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Executive Summary

Disinfection by-products (DBPs) are formed by the reaction of chemical disinfectants with
naturally occurring organic matter and bromide in source waters. These DBPs are regulated
and measured at consumer taps. It is necessary to maintain a disinfectant residual in order that
the efficacy of the disinfection is not compromised. Typically chemical disinfectants are added to
treated drinking water at the treatment works and this is sufficient to maintain a residual up to
the consumers’ taps. However, where the distribution system is lengthy, it may be necessary to
add or boost the disinfectant concentration in the network to maintain a residual throughout.

The aim of this project was to understand more about the formation of DBPs, specifically
trihalomethanes (THMs) and haloacetic acids (HAAS) in drinking water across England and
Wales where the water is subject to booster chlorination.

This report presents the literature review, data analysis for potential sites, site selection,
sampling, analysis and findings of the work carried out. The deliverables are detailed below:

Completion of the literature review and summary

Liaison with all water companies and selection of study sites

Sampling, analysis and investigations

Completion of the final report including any suggestions or recommendations
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The literature review gave the following conclusions:

e THM concentration increases when more chlorine is added during booster chlorination

e The rate of chlorine decay and corresponding THM formation can be modelled using a
second order decay model

e The concentration of free chlorine residual present in the water is not related to the level
of THMs formed when free chlorine levels are less than 1 mg/L

e HAA concentration can increase or decrease or stay the same after booster chlorination

e HAA behaviour depends on the concentration of free chlorine residual in the water

e HAAs can be degraded if the chlorine residual is low and the correct type of bacteria are
present in the water

It was recommended that the sites selected to study would encompass a range of chlorine
concentrations and colony counts to determine the impact on HAA behaviour.

Twenty-six water companies in England and Wales were contacted and a good response was
received from the majority of water companies. Ten companies were selected where booster
chlorination was carried out and it was practical to collect samples. Samples were collected
monthly over a period of one year. The location of the sampling points were before booster
chlorination, after booster chlorination and downstream of booster chlorination. The samples
were analysed for THMs and HAAs as well as residual chlorine, temperature and pH. Additional
samples were collected at the exit of the treatment works to determine the total organic carbon
(TOC) content, ultraviolet absorbance at 254 nm (UV) and bromide concentration. The results
were investigated to determine the impact of booster chlorination on DBPs.

When free chlorine concentrations were low (< 0.3 mg/L), levels of THMs and HAAs were stable
or slightly increased after booster chlorination by up to 10.42% and <10% respectively when
comparing the means. The increase was not statistically significant at the 95% level. At these
low chlorine concentrations there is also evidence of degradation with a shift to TXAAs and an
increase in BIF caused by a reduction in DXAA, particularly those that are chlorinated. The
chlorinated DXAAs have been shown to be the easiest to biodegrade. The levels of THMs and
HAAs were often stable due to the low free chlorine residual concentrations.



At medium chlorine concentrations (0.3 — 0.7 mg/L), the increase in THMs and HAAs is greater
(16.68% and 12.72% respectively) and this increase is significant for THMs (t = 2.251, p =
0.0258) but not for HAAs at the 95% confidence level. At high chlorine concentrations (>0.7
mg/L) the difference in THMs (increase of 13.42%) and HAAs (<10% change) was not
significant at the 95% confidence level.

When considering all of the data collected over the time period, the increase in THMs after
booster chlorination was statistically significant at the 95% confidence level when comparing the
means. The increase was small (just over 10%). The change in HAAs after booster chlorination
was not significant at the 95% confidence level.

Although there was no significant difference in overall HAA concentrations, it is possible to
determine whether there is evidence for bacterial degradation by looking at the speciation of the
HAAs and their incorporation of bromine. An increase in the TXAA:DXAA ratio and an increase
in the HAA BIF coupled with no increase in the HAA concentration overall can indicate
biological or bacterial degradation of HAAs, particularly the dihalogenated HAAs. Here there
was no evidence of bacterial degradation at 10 out of the 16 sites. Where there was evidence of
bacterial degradation, it was not consistent over the period sampled.

