and do not have other 
tappings e.g. for supply of water to monitors. 
However, feed waters for final water monitors are 
normally tapped at an adjacent point therefore in 
principle will be sampling the same water. 

M Most of the time 
Yes on most occasions but not on the same line in 
general – instrument flow may upset the regulatory 
sample and the other way around. 

* It was noted to WRc that where the compliance sample is taken after the high-lift pump it could be vulnerable to 
situations where the pump rate is increasing during sampling and particulates are pulled from the pipe wall.  

 
Although the exact location of the sampling point for online analysers and grab sample for 
compliance laboratory samples might be slightly different, it appears that there should be little 
material difference between samples for most companies. 

B2.1.4 Service reservoirs 

Water company practice with regard to online monitoring of water from service reservoirs is 
summarised in Table B.6. 

Table B.6 Online monitoring of water at service reservoirs 

Code Parameter Application Comments/instrument type 

A 
Chlorine 3 reservoirs for secondary 

chlorination. 
W&T (Siemens) – type not quoted 

B 

Chlorine. Restricted to booster 
chlorination (reservoir 
outlet). 

Identified a requirement for chlorine 
and turbidity at strategic points in 
network in future, in context of more 
flexible networks.  
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Code Parameter Application Comments/instrument type 

C - No online monitoring. - 

D - No online monitoring. - 

E 

Chlorine Mostly no monitoring. 
Only monitored where 
known “issues” or in 
conjunction with booster 
chlorination. 

Siemens (W&T) Depolox 4 

F Chlorine No online monitoring.  

G 
Chlorine 2 reservoirs post chlorine 

boost and reservoir for 
bulk import. 

 

H Chlorine On a few reservoir outlets. Amperometric 

J Chlorine Booster chlorination. Typically Siemens and STS 

K 
Chlorine  Siemens Depolox, Capital Controls 

CL1000/B, Siemens SFC c/w FC-1 
sensor 

L 
Chlorine Ground and surface water Colorimetric and amperometric 

(electrode and membrane) 

M - No online monitoring.  

 

The information suggests that online monitoring of the quality of water drawn from service 
reservoirs is not common. The limited amount of online monitoring that is undertaken is for 
chlorine, is usually in relation to the control of booster chlorination. 

B2.1.5 Reliability and maintaining instrument performance 

Methods used to enhance measurement reliability 

Information on measures to enhance reliability of measurement is given in Tables B.7 and 
B.8. 
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Table B.7 Methods used to enhance reliability (Part 1) 

Code 
Methods used to enhance 
reliability for final water 

Which 
parameters? 

Comments 

A Dual validation Chlorine At treatment works. 

B 
Dual validation on all final 
waters 

Chlorine  

C 

Dual validation (duty/police) 
where instruments used for 
control OR to monitor 
compliance with company 
disinfection policy 

Chlorine, pH 
and turbidity 

Triple validation not deemed 
necessary as all sites visited daily. 
Single instruments on non-controlling 
parameters. 

D 
Triple validation Chlorine and 

turbidity 
On treated waters. 

E 

Dual validation Chlorine 

Turbidity 
(currently 
being rolled 
out across 
company).  

“High” alarm (both parameters) 
initiates automatic shut-down. “Low” 
alarm (chlorine only) also initiates shut-
down. “Difference” alarms sent via 
telemetry. 

F 
Triple validation Total chlorine Dual validation used for contact tank 

inlet and (at most sites) contact tank 
outlet. 

G 
Some triple validation Not stated Experience is that this does not 

enhance reliability. 

H 

Single instruments  Triple validation is used for chlorine in 
association with chlorination dosing 
control - triple validation is a legacy of 
the original equipment. Dual validation 
is used for pH at some sites, again for 
historical reasons. 

J 
Single instruments  Dual validation on “controlling 

analysers” for chlorine and pH. 
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Table B.8 Methods used to enhance reliability (Part 2) 

Code 
Methods used to enhance 
reliability for final water 

Which 
parameters? 

Comments 

K 
Yes Chlorine Dual validation implemented on 

borehole applications for residual 
chlorine. 

L 

Single instruments  Generally no dual or triple validation. 
Reliability generally maintained 
through regular maintenance, onsite 
checks/verification. 

M 

Dual validation  Dual validation for all controlling 
instruments (e.g. chemical dosing) 
and disinfection/other critical 
parameters. 

 
Some companies have dual (or triple) validation on final waters, mainly for chlorine but some 
also for turbidity and pH. It is also known (from the WRc/water company meeting) that 
continuous monitoring of sample flow to online instruments is considered essential if the 
greatest measurement reliability is to be achieved.  

Monitoring instrument performance 

Procedures for validating online instrument performance are summarised in Tables B.9 and 
B.10. 

The information shows most companies have validation procedures in place. Many 
companies undertake daily validation of instruments used for control, particularly chlorine 
which seems to be validated more often than other parameters. 

The approaches taken to keeping records of instrument checks, and overall policy, are 
summarised in Table B.11. Records are either kept on paper (log books) or entered into some 
form of electronic system. Most companies appear to have a company-wide policy for 
checking and record keeping. 

The responses to information on AQC procedures indicate that companies’ monitoring of 
instrument performance does not constitute an Analytical Quality Control (AQC) procedure, 
although the portable reference instruments may be controlled in this way.  
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Table B.9 Validation of online instrument performance (Part 1) 

Code What procedures are in place for validating instrument performance? 

A 
Chlorine - daily checks. Turbidity and phosphate - monthly check with the 
laboratory. 

B 

Routine monthly calibration checks. Failed monitor calibration procedures. 
Online telemetry trending and alarms. External standard checks. Routine 
instrument maintenance. Water quality shutdowns. Reactive calibration checks 
and instrument maintenance. 

C 

Currently updating company procedures. Operators will validate controlling or 
compliance instruments daily except turbidity (weekly) due to stability of units. 
All other non-controlling (performance) instruments will be weekly. Calibration 
as per supplier’s recommendations or based on results of Operator validation. 
Maintenance may be at a higher frequency than calibration – e.g. raw water 
turbidimeters. 

D 

Operator compares instrument readings with values obtained from spot checks 
using handheld instrument. Triple validation system requires for at least two 
instruments to be in agreement otherwise site shuts down. Instruments have 
calibration check on a 3-monthly basis. 

E 
Chlorine is referenced against handheld colorimeter; these are validated 
monthly against secondary “Gelex” standards by technician and annually by 
local scientists. Fluoride and phosphate validated against drop test. 

F 

Daily comparison done between online result and handheld meter. Grab sample 
taken by works operative who will note online instrument reading at time of 
sampling before carrying out on-site test using handheld meter. Handheld 
chlorine and turbidity meters are checked daily using secondary standards and 
annually sent to the laboratory for calibration. Online meter calibrations and 
maintenance at regular intervals. 

G 
Informal arrangement whereby samplers noticing a significant variation between 
the online monitor and their in-situ readings will notify the Production team. 
Nitrate monitors are validated against laboratory results on a monthly basis. 

H Maintenance and calibration as per the manufacturer’s recommendations. 
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Table B.10 Validation of online instrument performance (Part 2) 

Code What procedures are in place for validating instrument performance? 

J 

Instruments are typically checked daily against handheld kits for pH, chlorine, 
residual coagulant, phosphate and manganese. If differ by a set amount then 
instrument is checked. Instruments are calibrated every 2 to 3 months. 
Handheld meters checked weekly or monthly. 

K 
Quality Environmental Monitoring System (QEMS) in place for validating and 
calibration of all instrumentation considered to provide ‘water quality’ process 
data. 

L 

Calibration checks undertaken including review of calibration curve. Use of 
known standards used to check accuracy. For some parameters, including 
chlorine and turbidity, comparison of monitor results and results from formally 
AQC’d lab instrument used to check accuracy. 

M 

The minimum frequency of validation is dependent on the stability of the 
instrument and the criticality of parameter. Minimum frequencies are set 
depending on parameter. 

Validation will be carried out by comparing the response of the monitor to a 
standard or series of standards where these are available; the difference 
between the monitor response and the standard value is calculated and 
compared to action limits. If an unsatisfactory validation result is obtained the 
Water Treatment / Distribution Operative together with Water Quality Scientist 
will determine appropriate action. 

Specific instruction describing the validation process for each monitor type is 
given. Measures are in place to handle parameters where standards are not 
available or their introduction into a monitor is not possible validate monitor 
reading by comparing with those obtained from a manual test. 
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Table B.11 Validation checks: record keeping and policy 

Code What records are kept of instrument performance checks? 

A Paper and electronic records are kept. No companywide policy is followed. 

B 

Monthly calibrations are recorded/documented for all instrumentation. Calibration 
procedures are all documented and controlled. All failed monitor calibrations are 
documented and forwarded to operational scientists for review. All routine 
maintenance programmes are documented.  

C 
Paper copies. Will be electronic (Excel) to ensure issues are easily highlighted so 
either maintenance/calibration can be adjusted or a different meter more suited 
to the environment can be installed. Policy is under review. 

D 
Each instrument is given a unique identifier on the maintenance system and a 
unique log book kept on site for recording calibration checks. This complies with 
company procedure. 

E 
Chlorine reference checks are made against hand held kit (every routine visit) 
then readings recorded and any differences noted and actioned.  Fluoride lab 
data used to reference online instrument. All procedures are companywide. 

F 

On-site daily log sheet used to record online measurements and hand held meter 
results. These readings are recorded by works operatives. Instrument 
maintenance records are logged on the Asset Management System. 
ISO 9001:2008 quality systems are applied to instrument maintenance 
procedures. 

G 
Records are kept by the local production team.  

Most monitors are verified on a quarterly basis as per a companywide procedure. 

H 
Recorded on our work management system. Includes calibration readings before 
and after any alterations made. All done as per company-wide policies. 

J 
Daily log and maintenance/calibration recorded.  

Record keeping is in line with company policy. 

K 
Records are kept for all process water quality instrumentation (validation and 
calibration). 

The records are part of the company wide procedures. 

L 

Performance checks undertaken as part of routine/ad-hoc maintenance recorded 
on maintenance worksheets. Any error, corrective actions also recorded. Monitor 
and lab instrument comparisons recorded by operational/lab staff on sampling 
worksheets. 

Procedures and records incorporated into contract with maintenance contractor. 

M 
Records are kept for all process water quality instrumentation (validation and 
calibration). 

The records are part of the company wide procedures. 
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Calibration procedure 

Policy with regard to instrument calibration is summarised in Table B.12. 

Table B.12 Calibration: policy and records 

Code What are company policy on calibration procedures and records? 

A 
3 monthly for chlorine, turbidity, pH, redox and conductivity – kept in 
maintenance system. 6 monthly for VOC monitor. 12 monthly for phosphate. 

B 

Calibration procedures are documented and quality controlled. Calibrations are 
monthly unless otherwise stated. Calibrations are carried out reactively following 
water quality shutdowns. Any failed monitor calibrations are reported to 
operational scientists for review again following a quality controlled procedure. 

C No specific policy – to be updated. 

D 

Calibration checks are carried out in accordance with the manufacturer’s 
instructions. All instruments are calibrated on a 3-monthly rolling programme and 
a record log book for each instrument is kept on site. Calibration stickers are 
placed on the instrument to indicate the next calibration date. All instruments are 
logged on the company maintenance system which automatically generates work 
orders for calibration when due. 

E 
Maintenance program is defined in line with company’s Asset Management 
Policy to ensure compliance with regulatory requirements, applies current health 
& safety and best practice. Calibration records are kept electronically. 

F 
Instruments are calibrated in accordance with manufacturers’ recommendations, 
and records are collated on the Company’s Asset Management System. The 
frequency of calibrations is reviewed at management level on an annual basis. 

G 
All monitors including portable shall be maintained, calibrated or verified and 
recorded as appropriate, in accordance with the maintenance schedule held on 
the Planned Maintenance System database. 

H 
Calibration is carried out as per the manufacturers’ recommendations and 
records kept on the work management system. 

J 
Final instruments are calibrated every 2 to 3 months and records keep on site 
and in the company’s electronic records archive. 

K All calibration records are retained. 

L 

Routine calibration is undertaken on all monitors at a set frequency, which is 
monitor dependent. Maintenance and calibration requirements are determined 
using manufacturer’s recommendations. Records are kept of all routine 
calibrations and ad-hoc visits required as a result of monitor error / variance in 
accuracy. Requirements are included within the service contract with the 
maintenance provider. 
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Code What are company policy on calibration procedures and records? 

M 
Clean and calibrate monitors as described in Operational Maintenance document 
against traceable standards at the set frequency. 

 

B2.1.6 Planned changes and trials of new techniques 

Water company plans regarding changes to online analysis of final water and experience of 
trials of new techniques are given in Table B.13. 

Table B.13 Planned changes to final water monitoring and trials of new techniques 

Code 
Any plans on making changes to 
online monitoring of final water? 

New or novel monitoring techniques 
trialled? 

A No No 

B 
Online monitoring is continually 
reviewed, as are monitor providers. 

No 

C 
Not at present – too much variation 
between works and instrument type. 

No 

D No No 

E 
Dual validation of all final water 
turbidity instruments. 

Currently trialling Multisensor System’s 
ammonia monitor and Owlstone’s 
Lonestar for metaldehyde. 

F No No 

G No No 

H No No 

J No No 

K 
Not for final water. Looking into 
improvements for e.g. wet panels at 
site. 

Compass S::CAN coagulation control 

Multisensor’s THM monitor 

L 

No definite plans in place at present 
but if beneficial (added WQ protection/ 
cost effective) monitors are developed 
then installation at works would 
occur/be considered. 

“Online” monitoring for a limited number 
of pesticides is used at one surface 
water works with river abstraction and 
limited bankside storage. (Monitor is 
HPLC.)  A limited number of pesticides 
are monitored on river water with trigger 
levels/alarms set which enable 
abstraction to be turned off during 
periods where high levels detected.  
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Code 
Any plans on making changes to 
online monitoring of final water? 

New or novel monitoring techniques 
trialled? 

Feed water to the instrument can be 
altered to monitor other points e.g. final 
water. 

M 
No Intellisonde multi parameter distribution 

probe, a biosensor and Multisensor 
systems VOC and THM. 

 
Few changes are planned for online monitoring of final water; one company is introducing 
dual validation on turbidity. The only on-going trials are for ammonia and metaldehyde. 

B2.1.7 Future requirements 

Water company views regarding online water quality analysis that would be beneficial but is 
not available are given in B.14. 

Table B.14 Water company views on online instrumentation needs 

Code 
What online monitoring would be beneficial but instrumentation is not 
available? 

A 
Real time microbiological monitors such as the crypto device being marketed a 
while ago. 

B 
Metaldehyde and other prevalent pesticides. Reliable and affordable 
fluorescence/flow cytometry particularly focusing on bacterial and algal 
contamination. 

C Taste and odour. 

D - 

E 
In-line turbidity for distribution, online reagent-free iron, phosphate and fluoride 
measurement and reliable online THM. 

F - 

G Bromate. 

H Bromate, metaldehyde, THMs. 

J Real-time pesticide and bacteria. 

K Reliable chlorine and turbidity monitors for distribution. 

L 
Other pesticides (although predominantly for use on raw water to control 
abstraction), DBP’s and precursors, arsenic and sulphate. 