In agreement with previous researchers it can be concluded that the degradation of HAAs
following booster chlorination is a site-specific occurrence, depending on residual chlorine
concentrations at various locations in the system and temperature, both of which affect the
colonisation of HAA degrading bacteria. Degradation of HAAs was observed in a number of
locations whereas THM degradation did not occur to any significant degree

The reduction in HAA concentrations observed here might have gone unnoticed in typical
sampling programs currently used by water utilities. The discovery of notable phenomena such
as HAA degradation leading to spatial and temporal variations in HAA concentrations can be
attributed to the comprehensive sampling carried out over a period of time on a month-by-month
basis. Such a sampling programme would be required to determine distribution systems where
degradation of HAAs may occur and this should not be restricted to locations where booster
chlorination is carried out. Should HAAs be regulated in the EU and the UK in the future, this
further degree of understanding may be useful.



Introduction

Disinfection by-products are formed by the reaction of chemical disinfectants with naturally
occurring organic matter and bromide in source waters. These disinfection by-products are
regulated and measured at consumer taps. It is necessary to maintain a disinfectant residual in
order that the efficacy of the disinfection is not compromised. Typically chemical disinfectants
are added to treated drinking water at the treatment works and this is sufficient to maintain a
residual up to the consumers’ taps. However, where the distribution system is lengthy, it may be
necessary to add or boost the disinfectant concentration in the network to maintain a residual
throughout.

The aim of this project was to understand more about the formation of disinfection by-products
in drinking water across England and Wales where the water is subject to booster chlorination.
This project focused on the effect of booster chlorination on the formation of disinfection by-
products and the causes of such effects.

This report presents the literature review, data analysis for potential sites, site selection,
sampling, analysis and findings of the work carried out. The milestones and deliverables are
detailed below:

Deliverables

Completion of the literature review and summary

Liaison with all water companies and selection of study sites

Sampling, analysis and investigations

Completion of the final report including any suggestions or recommendations
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Milestones

Completion of literature review and summary
Completion of data gathering

Completion of site selection

Submission of 12 month interim report
Completion of sampling surveys

Submission of draft report

Acceptance of final report.
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Literature Review

The literature review was conducted using the following search terms: Booster chlorination and
Rechlorination and the sources were Scopus and Web of Science (Table 1). However the
number of papers yielded was very low. The search was then made on the terms DBPs and
distribution for the same sources. The number of papers yielded was high but the number of
papers which actually presented data on booster or rechlorination was low. Use was made of
the papers found as well as reports produced by the Water Research Foundation (WRF) to
construct the literature review.

Table 1 Literature Review Search Terms and Papers ldentified
Search terms  Source Date of Papers Papers Papers Reasons for

search identified excluded included exclusion

Booster Scopus February 68 61 7 Related to chlorine

chlorination 2017 residual
optimisation (41)
Not relevant (9)
Relevant but not in
English(4)
Relevant but
unobtainable

conference

proceedings (7)
Web of February 30 22 8 Related to chlorine
Science 2017 residual

optimisation (20)
Not relevant (1)
Relevant but
unobtainable

conference
proceedings (1)
Rechlorination Scopus February 62 54 8 Related to chlorine
2017 residual

optimisation (17)
Not relevant (31)
Relevant but
unobtainable
conference
proceedings (2)
Relevant but not in

English(4)
Web of February 34 27 7 Related to chlorine
Science 2017 residual

optimisation (10)
Not relevant (16)
Relevant but not in

English(1)
DBPs Scopus February 413 402 11 Not relevant (402)
distribution 2017
Web of February 304 290 14 Not relevant (290)

Science 2017

The papers included column consists of a total of 55 papers. There was some overlap and the
total number of papers identified using the search terms above was 30.



Introduction

In the UK, DBP concentrations must be kept as low as possible without compromising the
effectiveness of the disinfection. In addition, a prescribed concentration of 100 pug L™ has been
set for the sum of the concentrations of the four THMs measured at the consumers tap. An
HAA9 standard was proposed in a document submitted to the European Union (Cortvriend,
2008) but following that the Commission announced it did not propose to amend the standards.
More recently the Commission has conducted a number of consultations which may lead to
revision of the Directive. Although HAAs are not regulated in the UK, they can be monitored as
part of the Risk Assessment process required to be carried out by Water Companies (DWI,
2010).