M 
Biosensor – would make regulatory monitoring online much more attractive due 
to high frequency and provide much better data (real time / near continuous). 
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Online instrumentation for pesticides and microbiological parameters are high on the list of 
instrumentation seen as beneficial but currently available. It should be noted that some 
pesticides can be analysed online using HPLC or GC-MS but such systems are very 
expensive. It is also noted that online THM systems are available commercially.  

The other parameters mentioned are bromate, taste and odour, and reagent-free analysis of 
iron, phosphate and fluoride. 
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Appendix C Details of sites providing data 
and outcomes of analysis 

C1 Works B1 

Works B1 treats water from two boreholes with a capacity of 2 Ml/d. The water is partially 
treated by GAC and ion exchange before blending in a balancing tank. The water is then 
chlorinated before a storage reservoir.  

The free chlorine is measured in duplicate and the data provided follow a normal distribution. 
One of the data sets show autocorrelation for a lag of 1 day whereas the other data set does 
not. The means of online and compliance instruments are in good agreement and pass the 
current guidelines. Using the 95th percentile and 95% confidence interval criteria, however, 
none of the instruments pass. 

The turbidity data follow a normal distribution and show no autocorrelation. The means of 
online and compliance instruments are clearly different and failed the current guidelines and 
also the 95th percentile and 95% confidence interval criterion. 

The conductivity data do not follow a normal distribution but show no autocorrelation. The 
means of online and compliance instruments are clearly different but pass the current 
guidelines and also the 95th percentile and 95% confidence interval criteria. 

C2 Works B2 

Works B2 treats water from three boreholes with a capacity of 10 Ml/d but the site is also 
influenced by surface water. The water undergoes partial treatment by ion exchange for 
nitrate removal and is then super-chlorinated. After the contact tank, sulphur dioxide is dosed 
to regulate the final chlorine level. 

The free chlorine data follow a normal distribution but have an autocorrelation of 4 days lag. 
The means of online and compliance instruments are in good agreement and pass the current 
guidelines. Using the 95th percentile and 95% confidence interval criteria, however, the 
instrument does not pass. 

The turbidity data do not follow a normal distribution and have an autocorrelation of 4 days 
lag. The means of online and compliance instruments are clearly different and failed the 
current guidelines and also the 95th percentile and 95% confidence interval criteria. 

The conductivity data do not follow a normal distribution and had an autocorrelation of at least 
6 days lag. The means of online and compliance instruments are clearly different and failed 
the current guidelines and also the 95th percentile and 95% confidence interval criteria. 
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C3 Works B3 

Works B3 treats on average 4.5 Ml/d of surface water from mixed sources. The water is 
treated with alum before DAF, sand RGF, GAC and super-chlorinated. After the contact tank, 
sulphur dioxide is dosed to regulate the final chlorine level. The compliance samples are 
taken from a sampling tap in a building next to the online instruments and the sampling points 
are approximately 2 metres apart. 

The free chlorine data do not follow a normal distribution and had an autocorrelation of 4 days 
lag. The means of online and compliance instruments were in good agreement and passed 
the current guidelines. Using the 95th percentile and 95% confidence interval criteria, 
however, the instrument did not pass. 

The turbidity data do not follow normal distribution and have an autocorrelation of 5 days lag. 
The means of online and compliance instruments are clearly different and fail the current 
guidelines and also the 95th percentile and 95% confidence interval criteria. 

The conductivity dataset does not follow a normal distribution and has a very weak 
autocorrelation of 1 day lag. The means of online and compliance instruments are in good 
agreement and pass the current guidelines. Using the 95th percentile and 95% confidence 
interval criteria, however, the instrument does not pass. 

C4 Works D1 

Works D1 treats a surface water drawn from a reservoir and has an average output of 
17 Ml/d. Treatment consists of dosing with polyaluminium chloride, coagulation/flocculation 
through DAF and superpulsator clarifiers, RGF sand filters, superchlorination (sodium 
hypochlorite) through on-site contact tanks followed by dechlorination with sodium bisulphite 
to achieve final chlorine residual for distribution.  

The turbidity data do not follow normal distribution but show no sign of autocorrelation. The 
means of online and compliance instruments are clearly different and fail the current 
guidelines and also the 95th percentile and 95% confidence interval criteria. 

C5 Works D2 

Works D2 treats groundwater from a number of sources with an average output of 31.0 Ml/d. 
The only treatment is chlorination. 

The turbidity data do not follow normal distribution and have an autocorrelation of 4 days lag. 
The means of online and compliance instruments fail the current guidelines and also the 95th 
percentile and 95% confidence interval criteria. 
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C6 Works E1 

Works E1 treats a river water by pre-ozonation before coagulation with ferric sulphate. The 
water is then filtered through dual media RGF (sand-anthracite), followed by ozonation and 
GAC. Due to Cryptosporidium risk, the water is UV treated before chlorination. Only 
conductivity data was collected from this works and this is measured online on the raw water 
and the compliance laboratory samples are taken from the same room. 

The data follow a normal distribution and have an autocorrelation of 1 day lag. The means of 
the online and compliance instruments are clearly different but still pass the current 
guidelines. The instrument also passes the 95th percentile and 95% confidence interval 
criteria. 

C7 Works E2 

Information regarding treatment and instrumentation at works E2 has not been received by 
WRc. 

Only turbidity data was collected from this works. The data do not follow a normal distribution 
and shows no autocorrelation. The means of the online and compliance instruments are 
clearly different and failed the current guidelines. The instrument also fails the 95th percentile 
and 95% confidence interval criteria. 

C8 Works E3 

The water treated at works E3 is derived from a raw water storage reservoir. The water is pre-
ozonated, dosed with ferric sulphate and DAF clarified before sand RGF. The water is then 
ozonated, GAC treated and chlorinated. The online sample is taken at the same location as 
the compliance samples are taken. Only turbidity data was collected from this works. 

The data follow a normal distribution and have an autocorrelation of 1 day lag. The means of 
the online and compliance instruments are similar and pass the current guidelines. The 
instrument fails, however, the 95th percentile and 95% confidence interval criteria. 

C9 Works E4 

The water treated at works E4 comes from two boreholes. The water is aerated to increase 
the dissolved oxygen concentration to 40% saturation. The water is then pre-chlorinated and 
filtered through sand-polarite filters to remove Mn and the chlorine concentration is adjusted 
before the contact tank. The compliance laboratory samples are taken from the same room 
that houses the instruments. Free chlorine and turbidity data were supplied from this site. 
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The free chlorine data follow a normal distribution and showed no autocorrelation. The means 
of online and compliance instruments are in good agreement and pass the current guidelines. 
Using the 95th percentile and 95% confidence interval criteria, however, the online instrument 
does not pass. 

The turbidity data follow a normal distribution and have an autocorrelation of 1 days lag. The 
means of online and compliance instruments are in good agreement and pass the current 
guidelines. Using the 95th percentile and 95% confidence interval criteria, however, the online 
instrument do not pass. 

C10 Works E5 

Works E5 blends water from two different borehole sites. Only conductivity data was provided 
from this site. The data do not follow a normal distribution and show no signs of 
autocorrelation. Although the means of online and compliance instruments are clearly 
different, it passes the current guidelines. The online instrument also passes using the 95th 
percentile and 95% confidence interval criteria. 

C11 Works F1 

Works F1 treats a river water which has been pumped to a raw water storage reservoir. The 
water is super-chlorinated, dosed with aluminium sulphate and polyelectrolyte before 
clarification. The water is then filtered through sand and anthracite dual media rapid gravity 
filters followed by GAC and UV treatment, THM removal by aeration, chlorination followed by 
addition of ammonia to create chloramine. 

The data from two of the three total chlorine instruments follow a normal distribution and none 
of the data show autocorrelation. The means of online and compliance instruments are in 
good agreement and pass the current guidelines. Using the 95th percentile and 95% 
confidence interval criteria, however, two of the online instruments failed. 

The turbidity data do not follow a normal distribution and had an autocorrelation of 4 days lag. 
The means of online and compliance instruments are in good agreement and just pass the 
current guidelines. The online instrument also passes using the 95th percentile and 95% 
confidence interval criteria. 

C12 Works F2 

The works F2 is a borehole site where the water is chlorinated and then spilt into two streams. 
One stream is stripped of CO2 and then softened by dosing lime. The second stream goes 
directly to an anthracite/sand dual media rapid gravity filter where it is mixed with the softened 
water. The combined water stream is filtered, passed through GAC, chlorinated, dosed with 
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SO2 to regulate the chlorine concentration and then dosed with ammonia after the contact 
tank to create chloramine. 

The data from two of the three total chlorine instruments follow a normal distribution and one 
of the sets of data shows autocorrelation for 1 day lag. The means of online and compliance 
instruments are in good agreement and pass the current guidelines. Using the 95th percentile 
and 95% confidence interval criteria, however, one of the online instruments does not pass. 

The turbidity data do not follow a normal distribution and have an autocorrelation of 5 days 
lag. The means of online and compliance instruments are in fairly good agreement but (just) 
fail the current guidelines. The online instrument dose, however, pass the 95th percentile and 
95% confidence interval criteria. 

C13 Works G1 

The G1 works treats water from satellite groundwater sites, and has an average output of 
160 Ml/d. The quality of the groundwater varies because of significant fissures in the area 
which leads to surface water intrusion. Consequently the treatment is ozone, GAC filtration, 
chlorination, ultrafiltration membrane and orthophosphate dosing. 

The data from the free chlorine instrument follows a normal distribution and showed no 
autocorrelation. The means of online and compliance instruments are in good agreement and 
pass the current guidelines. Using the 95th percentile and 95% confidence interval criteria, 
however, the online instrument does not pass. 

The turbidity data follows a normal distribution and has an autocorrelation of 1 day lag. The 
means of online and compliance instruments do not pass the current guidelines. The online 
instrument also does not pass the 95th percentile and 95% confidence interval criteria. 

The data from the conductivity instrument does not follow a normal distribution and does not 
show autocorrelation. Despite the means of online and compliance instruments being clearly 
different it passes the current guidelines. The online instrument also passes the 95th 
percentile and 95% confidence interval criteria. 

C14 Works G2 

Works G2 works treats a lowland river water, and has an average output of 180 Ml/d. The 
treatment is pre-ozone, coagulation, pulsating clarification, ozonation, GAC filtration acting as 
RGF, super-chlorination, sodium bisulphite and orthophosphate dosing. Only free chlorine 
data was provided from this works. 

The data from the free chlorine instrument does not follow a normal distribution and had an 
autocorrelation of 2 days lag. The means of online and compliance instruments are in good 
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agreement and pass the current guidelines. Using the 95th percentile and 95% confidence 
interval criteria, however, the online instrument does not pass. 

C15 Works J1 

The water treated at works J1 is coming from a river source and is stored in a pumped 
storage reservoir. The water is dosed with ferric sulphate, lime and polyelectrolyte before 
clarification. The water is then chlorinated, filtered through rapid gravity filters, and further 
dosed with chlorine before entering the storage reservoir. On the outlet of the storage 
reservoir the water is dosed with phosphoric acid. 

The data from the two free chlorine instruments do not follow a normal distribution and both 
sets of data show autocorrelation for 4 days lag. The means of online and compliance 
instruments are in good agreement and pass the current guidelines. The online instrument 
does not, however, pass the 95th percentile and 95% confidence interval criteria. 

The turbidity data does not follow a normal distribution and shows weak autocorrelation for 
2 days lag. The means of online and compliance instruments are in good agreement and pass 
the current guidelines. The online instrument dose not, however, passes the 95th percentile 
and 95% confidence interval criteria. 

The conductivity data follows a normal distribution with no autocorrelation. The means of 
online and compliance instruments are clearly different but pass the current guidelines. The 
online instrument also passes the 95th percentile and 95% confidence interval criteria. 

C16 Works J2 

The water at works J2 is upland reservoir derived and is dosed with CO2, lime and aluminium 
sulphate before entering a DAF plant. On the outlet of the DAF plant the water is chlorinated 
before passing through pressure filters. The water is then pumped through pressure GACs 
and dosed with chlorine, phosphoric acid and lime before entering a storage reservoir. 

The data from the free chlorine instruments follow a normal distribution and show 
autocorrelation for 4 days lag. The means of online and compliance instruments are in good 
agreement and pass the current guidelines. The online instruments do not, however, pass the 
95th percentile and 95% confidence interval criteria. 

The turbidity data does not follow normal distribution and shows weak autocorrelation for 2 
and 3 days lag (but not 1 day lag). The means of online and compliance instruments are in 
good agreement and pass the current guidelines. The online instruments do not, however, 
pass the 95th percentile and 95% confidence interval criteria. 
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The conductivity data follows a normal distribution with no autocorrelation. The mean values 
of online and compliance instruments are clearly different but pass the current guidelines. The 
online instrument also passes the 95th percentile and 95% confidence interval criteria. 
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Appendix D Full details of the analysis by 
site 

D1 Works B1 

D1.1 Overview of treatment and water quality sampling and analysis 

The B1 works treats water from two boreholes with a capacity of 2 Ml/d. The water is treated 
partially treated by GAC and ion exchange before blending in a balancing tank. The water is 
then chlorinated before the storage reservoir.  

The free chlorine is measured online in duplicate using Wallace & Tiernan Depolox 4 
instruments. The instruments are calibrated monthly and have the range set to 0 – 1 mg/l, i.e. 
concentrations above this value are recorded as 1. The compliance samples are taken from a 
sampling tap next to the online instruments and analysed using a handheld Palintest 
instrument. The handheld instrument is checked daily against solid standards and also has 
occasional laboratory checks. 

The online turbidity is measured using an ABB 4600 instrument. The instrument is calibrated 
monthly using solid standards and has the range set to 0 – 3 NTU. The compliance laboratory 
samples are taken after chlorination but the online instrument is measuring on the raw water. 
The make and maintenance of the compliance instrument is unknown. 

The online conductivity is measured using an ABB AX400 instrument. The instrument has no 
scheduled maintenance, is running on the pre-set factory calibration and has the range set to 
0 - 1000 μS/cm. The compliance laboratory samples are taken after chlorination but the online 
instrument is measuring before the chlorination stage. The make and maintenance of the 
compliance instrument is unknown. 

D1.2 Data provided 

The data provided is summarised in Table D.1. 

Table D.1 Works B1 data summary 

 Free Cl2 Turbidity Conductivity 

Period 05/01/10 – 27/12/12 19/02/10 – 18/21/12 05/01/10 - 27/12/12 

Number of instruments 2 1 1 

Data pairs used 204 90 204 

“Less than” measurements 0 114 0 
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For free chlorine, the online and compliance instruments are generally in good agreement, 
see Figure D.1, and most of the time the difference is less than 0.2 mg/l. The differences 
between laboratory and online instruments are relatively well centred around zero, suggesting 
there is no systematic difference between the instruments. 

Figure D.1 Free chlorine at Works B1 (two online instruments) 

 

 

The majority of the laboratory turbidity measurements (114 of 204) have been reported as 
“less than” the reported value and subsequently not used in the analysis. There is a clear 
difference between the laboratory and online analysis with the laboratory samples nearly 
always being higher than the online results, see Figure D.2. 
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Figure D.2 Turbidity at Works B1 

 

There is also a systematic difference between the laboratory and online analysis of 
conductivity with the laboratory samples always being lower than the online results, see D.3. 