There are nine brominated and/or chlorinated HAAs in total and they are, with THMs, a major
group of DBPs found in chlorinated and chloraminated supplies. US EPA (1998) have set a
MCL of 60 pg L™ for HAA5 (mono-, di-, trichloroacetic acid, mono-, dibromoacetic acid) and the
WHO has established guideline values for monochloroacetic acid (MCAA) and trichloroacetic
acid (TCAA) at 20 pg L™ and 200 pg L™ respectively and a provisional guideline value for
dichloroacetic acid (DCAA) at 50 pug L™ (WHO, 2011).

DBP Formation

Free chlorine (HOCI) is a powerful oxidant that can react with organic compounds by a variety
of mechanisms, including simple oxidation reactions (e.g., RCHO + HOC| — RCOOH + CI" +
H™), substitution and addition reactions (e.g., the formation of chlorophenol from phenol), and
addition to unsaturated carbon-carbon bonds to from chlorohydrins (e.g., RHC=CHR + HOCI —
CIRHC-CHROH) (Larson and Weber, 1994). Chlorine also can react with substituted benzenes
resulting in ring cleavage (De Leer et al., 1985). Trihalomethanes are formed via the haloform
reaction in which chlorine reacts with enolizable carbonyl compounds via electrophilic addition
(Morris and Baum, 1978). Observed products of the chlorination of NOM solutions include the
aforementioned trihalomethanes along with halogenated acetic acids, halonitriles,
haloaldehydes, and chlorophenols (Tate and Arnold, 1990; Krasner et al., 2001). Among the
THMs and HAAs, chloroform, DCAA and TCAA are the major components observed in drinking
waters (Williams et al., 1997a, Sung et al., 2000). The brominated DBPs are formed when free
chlorine reacts with bromide to form hypobromous acid (HOBr), which reacts with the organic
matter in a similar fashion to HOCI. In addition to free chlorine, combined chlorine (chloramines)
reacts with organic matter to form DBPs, but at a much slower rate. With chloramines,
increasing pH decreases THM formation, which is the opposite of the trend observed for free
chlorine (Diehl et al., 2000). Dissolved organic halogen (DOX) and HAAs also decreased with
increasing pH. The CI,:N ratio also plays a role in DBP levels, with DBPs decreasing at lower
Cla:N ratios. Unfortunately, the dihalogenated acetic acids are preferentially formed during
chloramination, and these species may be of the greatest health concern (Diehl et al., 2000).

DBP Fate in Distribution Systems

Numerous full-scale monitoring campaigns have demonstrated that THM levels generally
increase with increasing residence time along the distribution system. Conversely, HAAs have
been shown to decrease along the distribution systems in some cases (e.g., LeBel et al., 1997;
Williams et al., 1997a). Singer et al. (1995), however, reported an increase in HAAs along the
distribution system, which was attributed to elevated chlorine levels. Although most utilities that
use chlorine in the distribution system detect their highest concentrations of THMs at the
distribution system location with the maximum detention time, Williams and colleagues (1995)
observed that DCAA and other HAAs were significantly reduced in concentration in many
samples collected from locations with the maximum residence time. Williams and colleagues
(1997b) also found that bacteria at locations with maximum residence time (in a portion of the
distribution system in which the chlorine residual had significantly decreased) are capable of
degradation of DCAA and other HAAs.



A study of 9 water treatment works across the UK has been undertaken (by Cranfield University
on behalf of Defra) to assess the levels of HAA9 in distribution (Parsons and Goslan,
2011).HAA9 levels were observed to increase in 7 of the 9 distribution systems tested, in the
case of one works a threefold increase was observed. There is a need for more information and
research to better understand the role of pipe materials, contact time and chlorine dose play in
this trend. As found in previous work by the authors (Goslan et al., 2009; Bougeard et al., 2010)
there was no significant increase in HAA9 concentrations in distribution systems that used
chloramines compared to chlorine, this may be useful when considering options for reducing
HAA concentrations.