Figure D.3 Conductivity at Works B1 

 

D1.3 Normal distribution 

The differences between compliance instruments and online instruments were tested for 
normality of distribution using the K-S test and the results suggest that only the conductivity 
measurements do not follow normal distribution, see Table D.2. 

Table D.2 Works B1 K-S calculations 

 Free Cl2 Turbidity Conductivity 

K-S maximum difference 0.04/0.03 0.13 0.15 

K-S critical value 0.10 0.14 0.10 

 

0

0.1

0.2

0.3

0.4

07/09 01/10 08/10 02/11 09/11 04/12 10/12 05/13

Tu
rb

id
ity

 (N
TU

)

Date

On-line Lab

-0.2

-0.1

0

0.1

0.2

0.3

07/09 01/10 08/10 02/11 09/11 04/12 10/12 05/13

Di
ffe

re
nc

e 
La

b -
O

nl
in

e 
(N

TU
)

Date

0

100

200

300

400

500

600

700

800

07/09 01/10 08/10 02/11 09/11 04/12 10/12 05/13

Co
nd

uc
tiv

ity
 (μ

S/
cm

)

Date

On-line Lab

-400

-350

-300

-250

-200

-150

-100

-50

0

07/09 01/10 08/10 02/11 09/11 04/12 10/12 05/13

Di
ffe

re
nc

e 
La

b-
O

nl
in

e 
(μ

S/
cm

)

Date

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 95 



Drinking Water Inspectorate (DWI) 
 

D1.4 Autocorrelation 

Only one of the free chlorine measurements show signs of autocorrelation, see Table D.3, 
with the critical value being 0.137 for free chlorine and conductivity and 0.207 for turbidity. 

Table D.3 Works B1 autocorrelation 

Lag days Free Cl2 Turbidity Conductivity 

0 1.00/1.00 1.00 1.00 

1 0.13/0.38 0.05 0.04 

2 -0.03/0.29 -0.18 -0.08 

3 0.16/0.29 0.11 0.09 

4 -0.02/0.18 0.03 -0.04 

5 -0.05/0.01 0.05 0.14 

6 0.08/0.05 0.18 -0.06 

7 0.12/0.09 0.15 0.07 

D1.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than10% of mean or less than 5%PCV; only the turbidimeter would fail this test (Table D.4). 

Using the 95th percentile and 95% confidence interval criterion, only the conductivity 
instruments would pass the two tests. 

Table D.4 Works B1 summary 

 Free Cl2 Turbidity Conductivity 

Average online 0.44/0.47 0.03 617 

Average compliance 0.47/0.51 0.14 539 

Dif. between means 0.037/0.032 0.104 78.1 

Means test value 0.05 0.05 125 

Means test Pass Fail Pass 

95th percentile range 0.269/0.297 0.251 181 

95% confidence interval 0.247/0.268 0.210 198 

Percentile & conf. interval test value 0.094/0.102 0.1 250 

Percentile test Fail Fail Pass 

Conf. interval test Fail Fail Pass 
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D2 Works B2 

D2.1 Overview of treatment and water quality sampling and analysis 

The B2 works treats water from three boreholes with a capacity of 10 Ml/d but the site is also 
influenced by surface water. The water undergoes partial ion exchange for nitrate removal 
and is then super-chlorinated. After the contact tank, sulphur dioxide is dosed to regulate the 
final chlorine level. 

The free chlorine is measured online using a Wallace & Tiernan Depolox 4 instrument. The 
instruments are calibrated monthly and have the range set to 0-1 mg/l, i.e. concentrations 
above this value are recorded as 1. The compliance samples are taken from a sampling tap 
next to the online instruments (the same location for all parameters) and analysed using a 
handheld Palintest instrument. The handheld instrument is checked daily against solid 
standards and also has occasional laboratory checks. 

The online turbidity is measured using an ABB 4600 instrument. The instrument is calibrated 
monthly using solid standards and has the range set to 0 - 3 NTU. Nearly half of the 
laboratory measurements (285 of 624) have been reported as “less than” the reported value 
and subsequently not used in the analysis. The make and maintenance of the compliance 
instrument is unknown. 

The online conductivity is measured using an ABB 4600 in-line instrument installed after the 
ion exchange unit. The instrument has no scheduled maintenance, is running on the pre-set 
factory calibration and has the range set to 0 – 1000 μS/cm. The make and maintenance of 
the compliance instrument is unknown. 

D2.2 Data provided 

The data provided is summarised in Table D.5. 

Table D.5 Works B2 data summary 

 Free Cl2 Turbidity Conductivity 

Period 02/01/10 - 29/12/12 02/01/10 - 29/12/12 02/01/10 - 29/12/12 

Number of instruments 1 1 1 

Data pairs used 636 339 624 

“Less than” measurements 0 285 0 

 
For free chlorine measurements, the online and compliance instruments are generally in good 
agreement, see Figure D.4, and most of the time less than 0.2 mg/l. The differences between 
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laboratory and online instruments are relatively well centred around zero, suggesting there is 
no systematic difference between the instruments. 

Figure D.4 Free chlorine at works B2 

 

There is a clear difference between the laboratory and online analysis for turbidity with most 
of the laboratory samples being higher than the online results, see Figure D.5. 

Figure D.5 Turbidity at Works B2 

 

For conductivity, there is a clear difference between the laboratory and online analysis with 
the laboratory samples nearly always being lower than the online results, see Figure D.6. 
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Figure D.6 Conductivity at Works B2 

 

D2.3 Normal distribution 

The differences between compliance instruments and online instruments were tested for 
normality of distribution using the K-S test and the results suggest that only the free chlorine 
dataset follow normal distribution, see Table D.6. 

Table D.6 Works B2 K-S calculations 

 Free Cl2 Turbidity Conductivity 

K-S maximum difference 0.03 0.17 0.24 

K-S critical value 0.05 0.07 0.05 

D2.4 Autocorrelation 

All parameters show signs of autocorrelation for at least 4 lag days, see Table D.7, with the 
critical value being 0.078 for free chlorine and conductivity and 0.107 for turbidity. 

Table D.7 Works B2 autocorrelation 

Lag days Free Cl2 Turbidity Conductivity 

0 1.00 1.00 1.00 

1 0.37 0.35 0.78 

2 0.32 0.30 0.74 

3 0.23 0.27 0.73 

4 0.18 0.13 0.69 

5 -0.01 0.01 0.49 

6 0.02 0.09 0.24 

7 -0.02 0.02 -0.22 
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D2.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV; only the free chlorine instrument would pass this test 
(Table D.8). 

Using the 95th percentile and 95% confidence interval criterion, none of the instruments would 
pass the two tests. 

Table D.8 Works B2 summary 

 Free Cl2 Turbidity Conductivity 

Average online 0.40 0.09 658 

Average compliance 0.43 0.15 526 

Dif. between means 0.025 0.062 132 

Means test value 0.04 0.05 125 

Means test Pass Fail Fail 

95th percentile range 0.219 0.446 383 

95% confidence interval 0.227 0.367 259 

Percentile & conf. interval test value 0.09 0.1 250 

Percentile test Fail Fail Fail 

Conf. interval test Fail Fail Fail 

 

D3 Works B3 

D3.1 Overview of treatment and water quality sampling and analysis 

The B3 works treats on average 4.5 Ml/d of surface water from mixed sources. The water is 
treated with alum before DAF, sand RGF, GAC and then super-chlorinated. After the contact 
tank, sulphur dioxide is dosed to regulate the final chlorine level. The compliance samples are 
taken from a sampling tap in a building next to the online instruments and the sampling points 
are approximately 2 metres apart. 

The free chlorine is measured online using a Wallace & Tiernan Depolox 5 instrument and 
one data set was provided for this works. The instrument is calibrated monthly and has the 
range set to 0 – 2 mg/l, i.e. concentrations above this value are recorded as 2 mg/l. 

The online turbidity is measured using an ABB 4600 instrument. The instrument is calibrated 
monthly using solid standards and has the range set to 0 - 1 NTU. 
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The online conductivity is measured using an ABB AX400. The instrument has no scheduled 
maintenance, it is running on the pre-set factory calibration and has the range set to 0 – 1000 
μS/cm. 

D3.2 Data provided 

The data provided is summarised in Table D.9. 

Table D.9 Works B3 data summary 

 Free Cl2 Turbidity Conductivity 

Period 02/01/10 - 31/12/12 02/01/10 - 31/12/12 02/01/10 - 31/12/12 

Number of instruments 1 1 1 

Data pairs used 660 478 646 

“Less than” measurements 0 168 0 

 
The online and compliance instruments for free chlorine are generally in good agreement, see 
Figure D.7, and most of the time less than 0.2 mg/l. The differences between laboratory and 
online instruments are relatively well centred around zero, suggesting there is no clear 
difference between the instruments. 

Figure D.7 Free chlorine at Works B3 

 

There is a clear difference between the laboratory and online analysis of turbidity with most of 
the laboratory samples being higher than the online results, see Figure D.8. 
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Figure D.8 Turbidity at Works B3 

 

There is a clear difference between the laboratory and online analysis of conductivity with the 
laboratory samples nearly always being lower than the online results, see Figure D.9. 

Figure D.9 Conductivity at Works B3 

 

D3.3 Normal distribution 

The differences between compliance instruments and online instruments were tested for 
normality of distribution using the K-S test and the results suggest that none of the 
parameters follow a normal distribution, see Table D.10. 

Table D.10 Works B3 K-S calculations 
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D3.4 Autocorrelation 

All parameters show signs of autocorrelation for at least 1 lag days, see Table D.11, with the 
critical value being 0.076 for free chlorine, 0.090 for turbidity and 0.077 for conductivity. The 
correlation is very weak for conductivity. 

Table D.11 Works B3 autocorrelation 

Lag days Free Cl2 Turbidity Conductivity 

0 1.00 1.00 1.00 

1 0.43 0.48 0.08 

2 0.32 0.43 0.07 

3 0.29 0.44 0.08 

4 0.27 0.46 0.07 

5 0.04 -0.09 0.05 

6 0.02 -0.06 0.01 

7 0.04 -0.10 -0.01 

 

D3.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV; both the free chlorine and the conductivity 
instruments would pass this test (Table D.12). 

Using the 95th percentile and 95% confidence interval criterion, only the conductivity 
instrument would pass the two tests. 

Table D.12 Works B3 summary 

 Free Cl2 Turbidity Conductivity 

Average online 0.70 0.05 329 

Average compliance 0.68 0.14 293 

Dif. between means 0.019 0.096 35.5 

Means test value 0.07 0.05 125 

Means test Pass Fail Pass 

95th percentile range 0.418 0.291 71.6 

95% confidence interval 0.443 0.263 96.0 
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 Free Cl2 Turbidity Conductivity 

Percentile & conf. 
interval test value 

0.14 0.1 250 

Percentile test Fail Fail Pass 

Conf. interval test Fail Fail Pass 

 

D4 Works D1 

D4.1 Overview of treatment and water quality sampling and analysis 

Works D1 treats surface water from a reservoir with an average output of 17 Ml/d. Treatment 
consists of dosing with polyaluminium chloride, coagulation/flocculation through DAF and 
superpulsator clarifiers, RGF sand filters, superchlorination (sodium hypochlorite) through on-
site contact tanks followed by dechlorination with sodium bisulphite to achieve final chlorine 
residual for distribution.  

The online turbidity is measured using a Hach-Lange 1720E instrument. No information has 
been provided on calibration and maintenance regime. 

D4.2 Data provided 

The data provided is summarised in Table D.13.  

Table D.13 Works D1 data summary 

 Turbidity 

Period 02/01/08 - 31/12/08 

Number of instruments 1 

Data pairs used 363 

“Less than” measurements 0 

 

There is a clear difference between the laboratory and online analysis with most of the 
laboratory samples being higher than the online results, see Figure D.10. 
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Figure D.10 Turbidity at Works D1 

 

D4.3 Normal distribution 

The K-S calculations indicate that the dataset does not follow a normal distribution, see Table 
D.14. 

Table D.14 Works D1 K-S calculations 
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being 0.103. 

Table D.15 Works D1 autocorrelation 

Lag days Turbidity 

0 1.00 

1 0.00 

2 0.05 

3 0.04 

4 0.02 

5 0.01 

6 0.01 

7 0.01 

0

1

2

3

4

5

6

11/07 06/08 12/08 07/09

Tu
rb

id
ity

 (N
TU

)

Date

Lab Online

-1

0

1

2

3

4

5

6

11/07 06/08 12/08 07/09

Di
ffe

re
nc

e 
La

b-
O

nl
in

e 
(N

TU
)

Date

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 105 



Drinking Water Inspectorate (DWI) 
 

D4.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV, the instrument would fail this test (Table D.16). The 
instrument would also fail the 95th percentile and 95% confidence interval criterion. 

Table D.16 Works D1 summary 

 Turbidity 

Average online 0.12 

Average compliance 0.26 

Dif. between means 0.14 

Means test value 0.05 

Means test Fail 

95th percentile range 0.463 

95% confidence interval 1.36 

Percentile & conf. interval test value 0.1 

Percentile test Fail 

Conf. interval test Fail 

 

D5 Works D2 

D5.1 Overview of treatment and water quality sampling and analysis 

Works D2 treats groundwater from a number of sources with an average output of 31.0 Ml/d. 
The only treatment is chlorination. 

The online turbidity is measured using a Hach-Lange 1720E instrument. No information has 
been provided on the calibration and maintenance regime. 

D5.2 Data provided 

The data provided is summarised in Table D.13.  
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Table D.17 Works D2 data summary 

 Turbidity 

Period 01/01/08 - 31/12/08 

Number of instruments 1 

Data pairs used 364 

“Less than” measurements 0 

 
There is no clear difference between the laboratory and online analysis, see Figure D.11. 

Figure D.11 Turbidity at Works D2 

 

D5.3 Normal distribution 

The K-S calculations indicate that the dataset does not follow a normal distribution, see Table 
D.18. 

Table D.18 Works D2 K-S calculations 

 Turbidity 

K-S maximum difference 0.16 

K-S critical value 0.07 

 

D5.4 Autocorrelation 

The turbidity data show signs of autocorrelation for 4 lag days, see Table D.19, with the 
critical value being 0.103. 
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Table D.19 Works D2 autocorrelation 

Lag days Turbidity 

0 1.00 

1 0.36 

2 0.18 

3 0.22 

4 0.22 

5 0.02 

6 0.01 

7 0.02 

 

D5.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV, the instrument would fail this test (Table D.20). The 
online instrument would also fail the 95th percentile and 95% confidence interval criterion. 

Table D.20 Works D2 summary 

 Turbidity 

Average online 0.24 

Average compliance 0.14 

Dif. between means 0.100 

Means test value 0.05 

Means test Fail 

95th percentile range 1.17 

95% confidence interval 1.15 

Percentile & conf. interval test value 0.1 

Percentile test Fail 

Conf. interval test Fail 
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D6 Works E1 

D6.1 Overview of treatment and water quality sampling and analysis 

The water treated at works E1 is a river water which is pre-ozonated before coagulation with 
ferric sulphate. The water is then filtered through dual media RGF (sand-anthracite), followed 
by ozonation and GAC. Due to Cryptosporidium risk, the water is UV treated before 
chlorination.  