Although decreases, increases and no change in HAA levels with increasing residence time in
distribution systems have been observed, several parameters such as chlorine residual,
retention time, bacterial counts, natural organic matter (NOM), pH, and temperature are
believed to be important factors affecting the fate of DBPs. Chlorine residual is considered one
of the most important parameters controlling DBP concentrations with its dual impact of
increasing formation rates and decreasing biological activity. When DBPs were observed to
increase, the chlorine residuals tended to be as high as 3-7 mg/L (Krasner et al., 1989;
Nieminski et al., 1993; Singer et al., 1995) while lower chlorine residuals (0.5-1.5 mg/L) were
associated with decreases in DBP concentrations (LeBel et al., 1997; Chen and Weisel, 1998).
It has been found that THM concentrations are closely associated with chlorine residuals. Lower
levels of THMs are observed at low free chlorine residual concentrations agreeing with other US
studies. Again, the concentrations of chlorine regarded as low were < 1 mg/L Cl, (Tung and Xie,
2009). However, HAAs do not follow the same pattern. Because HAAs are easily biodegradable
compounds, HAA concentrations may be lower where bioactivity is high. These locations are
often associated with longer residence times and low chlorine residual (Tung and Xie, 2009).
Temperature and pH are likely to significantly impact DBP levels due to their impacts on DBP
formation and degradation.

Temperature is one of the most important parameters affecting the fate of HAAs, as seasonal
differences in HAA concentrations were observed in several studies (Nieminski et al., 1993,
LeBel et al., 1997, Chen and Weisel, 1998). A higher temperature generally increases the
kinetics of both chemical and biological reactions. For example, Baribeau and colleagues (2000)
found—when the disinfectant residual was absent—that DCAA was stable only in cold water
conditions, but was degraded under warm water conditions.

When considering what DBP degradation pathways are likely in distribution systems, it is
important to consider the types of surfaces that the water comes in contact with. For example,
abiotic reduction of halogenated DBPs is possible in unlined steel and iron pipes (Hozalski et
al., 2001, Zhang et al., 2004). In addition, corroded iron pipes may harbour high densities of
bacteria that are protected from the biocidal activity of chlorine by their association with the pipe
wall and tubercles (LeChevallier et al., 1996). It is important to note that growth of bacteria on
surfaces to form biofilms is possible on virtually any surface. Although it might be more
favourable on corroded iron, biofilm accumulation (and possibly HAA degradation) is not
precluded in other types of pipe (e.g., concrete, PVC). Where HAA degradation is observed, the
changes in speciation can give information on the mechanism of degradation. For example, if
the losses only occur in iron pipe, and trihalogenated HAAs are preferentially degraded to form
di- and monohalogenated species, then this suggests abiotic reduction of HAAs. If, on the other
hand, the degradation of mono- and dihalogenated HAAs is observed resulting in a net loss of
HAAs (i.e. no by-products formed), then this suggests aerobic biological degradation is
occurring.
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Booster Chlorination

Booster chlorination refers to the process of adding additional chlorine to water in the
distribution system to increase residual chlorine concentrations at locations where they are
depleted. A corollary strategy of booster chlorination (re-chlorination) is to reduce the chlorine
dose applied at the treatment plant, and to then add chlorine at later points in the distribution
system where the chlorine concentration falls below a specified value (Carrico and Singer,
2009). Tryby et al. (1999) concluded that booster chlorination may allow a utility to reduce
overall disinfectant dosages while still meeting disinfection goals in the plant and in the
distribution system. Additional studies have investigated optimization of the placement of
booster stations within the distribution system (Boccelli et al. 1998; Tryby et. al. 2002) but there
are few studies on the effect of rechlorination schemes on DBP levels in the system. Of those
that state that the impact of THMs is investigated, generally the statement is made that a lower
chlorine residual will result in lower THM formation (Li et al., 2015, Radhakrishnan et al., 2012,
Cozzolino et al., 2005) or a maintaining a low contact will limit THM formation despite
rechlorination (Gatel et al., 2000) but no data is presented. A study which did not look at the
impact of rechlorination (Beaulieu et al., 2009) but looked at the organic character and DBPs
formed from NOM fractions, nevertheless noted the importance of NOM character when
considering rechlorination. This was because they had found that doubling the chlorine dose in
laboratory experiments had led to an increase in THMs and HAAs but that this was particularly
pronounced for HAA formation from the more hydrophilic organic matter.