The conductivity is measured online using an ABB AX400 instrument (about 5 years old) on 
the raw water and the compliance laboratory samples are taken from the same room. The 
online instrument undergoes a full annual calibration and quarterly verifications and has the 
range set to 0 - 1000 µS/cm, i.e. conductivity above this value is recorded as 1000 µS/cm. 

D6.2 Data provided 

The data provided is summarised in Table D.21.  

Table D.21 Work E1 data summary 

 Conductivity 

Period 06/01/12-13/12/12 

Number of instruments 1 

Data pairs used 52 

“Less than” measurements 0 

 
There is a clear offset between the online and laboratory turbidity instruments, see Figure 
D.12, and the laboratory measurements are always lower than the online measurements. 

Figure D.12 Conductivity at Works E1 
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D6.3 Normal distribution 

The K-S test indicate that the dataset is following a normal distribution (Table D.22). 

Table D.22 Works E1 K-S calculations 

 Conductivity 

K-S maximum difference 0.16 

K-S critical value 0.19 

 

D6.4 Autocorrelation 

The conductivity data show signs of autocorrelation for 1 lag day, see Table D.23, with the 
critical value being 0.273. 

Table D.23 Works E1 autocorrelation 

Lag days Conductivity 

0 1.00 

1 0.62 

2 0.20 

3 0.14 

4 0.17 

5 -0.17 

6 0.14 

7 -0.15 

 

D6.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV, the conductivity instrument would pass this test 
(Table D.24). The online instrument would also pass the 95th percentile and 95% confidence 
interval criterion. 
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Table D.24 Works E1 summary 

 Conductivity 

Average online 721 

Average compliance 621 

Difference between means 100 

Means test value 125 

Means test Pass 

95th percentile range 146 

95% confidence interval 118 

Percentile & conf. interval test value 250 

Percentile test Pass 

Conf. interval test Pass 

 

D7 Works E2 

D7.1 Overview of treatment and water quality sampling and analysis 

Information regarding treatment and instrumentation at works E2 has not been received by 
WRc. 

D7.2 Data provided 

The turbidity data provided is summarised in Table D.25.  

Table D.25 Work E2 data summary 

 Turbidity 

Period 06/01/12-13/12/12 

Number of instruments 1 

Data pairs used 64 

“Less than” measurements 27 

 
Four of the online measurements are considerably higher than the laboratory instrument, see 
Figure D.13, but otherwise there is no obvious systematic difference between the instruments. 
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Figure D.13 Turbidity at Works E2 

 

D7.3 Normal distribution 

The K-S test suggests that the dataset is not following a normal distribution (Table D.26). 

Table D.26 Works E2 K-S calculations 
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K-S maximum difference 0.36 
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D7.4 Autocorrelation 

A third of the data provided for turbidity has been excluded as the laboratory data is reported 
as being ‘less than’, and the test also shows that there is no autocorrelation for this parameter 
(Table D.27), the critical value being 0.246 for turbidity. 
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D7.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV, the conductivity instrument would pass this test 
(Table D.28). The online instrument would, however, fail the 95th percentile and 95% 
confidence interval criterion. 

Table D.28 Works E2 summary 

 Turbidity 

Average online 0.100 

Average compliance 0.086 

Difference between means 0.013 

Means test value 0.05 

Means test Pass 

95th percentile range 0.63 

95% confidence interval 0.83 

Percentile & conf. interval test value 0.1 

Percentile test Fail 

Conf. interval test Fail 

 

D8 Works E3 

D8.1 Overview of treatment and water quality sampling and analysis 

The water treated at works E3 is coming from a storage reservoir. The water is pre-ozonated, 
dosed with ferric sulphate and DAF clarified before sand RGF. The water is then ozonated, 
GAC treated and chlorinated. The online sample is taken at the same location as the 
compliance samples are taken. 

The turbidity is measured online using a Hach-Lange 1720E instrument. The instrument 
undergoes a full annual calibration and quarterly validations with solid standards. The online 
instrument has the range set to 0 – 1 NTU, i.e. above this value the turbidity is recorded as 1 
NTU. In addition to compliance samples and solid standards, the online instruments are also 
checked against handheld Hach-Lange 2100 Q instruments. 
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D8.2 Data provided 

The turbidity data provided is summarised in Table D.29.  

Table D.29 Works E3 data summary 

 Turbidity 

Period 02/01/12-13/12/12 

Number of instruments 1 

Data pairs used 289 

“Less than” measurements 59 

 
The majority of the laboratory measurements are lower than the online measurements (Figure 
D.14). 

Figure D.14 Turbidity at Works E3 

 

D8.3 Normal distribution 

The result (Table D.30) of the K-S test indicates that the turbidity data is unlikely to follow a 
normal distribution. 

Table D.30 Works E3 K-S calculations 
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K-S maximum difference 0.09 

K-S critical value 0.07 
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D8.4 Autocorrelation 

The turbidity data show signs of autocorrelation for 1 lag days measurements (Table D.31) 
with a critical value of 0.115. 

Table D.31 Works E3 autocorrelation 

Lag days Turbidity 

0 1.00 

1 0.17 

2 0.15 

3 0.10 

4 0.15 

5 0.17 

6 -0.04 

7 0.06 

 

D8.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV, the turbidity instrument would pass this test (Table 
D.32). The online instrument would, however, fail the 95th percentile and 95% confidence 
interval criterion. 

Table D.32 Works E3 summary 

 Turbidity 

Average online 0.109 

Average compliance 0.091 

Difference between means 0.018 

Means test value 0.05 

Means test Pass 

95th percentile range 0.108 

95% confidence interval 0.112 

Percentile & conf. interval test value 0.1 

Percentile test Fail 

Conf. interval test Fail 

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 115 



Drinking Water Inspectorate (DWI) 
 

D9 Works E4 

D9.1 Overview of treatment and water quality sampling and analysis 

The water treated at works E4 comes from two boreholes. The water undergoes gas 
dispersion to increase the dissolve oxygen to 40% saturation. The water is then pre-
chlorinated and filtered through sand-polarite filters to remove manganese and the chlorine 
dosed is adjusted before entering the contact tank. The compliance sample tap and the online 
instruments are in the same room. 

The free chlorine is measured online using Wallace & Tiernan Depolox 4 instrument, about 6 
years old. The online instrument undergoes a full annual calibration and quarterly verifications 
and has the range set to 0 – 1 mg/l.  

The turbidity is measured online using Hach-Lange 1720E instruments, about 6 years old. 
The online instrument undergoes a full annual calibration and quarterly verifications and has 
the range set to 0 - 1.5 NTU.  

D9.2 Data provided 

The turbidity data provided is summarised in Table D.33.  

Table D.33 Works E4 data summary 

 Free Cl2 Turbidity 

Period 04/01/11-12712/12 04/01/11-12712/12 

Number of instruments 1 1 

Data pairs used 103 46 

“Less than” measurements 0 58 

 
For free chlorine the online and compliance instruments are generally in good agreement, see 
Figure D.15, and the difference is most of the time less than 0.2 mg/l. The differences 
between laboratory and online instruments are relatively well centred around zero, suggesting 
there is no clear difference between the instruments. 
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Figure D.15 Free chlorine at Works E4 

 

For turbidity the majority of the compliance results are higher than the online results, see 
Figure D.16 

Figure D.16 Turbidity at Works E4 

 

D9.3 Normal distribution 

The results from the K-S calculations (Table D.34) indicate that both the chlorine and turbidity 
data follow a normal distribution. 

Table D.34 Works E4 K-S calculations 
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D9.4 Autocorrelation 

The majority of the data provided for turbidity has been excluded as the laboratory data is 
reported as being ‘less than’, but the test still shows that there is autocorrelation of 1 lag day 
for this parameter, see Table D.35. There is no autocorrelation for free chlorine. The critical 
values are 0.194 for free chlorine and 0.291 for turbidity. 

Table D.35 Works E4 autocorrelation 

Lag days Free Cl2 Turbidity 

0 1.00 1.00 

1 0.15 0.39 

2 0.19 -0.08 

3 0.12 -0.01 

4 0.11 -0.12 

5 -0.07 0.00 

6 0.06 0.04 

7 -0.03 0.00 

 

D9.5 Comparisons 

Assuming the difference between means of online and compliance data must be less than 
10% of mean or less than 5% PCV; both the free chlorine instrument and the turbidimeter 
would pass this test (Table D.36). Both online instruments would, however, fail the 95th 
percentile and 95% confidence interval criterion. 

Table D.36 Works E4 summary 

 Free Cl2 Turbidity 

Average online 0.48 0.05 

Average compliance 0.48 0.08 

Difference between means 0.003 0.030 

Means test value 0.05 0.05 

Means test Pass Pass 

95th percentile range 0.592 0.203 

95% confidence interval 0.498 0.156 

Percentile & conf. interval test value 0.1 0.1 
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 Free Cl2 Turbidity 

Percentile test Fail Fail 

Conf. interval test Fail Fail 

 

D10 Works E5 

D10.1 Overview of treatment and water quality sampling and analysis 

Works E5 is only blending water from two different borehole sites. The compliance sample tap 
and the online instruments are in the same room. Only conductivity data was collected from 
this site. 

The conductivity is measured online using an ABB 4600 instrument, approximately 8 years 
old. The online instrument undergoes a full annual calibration and quarterly verifications and 
has the range set to 0 – 2000 µS/cm. 

D10.2 Data provided 

The conductivity data provided is summarised in Table D.37.  

Table D.37 Works E5 data summary 

 Conductivity 

Period 06/01/11 - 28/12/12 

Number of instruments 1 

Data pairs used 75 

“Less than” measurements 0 

 
There is a clear offset between the online and laboratory conductivity results, see Figure 
D.17, and the laboratory measurements are, except for one sample, always lower than the 
online measurements. 
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Figure D.17 Conductivity at Works E5 

 

D10.3 Normal distribution 

The results (Table D.38) indicate that the conductivity data is unlikely to follow a normal 
distribution as the dataset failed the K-S test. 
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Lag days Conductivity 

0 1.00 

1 -0.03 

2 0.09 
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7 -0.06 

0

200

400

600

800

1000

1200

1400

08/10 02/11 09/11 04/12 10/12 05/13

Co
nd

uc
tiv

ity
 (μ

S/
cm

)

Date

Laboratory Online

-150

-100

-50

0

50

100

150

200

250

08/10 02/11 09/11 04/12 10/12 05/13

Di
ffe

re
nc

e 
La

b-
O

nl
in

e 
(μ

S/
cm

)

Date

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 120 



Drinking Water Inspectorate (DWI) 
 

D10.5 Comparisons 

Assuming the difference between means of online and compliance data must be less than 
10% of mean or less than 5% PCV; the online conductivity instrument would pass this test 
(Table D.40). The instrument would also pass the 95th percentile and 95% confidence interval 
criterion. 

Table D.40 Works E5 summary 

 Conductivity 

Average online 992 

Average compliance 930 

Difference between means 62 

Means test value 125 

Means test Pass 

95th percentile range 113 

95% confidence interval 152 

Percentile & conf. interval test value 250 

Percentile test Pass 

Conf. interval test Pass 

 

D11 Works F1 

D11.1 Overview of treatment and water quality sampling and analysis 

The water treated at works F1 comes from a river source and is stored in a pumped storage 
reservoir. The water is super-chlorinated and dosed with aluminium sulphate and 
polyelectrolyte before clarification. The water is then filtered through sand and anthracite dual 
media rapid gravity filters followed by GAC and UV treatment, THM removal by aeration, 
chlorination followed by addition of ammonia to create chloramine. The compliance sampling 
point is approximately 20 metres downstream of the online instrumentation, but no additional 
treatment steps are in place between the two locations. 

The total chlorine is measured in triplicate using Capital Controls CL500 instruments, 
approximately 10 years old, and all instruments are used in the analysis. The compliance 
measurements are made daily using a handheld Hach Lange Pocket Colorimeter instrument. 
The data for the individual instruments are stored on paper only and data from 132 days have 
been transferred to an Excel file, rather than the full 2 years collected from other sites. The 
online instruments have a standard calibration frequency of 8 weeks but are adjusted if 
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necessary to match the handheld instrument if the difference is not acceptable. The handheld 
instrument is checked daily using solid standards and calibrated annually, including solids 
standards. The exact range for the online instruments has not been reported to WRc. 

The online turbidity is measured using an ABB 4670/500 instruments and has a standard 
recalibration frequency of 3 months. The compliance measurements are made using a Hach-
Lange 2100N Turbidimeter which is checked weekly using solid Gelex standards. None of the 
compliance measurements have been reported as “less than” the reported value and 
subsequently all measurements have been used in the analysis. The exact range for the 
online instrument has not been reported to WRc. 

D11.2 Data provided 

The turbidity data provided is summarised in Table D.41.  

Table D.41 Works F1 data summary 

 Total Cl2 Turbidity 

Period 19/07/12-09/12/12 01/01/11 – 09/12/12 

Number of instruments 3 1 

Data pairs used 132 708 

“Less than” measurements 0 0 

 
For total chlorine the online and compliance instruments are generally in good agreement, 
see Figure D.18, and the difference is most of the time less than 0.2 mg/l. The differences 
between laboratory and online instruments are relatively well centred around zero, suggesting 
there is no clear difference between the instruments. 

Figure D.18 Total chlorine at Works F1 
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The majority of the laboratory turbidity measurements are higher than the online 
measurements, see Figure D.19, and the online measurements show clear increasing and 
decreasing trends over the two years. 

Figure D.19 Turbidity at Works F1 

 

D11.3 Normal distribution 

The results show that the data from two of the online chlorine analysers pass the K-S test for 
normal distribution, see Table D.42. 

Table D.42 Works F1 K-S calculations 

 Free Cl2 Turbidity 

K-S maximum difference 0.072/0.154/0.091 0.07 

K-S critical value 0.118 0.05 

 

D11.4 Autocorrelation 

The total chlorine measurements show no autocorrelation whereas the turbidity show high 
level of autocorrelation, see Table D.43, with the critical values being 0.171 for total chlorine 
and 0.074 for turbidity. 

Table D.43 Works F1 autocorrelation  
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Lag days Free Cl2 Turbidity 

3 -0.07/-0.10/0.15 0.48 

4 0.20/0.09/-0.17 0.48 

5 0.01/0.09/0.03 -0.01 

6 -0.06/0.00/-0.02 0.13 

7 0.01/0.00/-0.51 -0.01 

 

D11.5 Comparisons 

Assuming the difference between means of online and compliance data must be less than 
10% of mean or less than 5%PCV; all instruments would pass this test (Table D.44). 

Using the 95th percentile and 95% confidence interval criterion, one of the total chlorine 
instruments and the turbidimeter would pass the two tests. The other two total chlorine 
instruments would fail the tests. 

Table D.44 Works F1 summary 

 Total Cl2 Turbidity 

Average online 1.04/1.05/1.05 0.078 

Average compliance 1.04 0.128 

Difference between means 0.00/0.01/0.01 0.05 

Means test value 0.10 0.05 

Means test 3 pass Pass 

95th percentile range 0.195/0.220/0.250 0.208 

95% confidence interval 0.19/0.27/0.24 0.187 

Percentile & conf. interval test value 0.21 0.1 

Percentile test 1 pass, 2 fail Fail 

Conf. interval test 1 pass, 2 fail Fail 
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D12 Works F2 

D12.1 Overview of treatment and water quality sampling and analysis 

The works F2 is a borehole site where the water is chlorinated after which the treatment is 
spilt into two streams. One stream is softened by stripping of CO2 and further softened with 
lime dosing. The second stream goes directly to an anthracite/sand dual media rapid gravity 
filter where it is mixed with the softened water. The combined water streams are filtered, 
passed through GAC, chlorinated, dosed with SO2 to regulate the chlorine level and then 
dosed with ammonia after the contact tank to create chloramine. The compliance sampling 
point for turbidity is approximately 20 metres downstream of the online instrumentation, but no 
additional treatment steps are in place between the two locations. The samples for the total 
chlorine compliance measurements are taken from a tap next to the online instruments. 