An early UK study (Gibbs et al., 1990) noted that there was a decrease in THM concentration
immediately following booster chlorination but an increase after further retention in the
distribution system. Gibbs et al. (1990) also compared samples when booster chlorination was
operational and when it was not switched on. They found little difference in the THM behaviour
between the two modes of operation. This is possibly due to the low chlorine residual levels in
the UK study where the maximum combined chlorine concentration was 0.34 mg/L and the
maximum free chlorine concentration was 0.46 mg/L. Gibbs et al. (1990) also noted that
assimilable organic carbon was reduced when booster chlorination was operational. Two
studies noted that booster chlorination had a notable effect on DBP occurrence. Although the
levels of THMs and HAAs are stabilised after a certain amount of time in the distribution system,
an additional application of chlorine can produce a significant increase in both THMs and HAAs
(Rodriguez et al., 2007, Rodriguez et al., 2004). Another study (Carrico and Singer, 2005)
stated that “previous research has indicated that the rates of chlorine consumption and THM
formation remain the same under re-chlorination conditions”. They tested this statement using a
model water comprised of NOM extracted from Lake Drummond, Virginia which was chlorinated
under two scenarios: one representing conventional chlorination, and one representing booster
chlorination. Chlorine consumption and THM formation were monitored over a 72 hour time
period, and the results show that both THM formation and chlorine consumption were the same
under both scenarios. The results of the study also confirmed the findings of previous research
that THM formation and chlorine consumption are linearly correlated, even under re-chlorination
conditions. However, the study by Carrico and Singer (2005) did not consider other DBPs nor
does it take into account the influence of the biofilm or state of the distribution system. Indeed
booster chlorination may serve to mask inadequacies in the distribution such as ingress of
organic matter or microbes and unwittingly increase concentrations of DBPs beyond levels
expected with an increase in chlorine residual.

When looking at the kinetics of chlorine decay and the corresponding THM formation, they are
said to follow a second order decay model (Clark, 1998, Boccelli et al., 2003). THMs are formed
as a linear function of the chlorine demand and this applies to single or multiple dose scenarios.
It is possible to estimate total THM formation accurately by calculating the chlorine demand or
by using a second order decay model. The chlorine demand is calculated by measuring the
chlorine applied to a sample and the free chlorine remaining after time, t. The second order
decay models described in the literature consider that there is a reactive species or group of
species which decreases as the chlorine reactions proceed. Generally the models described
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take into account the “bulk decay” that results from the reaction of chlorine with substances in
the bulk water but doesn’t take into account the “wall decay” which is due to the reaction of
chlorine with the material on the pipe walls (Fisher et al., 2012).

The factors influencing bulk decay have been explored in detail including water from the Severn
Trent region (Powell et al., 2000). The influencing parameters are initial chlorine concentration,
temperature and organic content of the water. For these waters a second order decay model
was regarded as suitable for describing the bulk chlorine decay. In all cases, rechlorination of a
sample reduced the rate of bulk decay. This is due to the organic levels being lower during
rechlorination. The simplicity of this relationship between chlorine decay and THM formation has
been questioned by Ohar and Ostfeld (2014) who modelled THM formation under conditions of
several booster chlorination systems in a water distribution system and found uncorrelated data
when changing the hydraulic conditions and booster timings. The degree of sophistication of
models has vastly increased from the earlier days with a greater number of variables being able
to be accounted for.

A direct measurement of rechlorination has been carried out (Monly et al. 2010). Rechlorination
was shown to increase THMs as previously observed by Lee et al. (2007). It was indicated by
Monly et al. (2010) that modelling of the distribution system to determine THM levels would be
improved by knowing the dose of chlorine applied at rechlorination points but acknowledged
that, in practice, these values are rarely known. This is because the chlorine dose is regulated
automatically based on the free residual chlorine concentration after the rechlorination point.
The study by Lee et al. (2007) investigated the timing of rechlorination by adding additional
chlorine at 36 and 72 hours and found that the increase in formation of THMs after
rechlorination was less pronounced at 72 hours than at 36 hours.

There have been many laboratory studies carried out to investigate the impact of rechlorination
particularly on THM formation. One of these reported the THM formation after 4 hours and 24
hours among four different chlorination strategies, using a chlorine dosing time interval of 30
min and a total chlorine dose of 4 mg/L. Results showed that two-point chlorination formed less
TTHMs than the one-point dosing strategy, and the lower chlorine doses at the 1st point
corresponded to the reduced TTHMs formation (Liu et al., 2012). A recent pilot scale study
(Tian et al., 2017) showed that TCAA concentrations rose, then fell after different doses of
rechlorination (0.9, 1.2 and 1.5 mg/L). The maximum concentration was reached at 1.5, 2 and 3
hours respectively after rechlorination indicating that a lower chlorine dosage could shorten the
rising period. Another laboratory scale study (Gerrity et al., 2009) evaluated the impact of
photocatalysis as a treatment process on THMs formed after rechlorination. A large increase in
THMs formed was observed (200% in some cases). However there were no control
experiments to confirm if this was due to the use of photocatalysis or if this was a feature of this
particular sample of water. Conversely, little increase in THMs was observed after coagulation,
flocculation and membrane ultrafiltration (Chan et al., 2002).