The total chlorine is measured in triplicate using Wallace & Tiernan Depolox 4 instruments, 
more than 5 years old, and all instruments have been used in the analysis. The compliance 
measurements are made daily using a handheld Hach Lange Pocket Colorimeter instruments. 
The data for the individual instruments are stored on paper only and data from 132 days have 
been transferred to an Excel file, rather than the full 2 years collected from other sites. The 
online instruments have a standard recalibration frequency of 2 months but are adjusted if 
necessary to match the handheld instrument if the difference is not acceptable. The handheld 
instrument is checked daily using solid standards and calibrated annually, including solids 
standards. The exact range for the online instruments has not been reported to WRc. 

The online turbidity is measured using an ABB 4600 instruments and has a monthly 
calibration check. The compliance measurements are made using a Hach-Lange 2100N 
Turbidimeter which is checked weekly using solid Gelex standards. The exact range for the 
online instrument has not been reported to WRc. 

D12.2 Data provided 

The data provided is summarised in Table D.41.  

Table D.45 Works F2 data summary 

 Total Cl2 Turbidity 

Period 19/07/12-09/12/12 01/01/11 – 09/12/12 

Number of instruments 3 1 

Data pairs used 132/130/132 607 

“Less than” measurements 0 102 
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The chlorine online and compliance data are generally in good agreement, see Figure D.20, 
and most of the time the difference is below 0.1 mg/l. The differences between laboratory and 
online instruments are relatively well centred around zero, suggesting there is no systematic 
difference between the instruments. 

Figure D.20 Total chlorine at Works F2 

 

For turbidity, the vast majority of the laboratory measurements are higher than the online 
measurements, see Figure D.21. 

Figure D.21 Turbidity at Works F2 

 

D12.3 Normal distribution 

The results showed that two of the total chlorine instruments follow a normal distribution, 
whereas one of the total chlorine instruments and the turbidimeter did not follow a normal 
distribution (Table D.46). 
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Table D.46 Works F2 K-S calculations 

 Total Cl2 Turbidity 

K-S maximum difference 0.023/0.214/0.023 0.27 

K-S critical value 0.118/0.119/0.118 0.05 

 

D12.4 Autocorrelation 

One of the total chlorine instruments shows autocorrelation for a 1 day lag and the 
turbidimeter for a 5 days lag, see Table D.47, with the critical values being 0.171 for total 
chlorine and 0.080 for turbidity. 

Table D.47 Works F2 autocorrelation 

Lag days Total Cl2 Turbidity 

0 1.00/1.00/1.00 1.00 

1 0.10/0.31/0.08 0.33 

2 0.03/-0.08/0.16 0.26 

3 0.25/-0.06/0.08 0.25 

4 0.12/0.12/0.11 0.28 

5 -0.03/0.05/-0.07 0.30 

6 -0.02/-0.04/-0.02 0.04 

7 -0.09/-0.04/-0.02 0.06 

 

D12.5 Comparisons 

Assuming the difference between means of online and compliance data must be less than 
10% of mean or less than 5% PCV; the three total chlorine instruments would pass this test 
(Table D.48) but the turbidimeter would fail. 

Using the 95th percentile and 95% confidence interval criterion, two of the total chlorine 
instruments and the turbidimeter would pass the two tests. The other total chlorine instrument 
would fail the tests. 
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Table D.48 Works F2 summary 

 Total Cl2 Turbidity 

Average online 0.254/0.248/0.255/ 0.013 

Average compliance 0.258 0.068 

Difference between means 0.004/0.010/0.003 0.055 

Means test value 0.026 0.05 

Means test 3 pass Fail 

95th percentile range 0.060/0.095/0.050 0.093 

95% confidence interval 0.052/0.087/0.050 0.091 

Percentile & conf. interval test value 0.062 0.1 

Percentile test 1 pass, 2 fail Pass 

Conf. interval test 2 pass, 1 fail Pass 

 

D13 Works G1 

D13.1 Overview of treatment and water quality sampling and analysis 

The G1 works treats water from satellite groundwater sites with an average output of 
160 Ml/d. The quality of the groundwater varies because of significant fissures in the area 
which leads to surface water intrusion. Consequently the treatment is ozone, GAC filtration, 
super-chlorination, ultrafiltration membrane, sodium bisulphite and orthophosphate dosing. 

The free chlorine is measured using a Wallace & Tiernan Depolox 4 instruments. The 
compliance measurements are made daily but the compliance instrument has not been 
specified. If the result from the online instrument is in error by greater than 10%, the online 
instrument is adjusted to match the compliance measurement. The instrument is serviced on 
a monthly basis. The online instrument range is set to 0 – 1 mg/l. 

The turbidity is measured using a Hach-Lange 1720C instrument. The instrument is checked 
weekly and undergoes maintenance on a monthly basis. The compliance instrument has not 
been specified. The online instrument range is set to 0 - 1NTU.  

The conductivity is measured using an ABB 4600 instrument. The calibration/validation 
regime has not been specified but, based on the response in the questionnaire, it is assumed 
that the instrument is validated on a quarterly basis. The compliance instrument has not been 
specified. The exact range for the online instrument has not been specified. 
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The maintenance of all instruments is currently under review so that the maintenance is 
matched to the importance of the data provided by the instrument. 

D13.2 Data provided 

The data provided is summarised in Table D.49.  

Table D.49 Works G1 data summary 

 Free Cl2 Turbidity Conductivity 

Period 01/11/10–31/10/12 05/11/10–24/10/12 05/11/10–24/10/12 

Number of instruments 1 1 1 

Data pairs used 730 103 100 

“Less than” measurements 0 0  

 
For free chlorine the online and compliance data are generally in good agreement, see Figure 
D.22, and most of the time less than 0.2 mg/l. The differences between laboratory and online 
instruments are relatively well centred around zero, suggesting there is no clear difference 
between the instruments. 

Figure D.22 Free chlorine at Works G1 

 

All but one of the laboratory turbidity measurements are higher than the online 
measurements, see Figure D.23. 
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Figure D.23 Turbidity at Works G1 

 

The majority of the laboratory conductivity measurements are higher than the online 
measurements, see Figure D.24. 

Figure D.24 Conductivity at Works G1 

 

D13.3 Normal distribution 

The K-S tests suggest that only the conductivity measurements falls just outside a normal 
distribution, see Table D.50. 

Table D.50 Works G1 K-S calculations 

 Free Cl2 Turbidity Conductivity 

K-S maximum difference 0.04 0.11 0.142 

K-S critical value 0.05 0.13 0.136 
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D13.4 Autocorrelation 

Only the turbidity measurements show signs of a 1 day lag autocorrelation, see Table D.51. 
The critical values are 0.073 for free chlorine, 0.194 for turbidity and 0.197 for conductivity. 

Table D.51 Works G1 autocorrelation 

Lag days Free Cl2 Turbidity Conductivity 

0 1.00 1.00 1.00 

1 0.04 0.32 0.03 

2 0.09 0.07 0.08 

3 0.02 -0.04 0.10 

4 -0.01 -0.09 -0.11 

5 0.10 -0.08 0.06 

6 0.00 -0.09 -0.05 

7 -0.09 -0.14 -0.05 

 

D13.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV; the free chlorine and conductivity instruments would 
pass this test (Table D.52) but the turbidimeter would fail. 

Using the 95th percentile and 95% confidence interval criterion, only the online conductivity 
instrument would pass the two tests. The other online instruments would fail the tests. 

Table D.52 Works G1 summary 

 Free Cl2 Turbidity Conductivity 

Average online 0.39 0.03 695 

Average compliance 0.40 0.13 721 

Dif. between means 0.016 0.096 26 

Means test value 0.04 0.05 125 

Means test Pass Fail Pass 

95th percentile range 0.29 0.23 150 

95% confidence interval 0.31 0.23 116 

Percentile & conf. interval test value 0.08 0.1 250 
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 Free Cl2 Turbidity Conductivity 

Percentile test Fail Fail Pass 

Conf. interval test Fail Fail Pass 

 

D14 Works G2 

D14.1 Overview of treatment and water quality sampling and analysis 

The raw water to the G2 works is a lowland river water with an average output of 180 Ml/d. 
The treatment is pre-ozone, coagulation, pulsating clarification, ozonation, GAC filtration 
acting as RGF, super-chlorination, sodium bisulphite and orthophosphate dosing. Only free 
chlorine data was provided from this work. 

The free chlorine is measured using a Wallace & Tiernan Depolox 4 instrument. The 
compliance measurements are made daily but the compliance instrument has not been 
specified. If the result from the online instrument is in error by more than 10% of reading, the 
online instrument is adjusted to match the compliance measurement. The instrument is 
serviced on a monthly basis. The online instrument range is set to 0 – 2 mg/l. 

The maintenance of all instruments is currently under review so that the maintenance is 
matched by the importance of the data provided by the instrument. 

D14.2 Data provided 

The data provided is summarised in Table D.53.  

Table D.53 Works G2 data summary 

 Free Cl2 

Period 01/11/10 – 28/10/12 

Number of instruments 1 

Data pairs used 727 

“Less than” measurements 0 

 
The online and compliance instruments are generally in good agreement, see Figure D.25, 
and most of the time below 0.2 mg/l. The differences between laboratory and online 
instruments are relatively well centred around zero, suggesting there is no clear difference 
between the instruments. 
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Figure D.25 Free chlorine at Works G2 

 

D14.3 Normal distribution 

The results of the K-S calculations (Table D.54) indicate that the data does not follow a 
normal distribution. 

Table D.54 Works G2 K-S calculations 

 Free Cl2 

K-S maximum difference 0.065 

K-S critical value 0.050 

 

D14.4 Autocorrelation 

The data show 2 days lag autocorrelation (Table D.55) with the critical value being 0.073. 
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D14.5 Comparisons 

Assuming the difference between means of online and compliance data must be less than 
10% of mean or less than 5% PCV; the free chlorine instrument would pass this test (Table 
D.56). The online instrument would, however, fail the 95th percentile and 95% confidence 
interval criterion. 

Table D.56 Works G2 summary 

 Free Cl2 

Average online 0.74 

Average compliance 0.72 

Dif. between means 0.016 

Means test value 0.072 

Means test Pass 

95th percentile range 0.328 

95% confidence interval 0.347 

Percentile & conf. interval test value 0.144 

Percentile test Fail 

Conf. interval test Fail 

 

D15 Works J1 

D15.1 Overview of treatment and water quality sampling and analysis 

The water treated at works J1 comes from a river source and is stored in a pumped storage 
reservoir. The water is dosed with ferric sulphate, lime and polyelectrolyte before clarification. 
The water is then chlorinated, filtered through rapid gravity filters, and further dosed with 
chlorine before entering the storage reservoir. On the outlet of the storage reservoir the water 
is dosed with phosphoric acid. The compliance laboratory samples are taken from a separate 
kiosk next door to the online instruments, the distance between buildings being less than 2 
metres. 

The free chlorine is measured online in duplicate using Capital Control 1874 instruments and 
data from both instruments are used in the analysis. The compliance measurements are 
made using a handheld Hach Lange DR/890 instruments. The online instruments have a 
standard recalibration frequency of 3 months but calibrations before this interval have 
sometimes been requested when performance has been questionable. The handheld 
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instrument is checked monthly. The samples for the handheld instrument are taken from the 
outlet of the online instruments. The range of the online instrument is set to 0 – 2 mg/l. 

The online turbidity is measured using a Great Lakes 95T instruments. No extra recalibrations 
have been performed on these instruments except the normal 3 monthly schedule. The range 
of the online instrument is set to 0 – 3 NTU. Information regarding the compliance instrument 
has not been supplied. 

The conductivity is measured online using an ABB AX400 instrument. No extra recalibrations 
have been performed on these instruments except the normal 3 monthly schedule. The range 
of the online instrument is set to 0 – 400 μS/cm. Information regarding the compliance 
instrument has not been supplied. 

D15.2 Data provided 

The data provided is summarised in Table D.57.  

Table D.57 Works J1 data summary 

 Free Cl2 Turbidity Conductivity 

Period 23/11/10 – 
19/11/12 

23/11/10 – 
20/11/12 

15/12/10 – 
24/10/12 

Number of instruments 2 1 1 

Data pairs used 876/867 259 47 

“Less than” measurements 0 481 0 

 
For free chlorine, the online and compliance instruments are generally in good agreement, 
see Figure D.26, and most of the time the difference is below 0.2 mg/l. The differences 
between laboratory and online instruments are relatively well centred around zero, suggesting 
there is no systematic difference between the instruments. 
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Figure D.26 Free chlorine at Works J1 

 

The online and laboratory turbidimeters are generally in good agreement, see Figure D.27, 
and most of the time below 0.2 NTU. The differences between laboratory and online 
instruments are relatively well centred around zero, suggesting there is no systematic 
difference between the instruments. On five occasions the difference between the instruments 
exceeds 0.2 NTU. All of these occur when the laboratory measurement has been high.  

Figure D.27 Turbidity at Works J1 

 

There is a clear offset between the online and laboratory conductivity instruments, see Figure 
D.28, and the laboratory measurements are always lower than the online measurements. 
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Figure D.28 Conductivity at Works J1 

 

D15.3 Normal distribution 

The results from the K-S calculations (Table D.58) indicate that the chlorine and turbidity data 
are unlikely to follow a normal distribution. The conductivity data followed a normal 
distribution. 

Table D.58 Works J1 K-S calculations 

 Free Cl2 Turbidity Conductivity 

K-S maximum difference 0.09/0.09 0.20 0.06 

K-S critical value 0.05/0.05 0.08 0.20 

 

D15.4 Autocorrelation 

The majority of the data provided for turbidity has been excluded as the laboratory data is 
reported as being ‘less than’, and the test also indicate that there is only weak autocorrelation 
for this parameter, at most 2 days lag (Table D.59). Free chlorine shows an autocorrelation of 
4 days lag and conductivity for 2 days lag. The critical values are 0.066 for free chlorine, 
0.122 for turbidity and 0.288 for conductivity. 

Table D.59 Works J1 autocorrelation 

Lag days Free Cl2 Turbidity Conductivity 

0 1.00/1.00 1.00 1.00 

1 0.34/0.34 0.12 0.51 

2 0.19/0.17 0.14 0.30 

3 0.13/0.11 0.07 0.13 
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Lag days Free Cl2 Turbidity Conductivity 

4 0.10/0.10 0.10 -0.14 

5 0.05/0.04 0.10 -0.04 

6 0.06/0.05 0.06 -0.06 

7 0.06/0.05 0.13 0.05 

 

D15.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5%PCV; all instruments would pass this test (Table D.60). 

Using the 95th percentile and 95% confidence interval criterion, only the online conductivity 
instrument would pass the two tests. The other online instruments would fail the tests. 

Table D.60 Works J1 summary 

 Free Cl2 Turbidity Conductivity 

Average online 0.82/0.82 0.11 294 

Average compliance 0.81 0.12 251 

Dif. between means 0.01/0.01 0.01 43 

Means test value 0.081 0.05 125 

Means test Pass Pass Pass 

95th percentile range 0.40/0.39 0.24 58.9 

95% confidence interval 0.40/0.44 0.32 57.6 

Percentile & conf. interval test value 0.162 0.1 250 

Percentile test Fail Fail Pass 

Conf. interval test Fail Fail Pass 

 

D16 Works J2 

D16.1 Overview of treatment and water quality sampling and analysis 

The water at works J2 is upland reservoir derived and is dosed with CO2, lime and aluminium 
sulphate before entering a DAF plant. On the outlet of the DAF plant the water is chlorinated 
before passing through pressure filters. The water is then pumped through pressure GACs 
and dosed with chlorine, phosphoric acid and lime before entering the storage reservoir. The 
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compliance samples for free chlorine are taken from the outlet of the online instruments. 
Other compliance laboratory samples are taken from the outlet of the turbidimeter. 

The free chlorine is measured in triplicate using Wallace & Tiernan Depolox 4 instruments but 
only data from one of the instruments have been used in the analysis. The compliance 
measurements are made daily using a handheld Hach Lange DR/890 instruments. The online 
instruments have a standard recalibration frequency of 3 months but early calibrations have 
sometimes been requested when performance has been questionable. The handheld 
instrument is checked monthly. The range of the online instrument is set to 0 – 2 mg/l. 

The online turbidity is measured using an ABB Kent 4600 instrument. The online instruments 
have a standard recalibration frequency of 3 months but early calibration has been requested 
once over the time period when performance has been questionable. The range of the online 
instrument is set to 0 - 25 NTU. Information regarding the compliance instrument has not 
been supplied. 

The online conductivity is measured using an ABB Kent 4600 instruments. The online 
instruments have a standard recalibration frequency of 3 months but early calibration has 
been requested once over the time period when performance has been questionable. The 
range of the online instrument is set to 0 – 200 μS/cm. Information regarding the compliance 
instrument has not been supplied. 

D16.2 Data provided 

The data provided is summarised in Table D.61.  

Table D.61 Works J2 data summary 

 Free Cl2 Turbidity Conductivity 

Period 23/11/10–19/11/12 23/11/10–20/11/12 23/11/10–21/10/12 

Number of instruments 1 1 1 

Data pairs used 846 125 157 

“Less than” measurements 0 602 0 

 
For free chlorine there are approximately 114 measurements using a handheld instrument 
that include duplicates from the same day, most often only a few minutes apart but all 
reported values have been used in the analysis. The online and compliance instruments are 
generally in good agreement, see Figure D.29, and most of the time below 0.2 mg/l. The 
differences between laboratory and online instruments are relatively well centred around zero, 
suggesting there is no systematic difference between the instruments but the difference varies 
with time, suggesting instrument drift. 
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Figure D.29 Free chlorine at Works J2 

 

The majority of the laboratory turbidity measurements are higher than the online 
measurements, see Figure D.30. 

Figure D.30 Turbidity at Works J2 

 

There is a clear offset between the online and laboratory conductivity measurements, see 
Figure D.31, and the laboratory measurements are always lower than the online 
measurements. 

Figure D.31 Conductivity at Works J2 
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D16.3 Normal distribution 

The results from the K-S tests (Table D.62) indicate that only the turbidity dataset does not 
show a normal distribution. 

Table D.62 Works J2 K-S calculations 

 Free Cl2 Turbidity Conductivity 

K-S maximum difference 0.02 0.17 0.09 

K-S critical value 0.05 0.12 0.11 

 

D16.4 Autocorrelation 

The majority of the data provided for turbidity has been excluded as the laboratory data is 
reported as being ‘less than’, and the test also shows that there is only a possible weak 
autocorrelation for this parameter for 2 and 3 days lag. There is no autocorrelation for the 
conductivity measurements but there is autocorrelation of 4 days lag for the free chlorine 
measurements. The critical values are 0.067 for free chlorine, 0.176 for turbidity and 0.157 for 
conductivity. 

Table D.63 Works J2 autocorrelation 

Lag days Free Cl2 Turbidity Conductivity 

0 1.00 1.00 1.00 

1 0.63 0.14 0.04 

2 0.49 0.23 0.12 

3 0.46 0.22 0.10 

4 0.45 0.12 0.06 

5 -0.05 0.10 0.02 

6 -0.04 0.00 -0.03 

7 -0.04 -0.02 0.04 

 

D16.5 Comparisons 

Assuming the difference between means of online and compliance instrument must be less 
than 10% of mean or less than 5% PCV; all instruments would pass this test (Table D.64). 
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Using the 95th percentile and 95% confidence interval criterion, only the online conductivity 
instrument would pass the two tests. The other online instruments would fail the tests. 

Table D.64 Works J2 summary 

 Free Cl2 Turbidity Conductivity 

Average online 0.72 0.06 133 

Average compliance 0.72 0.10 115 

Dif. between means 0.00 0.04 18 

Means test value 0.072 0.05 125 

Means test Pass Pass Pass 

95th percentile range 0.275 0.315 26.2 

95% confidence interval 0.28 0.229 23.1 

Percentile & conf. interval test value 0.144 0.1 250 

Percentile test Fail Fail Pass 

Conf. interval test Fail Fail Pass 
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Appendix E WRc’s interpretation of DWI’s 
guidance 

E1 Background 

This Appendix summarises WRc’s interpretation of Section 18.15 of the DWI guidance 
document and the recommended approach to the analysis of the data collected from the 
water companies. 

The DWI guidance states that: 

18.15 Existing monitors for total chlorine, free chlorine, turbidity and conductivity may be 
demonstrated as meeting requirements (i) and (ii) above by comparing results of analysis 
using the current regulatory method with the instrument readings at the times of sampling. 
Provided the difference between the means is not greater than 10% of the result or 5% of the 
PCV, whichever is the greater, and the 95% confidence interval for the difference of an 
individual pair of results (difference between paired instrument result and compliance 
method result) is not greater than 20% of the result or 10% of the PCV, whichever is the 
greater, the results will be acceptable. Not fewer than 20 pairs of results covering at least one 
year should be used for the comparison. Only installations which satisfy these requirements 
may be used. 

The guidance can be considered in two parts; 

• Testing the difference between the means 

• The 95% confidence interval for the difference of an individual pair of results. 

In particular, the aim has been to clarify the section highlighted in bold (Part 2), which is 
currently open to misinterpretation, by suggesting appropriate statistical methods. A real-world 
dataset was used to demonstrate our recommendations and highlight issues associated with 
data of this nature and worked examples have been used to demonstrate how to address 
both parts of the guidance. The methods suggested in this note are recommended for use in 
the short-term. However, some issues are raised which will need to be addressed at a later 
date. 

E2 Data 

Time series of data recorded at Works J2 were obtained for free chlorine which ran from 
November 2010 to November 2012. Both measurements using handheld instruments and 
online measurements were taken, referred to as “paired data”. “Paired data” for conductivity 
and turbidity were also obtained from Works J2 but fewer measurements were available. 
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E3 Part 1 – Difference between the means 

The means for online and compliance measurements for the three data sets were calculated 
using the average function in Microsoft Excel (Table E.1). For free Cl2 the difference between 
the means is 0.00 mg/l, for turbidity it is 0.04 NTU and for conductivity it is 18 μS/cm. 

Table E.1 Works J2: outline statistics for free chlorine, turbidity and conductivity 

 Free Cl2 Turbidity Conductivity 

Number of data pairs 846 125 157 

Mean online 0.72 mg/l 0.06 NTU 133 μS/cm 

Mean compliance 0.72 mg/l 0.10 NTU 115 μS/cm 

Difference between means 0.00 mg/l 0.04 NTU 18 μS/cm 

 
There is no PCV for free Cl2 so the difference between the means should be less than or 
equal to 10% of the result, i.e. the average of the compliance measurement from the 
handheld instrument. The mean of the compliance measurement is 0.72 mg/l and 10% of this 
is 0.072 mg/l. As the difference between the means of the two instruments is zero, and thus 
less than 0.072 mg/l, the online free Cl2 instrument passes the first criterion in Section 18.15 
of the DWI guidance. 

The PCV for turbidity is 1 NTU leaving the works and the difference between the means 
should be less than or equal to 5% of the PCV, i.e. less than or equal to 0.05 NTU, or less 
than or equal to 10% of the result, i.e. the means of the compliance (laboratory) 
measurement, whichever is greater. The mean of the laboratory turbidity measurement is 
0.10 NTU and 10% of this is 0.01 NTU. The difference between the means of the online and 
compliance results should thus be compared against 0.05 NTU as this is greater than 
0.01 NTU. As the difference between the means of the two instruments is 0.04 NTU, and thus 
less than 0.05 NTU, the online turbidimeter just passes the first criterion in Section 18.15 of 
the DWI guidance. 

The PCV for conductivity is 2500 μS/cm and the difference between the means should be less 
than or equal to 5% of the PCV, i.e. less than or equal to 125 μS/cm, or less than or equal 
to 10% of the result, i.e. the means of the compliance (laboratory) measurement, whichever is 
greater. The mean of the laboratory conductivity measurement is 115 μS/cm and 10% of this 
is 11.5 μS/cm. The difference between the means of the online and compliance results should 
thus be compared against 125 μS/cm as this is greater than 11.5 μS/cm. As the difference 
between the means of the two instruments is 18 μS/cm, and thus less than 125 μS/cm, the 
online conductivity instrument passes the first criterion in Section 18.15. 

Note: a paired t test has not been used as it is designed to identify whether the difference 
between the mean values of two sets of data is statistically significant. Paragraph 18.15 of the 
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DWI guidance sets a different criterion, i.e. that the difference between the means is to be is 
‘not greater than 10% of the result or 5% of the PCV, whichever is the greater’. 

E4 Part 2 – Confidence interval 

Although the guidance states that a 95% confidence interval should be used to assess the 
difference between an individual pair of results, it is WRc’s view that the most appropriate 
method for such an assessment should instead be determined by the quantity of the data 
available. 

E4.1 80 or more data pairs 

As an approximate rule of thumb, providing there are at least 80 pairs of data in each year the 
most appropriate method will be to use a percentile range approach. The main disadvantage 
with the percentile approach is that incorrect conclusions may be drawn if there are too few 
data pairs (say less than 80 data pairs). The percentile approach orders the data into n+1 
intervals (where n is the number of paired data points) and obtains the value which falls into 
the requested percentile. Therefore, if the number of samples is not large enough, the 95% 
percentile range will be highly sensitive to extreme values. For example if there are 39 pairs of 
data, the 2.5%ile is the lowest value and the 97.5%ile is the highest value. 

The main reason for using percentile range is that no distributional assumptions are required 
on the data. Therefore, providing there are sufficient data, the method can be robust for non-
normal data (unlike the 95% confidence interval approach). Specifically, the difference 
between each pair of measurements should be calculated and the 2.5% and 97.5% 
percentiles of the differences taken. The difference between the 2.5% and the 97.5% 
percentile values is known as the 95% percentile range. Relating this back to the DWI 
guidance, the 95% percentile range should not be greater than 20% of the mean laboratory 
measurement (over the entire recorded period) or 10% of the PCV.  

Using the free chlorine data from Works J2 as an example, the paired differences between 
online and laboratory measurements are shown in Figure E.1. There are 846 sets of paired 
data spread over 2 years in this example. 

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 145 



Drinking Water Inspectorate (DWI) 
 

Figure E.1 Works J2, free chlorine: difference between laboratory and online 

 

The following results were obtained from this dataset, Table E.2 

Table E.2 Works J2, free chlorine: percentile results (mg/l) 

2.5 percentile 97.5 percentile 
95th percentile 

range 
20% of mean compliance 

measurement 

-0.131 0.141 0.275 0.144 

 
In this case the 95% percentile range is greater than 20% of the mean laboratory 
measurement and therefore the online monitor does not meet the DWI requirement.  

It should be noted that the percentile function in Excel should not be used for such analyses 
as it assumes that the data represent the full population of measurements available. In reality, 
the data will only be a sample of measurements taken at discrete time points over a few 
years. Therefore a percentile function which assumes the data are a sample of the full 
population should be used; we used a standard function from the statistical package R. 
However, the difference between the two ways of calculating the percentile range decreases 
as the number of data pairs increases and the data analysed in this project indicate that if 
>250 data pairs exist, the difference is small enough to be safely ignored. 

E4.2 Less than 80 data pairs 

If the available dataset contains less than 80 data pairs per year, it is recommended that a 
confidence interval approach is used. However, the confidence interval approach assumes 
that the data are normally distributed. Therefore before any analysis is performed, a test for 
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normality must be performed. There are two tests for normality that can be implemented in 
Excel: 

• Kolmogorov-Smirnoff (K-S) test 
• Chi-squared test 

In both cases, the data (of paired differences) is grouped into appropriate bands. 

The K-S test can be used to test whether the sampled data is ‘close enough’ to a reference 
dataset sampled from a normal distribution, using the concept of ‘distance’ between the two 
datasets. The same number of samples as in the original dataset should be drawn from a 
normal distribution with mean and standard deviation equal to the mean and standard 
deviation of the original dataset. This is referred to as the reference data. The reference data 
are then calculated cumulatively and separated into the correct bands. The difference 
between the observed cumulative data and the reference cumulative data in each band 
should then be calculated and divided by the number of data points. The highest absolute 
value is the test statistic. At the 95% confidence level, this value should not be greater than a 
tabulated value. For n greater than30 this value is 1.36 (a tabulated value for 95% confidence 
in K-S tests) divided by the square root of the number of data points. Using the Works J2 
conductivity data to illustrate this, the following calculations were performed (Table E.3). The 
example is fully worked in Appendix F. 

Table E.3 Works J2 conductivity; K-S results 

Band                 
(lab – online) 
conductivity 

measurements 

Frequency 

Normal 
Cumulative 
Frequency 

(ref) 

Observed 
Cumulative 
Frequency 

(obs) 

(obs-ref)/N 

<-29 5 2.9 5 0.01 

-25 to - 29 9 17.1 14 -0.02 

-22 to - 24 9 37.0 23 -0.09 

-19 to - 21 35 65.7 58 -0.05 

-16 to - 18 36 97.5 94 -0.02 

-13 to -15 39 124.7 133 0.05 

-10 to -12 17 142.7 150 0.05 

-7 to -9 1 151.9 151 -0.01 

0 to -6 6 156.8 157 0.00 
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The largest absolute number (i.e. ignoring sign) in the final column is 0.09, and this therefore 

forms the test statistic. The critical value for which this is tested against is 1.36
√157

= 0.109 and so 

it is concludes that the difference between the observed distribution and the normal 
distribution is not statistically significant at the 95% level. Therefore the ‘null hypothesis’, that 
the observed distribution can be treated as normal, can be accepted. 

The workings for the Chi-squared test for normality, and its performance relative to the K-S 
test can be found in Appendix F2. In summary, it was concluded that given that the K-S test 
enables greater automation, and that those cases which were rejected by Chi-squared but 
accepted by K-S showed no substantial deviations from normality, that only the K-S test 
should be used to test for normality.  