The most comprehensive study carried out to date on booster chlorination in real distribution
systems is the WRF (formerly AwwaRF) study which investigated the fate of THM4 and HAA9 in
distribution before and after booster chlorination (Baribeau et al., 2006). They sampled seven
times over one year. They sampled a storage tank as well as a booster chlorination station
before and after rechlorination but because the sampling points were very close together (less
than 2 metres apart) they deemed that the “after” location was not representative and a
sampling point downstream (water age of 323 hours — 13.5 days) was used instead. They drew
the following conclusions:

e Surprisingly storage reservoirs (without booster chlorination) did not affect THM4 and
HAA9 concentrations significantly with variations of 20% or less most of the time. DBP
concentration would, however, be highly dependent on the reservoir hydraulic scenario
(e.qg. filling or emptying) at the time of sampling.

e Booster chlorination increased THM4 concentrations by 16-101%

e The fate of HAAs resulted from a balance between their formation and degradation which
was related to the free chlorine residual present.

12



e Decreases in HAA concentration were most likely due to HAA biodegradation when the
free chlorine was <0.1 mg/L downstream of the booster chlorination station. Increases in
HAA9 were observed when the free chlorine residual remained high (1.3 and 1.4 mg/L)
downstream of booster chlorination. When the free chlorine decreased but remained
detectable (0.3-0.5 mg/L) HAA9 concentrations did not change following booster
chlorination.

Summary of Findings

e THM concentration increases when more chlorine is added during booster chlorination

e The rate of chlorine decay and corresponding THMs can be modelled using a second
order decay model

e The concentration of free chlorine residual present in the water is not related to the level
of THMs formed when free chlorine levels are less than 1 mg/L

e HAA concentration can increase or decrease or stay the same after booster chlorination

e HAA behaviour depends on the concentration of free chlorine residual in the water

¢ HAAs can be degraded if the chlorine residual is low and the correct type of bacteria are
present in the water

When selecting sites to study, it would be prudent to select sites that have a range of chlorine
concentrations and colony counts to determine the impact on HAA behaviour.

13



Response and data collected from Water
Companies

Twenty-six water companies in England and Wales were contacted by Shaun Jones of Defra.
The letter sent is in Appendix 2. A good response was received from the majority of water
companies. However, three companies did not respond at all (9, 18 & 24) although the request
for information was sent out three times in total. A late response was received from Water
Company 23 and when the work was explained in more detail, they identified a single site that
fitted the criteria. The responses are tabulated (Table 2).

Table 2 Response from Water Companies regarding Booster Chlorination

Response Do they How Information available?
received?  booster many
chlorinate?  sites?

1 Yes Yes 2 Cl; residual and THMs

2 Yes No n/a n/a

3 Yes Yes 8 Cl; residual plus nitrate,
turbidity,
phosphate for 1 site

4  Yes Yes 9 Cl, residual, water age and travel time

5 Yes Yes 2 Cl, residual, source water data, treatment
processes, extent of blending with other sources
/ supplies

6 Yes No n/a n/a

7 Yes Yes 9 Cl; residual

8 Yes Yes 2 Cl; residual and THM spot sample data

9 No

10 Yes No n/a n/a

11 Yes No n/a n/a

12 Yes Yes 25 Cl; residual data
THM in network from customer taps

13 Yes No n/a n/a

14  Yes TBC TBC TBC

15 Yes No n/a n/a

16 Yes Yes 81 Cl, residual and THMs for some sites

17 Yes Yes 4 Associated with the reservoir, Cl, residual,
THMs,

18 No

19 Yes Yes 9 Cl;, residual, THM, very limited HAA at some
locations, Approx water age?

20 Yes Yes 8 Cl, telemetry trends, sampling data for Cl, and
THMs in distribution, water age could be
modelled

21 Yes No n/a n/a

22 Yes No n/a n/a

23  Yes Yes 5 Cl; residual and THMs

24 No

25 Yes Yes 18 Cl, residual and THMs for some sites

26 Yes Yes ~80 Information not provided

n/a — not applicable
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In total 23 out of 26 companies provided a response and of these, 14 practice booster
chlorination.