If the normality assumption has been satisfied, a 95% confidence interval can be calculated in 
order to test the online measurements against the laboratory measurements. This is taken to 
be (2 × 𝑡 × 𝑠) where 𝑠 is the standard deviation of the dataset of paired differences. The t 
value is available from statistical tables and Excel; it depends on the number of data pairs (n) 
through the degrees of freedom (n-1). For a confidence interval of 95%, the t value can be 
calculated in Excel using =T.INV.2T(0.05,n-1) where n is the number of data pairs. 

Relating this back to the DWI guidance, the 95% confidence interval should not be greater 
than 20% of the mean laboratory measurement (over the entire recorded period) or 10% of 
the PCV. In the case of the Works J2 conductivity data, the results are as follows (Table E.4). 

Table E.4 Works J2 conductivity; confidence interval 

Standard deviation 
95% confidence 

interval 

20% of mean 
compliance 

measurement 
10% of PCV 

5.84 23.1 23.1 250 

 

The PCV for conductivity is 2500 μS/cm and the 95% confidence interval should be less than 
or equal to 10% of the PCV, i.e. less than or equal to 250 μS/cm, or less than or equal to 20% 
of the result, i.e. the means of the compliance (laboratory) measurement, whichever is 
greater. The mean of the laboratory conductivity measurement is 115 μS/cm and 20% of this 
is 23.1 μS/cm. The difference between the means of the online and compliance results should 
thus be compared against 250 μS/cm as this is greater than 23.1 μS/cm. As the 95% 
confidence interval for the difference between compliance an online results is 23.1 μS/cm, 
and thus less than 250 μS/cm, the online conductivity instrument meets the DWI requirement. 

If the normality assumption cannot be satisfied, the confidence interval approach should not 
be used. Further work is therefore required on researching alternative methods. 
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E5 Other issues 

In performing these methods using real-world data (free chlorine, turbidity and conductivity at 
Works J2), a number of key issues were identified. 

E5.1 Extreme values 

In some of the datasets analysed, extreme values were apparent once the data had been 
plotted over time. The percentile range method is generally less susceptible to extreme values 
than the confidence interval method providing a large enough dataset has been selected. It is 
WRc’s view that extreme values should not be removed from the dataset unless there is 
strong evidence to suggest that the extreme value is erroneous, e.g. instrument out of order.  

E5.2 One reading per day 

There was evidence from the data that measurements taken at a site on the same day were 
strongly related. It is recommended that only one data point per day should be included in the 
dataset. 

E5.3 Values below the detection limit 

A key issue was that, particularly in the case of turbidity data at Works J2, values can be so 
low that laboratory methods are not able to accurately detect them. In this situation, values 
are simply recorded as a ‘less than’ measurement rather than a particular value. In the case 
of the Works J2 turbidity data, 83% of the laboratory measurements had been recorded as a 
‘less than’ and hence not used in the statistical analysis. 

E5.4 Time trends and correlations 

Examination of the differences between online and laboratory measurements (e.g. Figure E.1) 
suggests that a long term (seasonal) trend may be present. The effect of such seasonality 
should not bias the overall result providing that data have been sampled relatively evenly over 
the course of each year (i.e. covering the various seasons). 

For some data sets there is also evidence of short term correlation lasting a few days. This is 
calculated by examining the autocorrelation, i.e. the time lagged correlation of the dataset with 
itself. The worked examples in Table E.5 and Table E.6 illustrate the autocorrelation inherent 
in the free chlorine data at Works J2 by looking at one winter month and one summer month. 
Correlation coefficients greater than0.37 are statistically significant for 28 paired 
measurements. Hence, in the Works J2 data there is evidence of autocorrelation at a 1 day 
lag during winter (February). 
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The existence of autocorrelation means that the dataset is ultimately less informative than if 
all the data were independent. It is therefore recommended that for data with lag 1, every 
other data point is removed from the dataset, and that in general, for a lag of i, i data points 
should be removed for each 1 data point that is kept. The analysis described above can then 
be applied to the remaining dataset. 

A note has been produced that summarises the methods recommended in this report and the 
issues highlighted. 

The correlation can be calculated using the CORREL function Excel. Assuming the difference 
between the compliance and online measurement is column A with the first value in cell A1, 
the function for 1 day lag is written as =CORREL(A1:A28,A2:A29), for 2 day lag as 
=CORREL(A1:A28,A3:A30) and so on. 

The critical values for correlation coefficients can be looked up in tables (Pearson Correlation 
Coefficient Critical Values) or calculated using the TINV function in Excel. Using a sample 
size of 28 pairs the degrees of freedom is 28-2=26 and with a 95% probability the t-value is 
=TINV(0.05,26) or 2.056. The critical value for the correlation coefficient can then be 
calculated as =SQRT(2.056^2/(2.056^2+26)) or 0.374. 
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Table E.5 Works J2 free chlorine autocorrelation – February 2011 

Date Lab-online 1 day lag 2 day lag 

01/02/2011 0.043 0.43 0.26 

02/02/2011 0.087 0.43 0.28 

03/02/2011 0.004 0.44 0.27 

04/02/2011 0.125 0.46 0.28 

05/02/2011 -0.073 0.52 0.34 

06/02/2011 -0.084 0.51 0.31 

07/02/2011 0.007 0.48 0.32 

08/02/2011 0.008 0.47 0.30 

09/02/2011 -0.072 0.45 0.31 

10/02/2011 -0.013 0.39 0.37 

11/02/2011 0.101 0.43 0.42 

12/02/2011 0.113 0.41 0.41 

13/02/2011 0.093 0.40 0.36 

14/02/2011 0.173 0.36 0.36 

15/02/2011 0.098 0.29 0.21 

16/02/2011 0.154 0.28 0.08 

17/02/2011 0.168 0.06 -0.08 

18/02/2011 0.091 -0.03 -0.13 

19/02/2011 0.053 -0.01 -0.10 

20/02/2011 0.046 0.01 -0.12 

21/02/2011 0.098 0.00 -0.10 

22/02/2011 -0.050 0.08 -0.08 

23/02/2011 0.017 0.08 0.02 

24/02/2011 0.120 0.07 0.05 

25/02/2011 0.041 0.00 0.01 

26/02/2011 0.006 0.05 0.05 

27/02/2011 -0.001 0.09 0.09 

28/02/2011 0.005 0.10 0.10 
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Table E.6 Works J2 free chlorine autocorrelation – August 2011 

Date Lab-online 1 day lag 2 day lag 

01/08/2011 -0.215 0.37 0.16 

02/08/2011 -0.142 -0.21 0.19 

03/08/2011 -0.143 -0.32 0.03 

04/08/2011 -0.065 -0.24 0.07 

05/08/2011 -0.102 -0.20 0.07 

06/08/2011 -0.075 -0.19 0.06 

07/08/2011 -0.082 -0.20 0.07 

08/08/2011 -0.143 -0.19 0.07 

09/08/2011 -0.098 -0.18 0.07 

10/08/2011 -0.099 -0.18 0.08 

11/08/2011 -0.068 -0.18 0.08 

12/08/2011 -0.051 -0.10 0.16 

13/08/2011 -0.089 -0.01 0.20 

14/08/2011 -0.065 0.06 0.15 

15/08/2011 -0.091 0.02 0.20 

16/08/2011 -0.070 -0.02 0.22 

17/08/2011 -0.035 -0.09 0.30 

18/08/2011 -0.103 -0.15 0.35 

19/08/2011 -0.109 -0.23 0.37 

20/08/2011 -0.106 -0.27 0.35 

21/08/2011 -0.099 -0.26 0.35 

22/08/2011 -0.113 -0.26 0.35 

23/08/2011 -0.073 -0.26 0.34 

24/08/2011 -0.117 -0.26 0.34 

25/08/2011 -0.150 -0.26 0.34 

26/08/2011 -0.093 -0.27 0.34 

27/08/2011 -0.142 -0.27 0.34 

28/08/2011 -0.136 -0.29 0.16 

29/08/2011 -0.245 -0.36 0.23 

30/08/2011 0.056 -0.17 0.07 

31/08/2011 -0.152 -0.12 0.16 
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Appendix F Testing for statistical normality 
This Appendix sets out the procedure used to calculate the Kolmogorov-Smirnoff and Chi-
squared tests for the closeness of the data’s fit to a Gaussian (normal) distribution. 

F1 Kolmogorov-Smirnoff test 

The easiest way to carry out a Kolmogorov-Smirnoff (K-S) test in Excel is to use the 
Histogram function. In order to access this function, the Analysis ToolPak Add-in must be 
activated. This can be done under Options – Add-ins. A new “Data Analysis” button will then 
appear under the Data tab (in Excel 2010). After pressing the “Data analysis” button, select 
the Histogram function. A new menu appears where the Input range is the column with the 
difference between laboratory and online instruments. The Bin range is the cells with the 
bands for the histogram. Using the conductivity data from Works J2 the Bin range used was -
30, -25, -22, -19, -16, -13, -10, -7 and 0 (entered in 9 separate cells). The output then looks 
like the two first columns in Table F.1. For this data set the number of data points was 157, 
the mean value of the differences was -17.80 and the standard deviation for the differences 
was 5.84. 

The normal cumulative probability can then be calculated for each band using the 
NORM.DIST function in Excel. For the first band in Table F.1, the equation would be: 

=NORM.DIST(-30,-17.80,5.84,TRUE) 

The normal cumulative frequency can then be calculated by multiplying the number of data 
points (157) with the normal cumulative probability (0.0184 for band -30). 

The observed cumulative frequency is calculated by summarising the frequency column for 
each band: i.e. 5 for band -30, (5+9) for band -25, (5+9+9) for band -22 and so on. 

Table F.1 Works J2 conductivity; K-S results 

Band Frequency 
Normal 

Cumulative 
Probability 

Normal 
Cumulative 
Frequency 

(ref) 

Observed 
Cumulative 
Frequency 

(obs) 

(obs-ref)/N 

-30 5 0.0184 2.9 5 0.01 

-25 9 0.1088 17.1 14 -0.02 

-22 9 0.2359 37.0 23 -0.09 

-19 35 0.4184 65.7 58 -0.05 

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 153 



Drinking Water Inspectorate (DWI) 
 

Band Frequency 
Normal 

Cumulative 
Probability 

Normal 
Cumulative 
Frequency 

(ref) 

Observed 
Cumulative 
Frequency 

(obs) 

(obs-ref)/N 

-16 36 0.6208 97.5 94 -0.02 

-13 39 0.7942 124.7 133 0.05 

-10 17 0.9090 142.7 150 0.05 

-7 1 0.9677 151.9 151 -0.01 

0 6 0.9988 156.8 157 0.00 

 
The largest absolute number (i.e. ignoring sign) in the final column is 0.09, and this forms the 
test statistic. At the 95% confidence level, this value should not be greater than a tabulated 
value. For n greater than30 this value is 1.36 (a tabulated value for 95% confidence in K-S 
tests) divided by the square root of the number of data points. The critical value in this test is 
1.36
√157

= 0.109 and so it is concludes that the difference between the observed distribution and 

the normal distribution is not statistically significant at the 95% level. Therefore the ‘null 
hypothesis’, that the observed distribution can be treated as normal, can be accepted. 

F2 Chi-square test 

The first steps in carrying out a Chi-squared test are similar to the Kolmogorov-Smirnoff (K-S) 
test In contrast to the K-S test, the Chi-squared values are not considered cumulatively. The 
easiest way to carry out the test in Excel is to use the Histogram function. The normal 
cumulative probability can then be calculated for each band using the NORM.DIST function in 
Excel. For the first band in Table F.1, the equation would be: 

=NORM.DIST(-30,-17.80,5.84,TRUE) 

The normal cumulative frequency can then be calculated by multiplying the number of data 
points (157) with the normal cumulative probability (0.0184 for band -30). The expected non-
cumulative frequency is calculated from the normal cumulative frequency: e.g. for band -25 it 
is 7.1-2.9=14.2, for band -22 it is 37.0-17.1=20.0 (an effect of rounding off) and so on. 

The difference between observed (O) and expected (E) frequency is then calculated for each 
band, followed by the calculation of (O-E)2/E. The (O-E)2/E for all bands are then summarised 
and this is the test statistic, which is 20.3 in the example used. The test statistic is compared 
with a critical value that depends on the degrees of freedom (number of bands – 1) and 
probability. The critical values are tabulated but there are also calculators available online, 
e.g. at http://www.swogstat.org/stat/public/chisq_calculator.htm. 
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Comparing this test statistic to the Chi-squared critical value with 7 degrees of freedom, 
14.07, we conclude that the null hypothesis cannot be accepted at the 95% level and hence 
that the data do not follow a normal distribution. This is a different conclusion to the K-S test. 

Table F.2 Works J2 conductivity; Chi-squared results 

Band 
Frequency 

(O) 

Normal 
Cumulative 
Probability 

Normal 
Cumulative 
Frequency 

Expected 
Frequency 

(E) 
O-E (O-E)2/E 

-30 5 0.0184 2.9 2.9 2.1 1.6 

-25 9 0.1088 17.1 14.2 -5.2 1.9 

-22 9 0.2359 37.0 20.0 -11.0 6.0 

-19 35 0.4184 65.7 28.7 6.3 1.4 

-16 36 0.6208 97.5 31.8 4.2 0.6 

-13 39 0.7942 124.7 27.2 11.8 5.1 

-10 17 0.9090 142.7 18.0 -1.0 0.1 

0 7 0.9677 151.9 14.3 -7.3 3.7 

    Test statistic (sum) 20.3 

 

F3 Comparing Chi-squared with Kolmogorov-Smirnoff 

In order to investigate why and how often the two tests disagree, 25 datasets of either free 
chlorine, conductivity or turbidity (including at Works J2) were obtained and both the K-S and 
Chi-squared tests were performed. Of these 25, 12 passed the normality test using the K-S 
method but only 5 passed using the Chi-squared method. These findings are consistent with 
those of Razali et al. (2011)1, who compared the power of a range of tests of the goodness of 
fit of a set of data to a distribution, and found that the K-S test was the least powerful. 

The Chi-squared test requires a higher level of user judgement than the K-S test (in terms of 
setting up the data) as each cell in the table must contain at least 5 data points. The suitability 
of each bandwidth must therefore be assessed for each new dataset. Given that the K-S test 
enables greater automation and also the fact that those cases which were rejected by Chi-
squared but accepted by K-S showed no substantial deviations from normality, it is our 
recommendation that the K-S test, only, should be used to test for normality. 

1  Razali, N.M., Wah Y.B. (2011) Power comparisons of Shapiro-Wilk, Kolmogorov-Smirnov, Lilliefors 
and Anserson-Darling tests. J Stat Model Anal. 22, pp 21–33 
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F4 Other tests 

Other statistical tests such as Shapiro-Wil and Anderson-Darling are widely available in 
statistical packages but not in Excel; they have not been considered for this project. 
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Appendix G Fitness-for-purpose data 
presented graphically 

A graphical presentation of the fitness-for-purpose data is offered, which may help in showing 
the pattern of where the water company datasets met, or failed to meet, the current 
guidelines. 

Figures G.1 to G.4 show graphically by parameter, where the water company datasets 
analysed for the project lie against the limit for mean difference between online and laboratory 
data and the 95% confidence limits for this difference. The graphs plot each dataset as a 
normalised mean difference value and a normalised 95% confidence level for the difference, 
where unity is a dataset exactly achieving the limit. The space on the figure where data 
passes both requirements is shaded green, amber if it passes one limit only, and red where it 
fails on both limits.  

Note that the mean difference axis includes both positive and negative space indicating the 
direction of bias, whilst the 95% condition has only magnitude and therefore a single positive 
axis. 

Figure G.1 shows the chlorine datasets; the data are predominantly in the central amber 
section indicating a pass on mean difference, but a failure on 95% confidence limits. There is 
no visual sign of bias between the two sides of the graph. 

Figure G.2 shows the turbidity sets; the data are spread between the central amber section 
and the left hand red section indicating failures on both 95% confidence limits and on mean 
difference. Most of the data points are on the left side of the graph indicating the recognised 
observed systematic effect, where online data are generally lower than the corresponding 
laboratory data. Most of the datasets for all parameters can be accommodated within 5 times 
the 95% confidence limits, but this is not the case for the turbidity data which span a larger 
range. The data are replotted to include all datasets in Figure G.3. 

Figure G.4 shows the conductivity data; all but one of the datasets are within the green pass 
space with a bias towards the right side of the graph. This indicates the systematic effect 
observed, where the online data are generally higher than the corresponding laboratory 
values.
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Figure G.1 Chlorine datasets 
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Figure G.2 Turbidity datasets excluding the outliers beyond 5 times the 95% confidence limit 
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Figure G.3 Turbidity data plotted on axes to include all data 
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Figure G.4 Conductivity datasets 
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Appendix H Statistical analysis of the impact 
on alarm detection of a change 
in the chlorine guidance 

H1 Background 

An investigation of the extent to which online chlorine monitors comply with the current DWI 
standard has recently been completed. The evidence indicates that most chlorine monitors do 
not comply, and some relaxation of the standard is being considered.  

Clearly the presence of online measurement errors implies that any alarms based on these 
online measurements may not be accurate. In this appendix, the relationship between 
measurement error and the frequency of failures to identify situations requiring an alarm, or of 
false alarms, are investigated. 

H2 Problem definition 

The chlorine concentration in water leaving a treatment works has upper and lower 
operational limits, [Cl]upper and [Cl]lower. The true, but unknown, concentration of chlorine is 
denoted by X, and the concentration measured by the online monitor is denoted by Y (Figure 
H.1). 

Focusing on the lower limit2, the alarm level, A, is set so that if the monitor measures a value 
below A, an alarm is raised. The alarm level is not necessarily the same as the lower limit 
(Table H.1); in fact, in Figure H1, X, Y and A could in principle be in any order. 

Figure H.1 Chlorine limit values and measurements 

 

 

2  The analysis is the same with an upper limit 

[Cl]upper[Cl]lower A XY
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Table H.1 Alarm level and operational limit 

Case Implications 

A = [Cl]lower Even handed between false alarms and not identifying an alarm situation. 

A > [Cl]lower Reduces the probability of an alarm situation not being identified. 
Increases the frequency of false alarms. 

A < [Cl]lower Reduces the frequency of false alarms. Increases the probability of an 
alarm situation not being identified.  

 
In what follows, failure to identify an alarm situation will be called a type I error, and a false 
alarm will be called a type II error. 

H3 Results 

Examination of the differences between laboratory and online chlorine measurements at two 
sites indicates that it is reasonable to assume that they are normally distributed (see Figure 
H.2 for example). 

Figure H.2 Differences between online and laboratory chlorine concentrations 

 

Based on the theory at the end of this appendix, the probability of a type I error can be 
estimated (Figure H.3). For simplicity it is assumed that the alarm level is the same as the 
lower operational limit, and that the online measurement errors are entirely random with no 
bias. In Figure H.3, the x axis represents the amount by which the true chlorine concentration 
is below the lower operating limit, divided by the standard deviation of the measurement error. 
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(50%). As the true chlorine concentration falls, the probability of a type I error – failing to 
identify the low concentration – falls too. The probability is 0.1 (10%) when: 

(lower limit - true chlorine concentration)/measurement error standard deviation = 1.28 

Figure H.3 Probability of a type II error: failure to identify an alarm situation 
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Figure H.4 Probability of a type II error: false alarm 

 

The effect of the alarm level being higher than the lower operating limit is to reduce the 
probability of a type I error and increase the probability of a type II error. If the alarm level 
were lower than the operating limit, the opposite would apply. The range of chlorine 
concentrations for which the probability of a type I or type II error is greater than 10% would 
remain approximately the same at 2.56 * measurement error standard deviation. The effect of 
any online measurement bias is similar. 

H4 Conclusions 

Where an online monitor is being used to identify when the chlorine concentration falls below 
an operating limit, there is a measurable risk of either (i) failing to identify such a situation, or 
(ii) of giving a false alarm.  

This is the case, with probability greater than or equal to 10%, when the true chlorine 
concentration is close to the limit value, i.e.  

within +/- 1.28 * (measurement error standard deviation)  

This represents a chlorine concentration range of (2.56 * measurement error standard 
deviation). 

  

0.0

0.1

0.2

0.3

0.4

0.5

0.0 0.5 1.0 1.5 2.0 2.5

Pr
ob

ab
ili

ty
 o

f f
al

se
 a

la
rm

(true value - lower limit)/measurement error standard deviation

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 165 



Drinking Water Inspectorate (DWI) 
 

H5 Theory 

H5.1 Type I error – failure to identify alarm situation 

This occurs if Y >= A while X < [Cl]lower 

Let X = [Cl]lower – Δ where Δ is non-negative 

Then (Y – X) >= A - [Cl]lower + Δ 

Assume (Y – X) is normally distributed with mean μ and variance σ2. 

H5.2 Type II error – false alarm 

This occurs if Y < A while X >= [Cl]lower 

Let X = [Cl]lower + Δ where Δ is non-negative 

Then (Y – X) >= A - [Cl]lower - Δ 
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Appendix I Cost/benefit implications of 
using online data for compliance 

Estimates have been made of the costs and benefits of using online data for compliance 
following the current guidelines. It has been assumed that an existing final water monitoring 
instrument would be used. The costs are therefore additional costs, without need of a new 
instrument purchase.  

I1 Costs 

The assumptions used in estimating the additional annual costs were: 

• There would be some additional installation costs, an average of £500 each for chlorine 
and turbidity have been allowed amortised over a 10 year life. These would be needed, 
for example, for improving sampling systems, or making minor alterations to 
accommodate a better sample line route, heating to raise winter temperatures, or 
providing a more rigid support for a turbidimeter. No additional costs for conductivity 
installations have been included. 

• There would be additional calibrations needed, chlorine and turbidity would change 
from monthly to weekly. Conductivity would need a monthly clean and calibration, 
increased from an assumed annual calibration. 

• There would be additional maintenance time spent on the instruments: for chlorine an 
additional hour per month has been allowed for cleaning and for turbidity, cleaning of 
the flow cells has been doubled from an assumed once per week to twice a week; for 
conductivity no maintenance between calibrations has been included in the estimate. 

• Visual checks of instruments have also been costed into the estimate. These are 
intended for early detection of events such as worn dosing pump tubing, sample flow 
checks, reagent levels and dirt in sample cells. For chlorine, 5 minutes per day has 
been allowed; for turbidity 5 minutes every two days; for conductivity 5 minutes per 
week. 

• All compliance instruments would need a control chart and 0.5 hours per month has 
been allowed for data entry, monitoring the chart results and taking action where 
needed.  

• Labour for the calibration and maintenance activity was costed at £250/day. 

• The materials costs were: 
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o £0.25 for DPD test kits 

o £3.00 for turbidity calibration standards 

o £3.00 for conductivity standards 

The additional annual costs estimated from these assumptions are listed in Table I.1. 

Table I.1 Estimated additional costs for running final water instruments to meet 
current DWI guidelines for compliance 

Parameter Additional annual cost 

Chlorine £2200 

Turbidity £2000 

Conductivity £500 

I2 Benefits 

Benefits would accrue from costs saved by the reduced number of regulatory samples taken. 
Some laboratory analysis is still assumed to be needed to meet current guidance at a level of 
1 sample in 10 or 1 in 50 for high frequency measurements. For the purposes of these 
estimates, the ‘high frequency’ 1 in 50 rate has been used for daily and four per week 
sampling, and the standard 1 in 10 rate has been used for all other frequencies. 

The cost of analysis has used the following assumptions: 

• Chlorine – 15 minutes to take the sample and carry out the analysis, £0.25 per sample 
for reagent costs. 

• Turbidity and chlorine – laboratory analysis costs of £3.15 and £1.05 respectively and 
5 minutes each to collect the sample and deposit it ready for collection. 

The estimated benefits are listed in Table I..2. 

Table I.2 Estimated cost savings of online compliance data due to savings on 
laboratory analysis 

Parameter Daily 4/week 2/week Weekly Monthly 

Chlorine £2884 £1643 £755 £377 £87 

Turbidity £2058 £1173 £539 £269 £62 

Conductivity £1307 £745 £342 £171 £39 
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Based upon these assumptions, there is a small potential net benefit (Table I.3) in using 
online instrumentation to provide compliance data on the largest sites where daily samples 
are required. On samples taken 4 times per week, there is a small net benefit for conductivity, 
but for chlorine and turbidity the online option is more expensive. Therefore on all but the 
large sites, it will be cheaper for the water company to continue providing compliance data 
using laboratory sampling and analysis. 

Table I.3 Estimated cost savings from using online compliance data on the largest 
sites requiring daily compliance sampling 

Parameter 

Additional annual 
costs of online 

compliance data 
provision 

Annual cost 
savings on daily 

sampling and 
analysis 

Annual net benefit 

Chlorine £2200 £2884 £684 

Turbidity £2000 £2058 £58 

Conductivity £500 £1307 £807 
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Appendix J Use of continuous monitoring 
data for compliance 

The guidance from DWI for this project indicated that there are no plans to move to 
continuous online monitoring for compliance, and that this project was not a step in that 
direction. It is however useful to consider the possibility and to understand how it might work 
in comparison with the current arrangements. 

The first and obvious point to make is that access by the regulator to continuous online data 
would provide more information on final water quality than the current spot sampling 
approach. In reality, ‘continuous’ means data sampled at high frequency; water companies 
typically archive data at 15 minute intervals, though the local SCADA data are sampled 
typically at 1 or 2 minutes intervals. Online data sampled at either frequency would provide a 
much better understanding of the consistency of the final water at a works than a spot 
sampling approach. DWI does have access to any archived online data when an investigation 
is conducted, though under these circumstances there is no control over the analytical quality 
of the online data. The attractive aspect of continuous monitoring is its potential for ensuring 
drinking water of consistently high quality. This was the view taken by the AWWA report in 
2002. 

Dealing with the unprocessed online data from all water treatment sites across England and 
Wales is not a practical proposition for DWI. Instead the treatment works operators may be 
envisaged as creating regular reports based upon the online data at their site. It is likely that 
these would be simple statistical figures of merit to indicate the mean value, the spread of the 
data and any events where the parameter made an excursion outside its normal range. Time 
series data could be included in the reporting of these excursions when they occurred. An 
allowance would need to be made for the downtime which would occur during maintenance 
and calibration of the instrument, and this could also be reported to ensure that very high 
coverage was being achieved. A dual instrument could be specified if true 100% coverage 
were thought necessary; even with generous downtime, online monitoring using a single 
instrument represents a very significant extension to compliance monitoring compared with 
spot sampling.  

A difficult issue in changing to an online system would be its compatibility with the existing 
‘spot’ sample based arrangements. If each and every excursion of a parameter were to be 
counted as a failure, the current impressively low failure rate of 0.04% may rise alarmingly 
even though no actual change in performance had occurred. It may be that running the 
sampling and online systems in parallel for a 12 month period would enable an equivalence of 
the systems to be established. It is also probably necessary to find a new headline 
compliance figure of merit from the data of the new system, which either produced a very 
similar number for the same level of performance, or was expressed in an entirely new way so 
that direct and misleadingly unfavourable comparisons were not made.  
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It is useful to consider the outcome of some work which WRc carried out for UKWIR in 2009 to 
determine the effect on compliance of moving to a continuous monitoring scheme for sewage 
effluent compliance. A careful comparison was made between the current spot sampling 
regime and a continuous monitoring scheme using recent historical ammonia data from the 
UKWIR project group. For these data the analysis found that to keep the outcomes 
unchanged on moving from spot sampling to continuous monitoring data for compliance 
assessment, the consent levels would need to approximately double. The reason for this is 
simply that the probability of finding a non-compliant sample was increased with the 
continuous online data. 

Online compliance data would in effect bring about a stronger regulation; operators would 
have to provide consistent high quality final water, and account for any changes. It would 
require more resource from both regulators and the regulated. Aside from the technical 
questions of such implementation, there is the policy question of whether stronger regulation 
of drinking water treatment in England and Wales is needed. 

WRc Ref: UC9882/15891-0 
March 2014 

© Drinking Water Inspectorate (DWI) 2014 171 



Drinking Water Inspectorate (DWI) 
 

Appendix K Online measurements and 
quality assurance 

The existing guidance for online compliance data has been formulated to answer the 
question: is this measurement a reliable substitute for a laboratory measurement? Laboratory 
analysis has sustained the water industry from its inception, and this history strongly 
influences the view taken of new developments. The existing guidance relies heavily upon 
comparisons with laboratory data. If the guidance for use of online data were being draw up 
without the history of laboratory measurement, a different approach might have been taken. 
Operators of continuous monitoring instruments, when asked to assure the quality of data 
from an instrument would typically make an assessment which would include: 

• Installation, preferably by site inspection, this would include a check that the sample 
was indeed the intended sample for the application; 

• Performance data for the specific instrument model; 

• The maintenance and calibration regime of the instrument and any associated sampling 
system, including traceability where required; 

• A short term comparison of the measurement against a reference measurement; 

• The quality assurance process for telemetry of the data to the end user. 

They would then be able to make an assessment of the overall uncertainty of the data 
generated by the instrument, and would expect that uncertainty to be maintained, subject to 
the maintenance and quality controls being carried out. This is the kind of system which has 
been developed for the Environment Agency’s MCERTS scheme for the inspection of flow 
measurement on sewage treatment works, where regular comparison with laboratory analysis 
is not feasible. 

Generally the current DWI guidance expresses generically the online instrument requirements 
listed above. The major difference is in the assessment of whether the instrument can provide 
fit for purpose data. The DWI guidance is fully independent of the instrument used and the 
method of measurement, but is wholly dependent upon sampling and laboratory 
measurement. The online approach is different in that it depends upon instrument test data 
and inspection of the installation. 

An instrument-independent approach such as the current DWI approach has obvious 
advantages: 
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• It avoids the engineering judgement needed to assess the installation and is thus 
inherently more objective. 

• It avoids the need for test data, testing schemes and dealing with suppliers and their 
competing claims. 

In contrast the online approach comes into its own when, for whatever reason, a laboratory 
reference method cannot be used. Whilst for conductivity and chlorine, existing laboratory 
methods offer good and reliable reference data, this is less clear for turbidity. A case can be 
made for moving to an online fit for purpose assessment, as it appears that the variability of 
the difference between online and laboratory data for turbidity has reached a limit inherent in 
the overall method.  
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