Data Processing

The locations (names) of all of the booster chlorination sites were requested and this
information was provided to the data team at DWI. They then wrote to each company to ask for
permission to access the data for each site and provide this data to Cranfield University. All 14
companies agreed to provide the information.

The data mainly consisted of the water quality data from the service reservoirs and the data that
was processed was:

Free chlorine

Total chlorine

Coliforms

E. Coli

Colony counts (after 3 days at 22°C)

agkrwnhE

The data was provided for a 5 year period (2009-2013) and assessed according to the
maximum, minimum and median. The median is one of a number of ways of summarising the
typical values associated with members of a statistical population particularly when the
distribution may be skewed as with colony counts and has been used here instead of the mean.

Two types of data were supplied by the DWI data team:
1. WTW and Zonal data
2. Service Reservoir data

The WTW and Zonal data is summarised in Appendix 3 for information purposes. The data was
not complete for all sites and so was not used in the site selection process. The Service
Reservoir data has been processed to produce the mean values for Colony Counts and
Residual Chlorine (free in most cases but total where free was not available) and plotted on
graphs (see Appendix 1) to inform the site selection process.
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Site Selection

The aim was to select 20 sites where the impact of booster chlorination could be explored over
a period of one year. The information obtained from the Water Companies and the DWI data
team was assessed in terms of the free or total Chlorine (Cl,) and the Colony Counts after 3
days at 22 °C (CC). As previously discussed in the literature review this information has a
bearing on HAA formation and degradation but little impact on THM formation. The aim was to
find sites that fitted the following categories and the following values were assigned (Table 3):

Table 3 Categories for Selection of Sites

Category Criteria Annual median Cl, Annual median
value (mg/L) CC value

1 Low Cl,, low CC <0.5 <1

2 Low Cl,, high CC <0.5 >5

3 High Cl,, low CC 0.7 <1

4 High Cl,, high CC >0.7 >5

The values shown in Table 2 are for water collected immediately after booster chlorination (e.g.
exiting the reservoir). The values selected for low (0.5 mg/) and high (=0.7) chlorine were
chosen because typically UK water supplies maintain a residual between 0.5 and 1 mg/L
chlorine. Below this is regarded as low and towards the 1 mg/L is regarded as high. Values
were considered on an annual basis and the median calculated. On evaluation of the data on
colony counts, there were systems that had zero colony counts throughout the year and
systems that had an occasional incidence of colony counts above 1. Both systems are regarded
as unaffected by bacterial contaminants. On the other hand there were systems that had
significant levels of colony counts throughout the year and those that had large colony count
events. Setting the high CC value at =5 allowed these event to be captured. It should be noted
that there was only one site that fitted into Category 4. This is perhaps expected as high
chlorine concentrations will suppress bacteria in the water, meaning that few colonies are able
to grow subsequently under laboratory conditions.

The long list of sites is shown in Appendix 1. Also taken into consideration were the sites where
coliforms and E. Coli were detected directly in the samples taken. . Additionally listed is a site
that didn’t fit into the categories above but the site showed an incremental change in Cl,
residual over the five year period and this was deemed worth investigating. It was considered
important to cover a range of water types and geographical locations. The water types listed are
surface water (SW), ground water (GW) and mixed water (MW) which is a mixture of surface
and ground water. The type MW is common as the sites of booster chlorination often take input
from more than one water treatment works or distribution system.

In all systems investigated, chlorine was the disinfectant. Systems that use chloramines tend
not to use booster chlorination mainly because chloramination provides a stable long lasting
residual and also because booster chlorination of chloraminated water can result in breakpoint
chlorination. The selected sites are shown below (Table 4). It is believed that they encompass
the categories, a range of water types and geographical locations. Note that Wales is not
covered. This is because the three sites at Welsh Water where they do booster chlorinate do
not fit into the categories chosen. There were two companies where they were unable to
provide assistance in collecting the samples and so did not take part. All other water companies
said that they would be happy to provide assistance.

16



Table 4 Selected Sites

Site  Water Category Water Coliforms  Notes
No. Company type or E. Coli
present?

1 1 2 SW No Very high CC and low Cl,. Only AFW
site that fits into a category

2 3 1&3 SW No Potential for high CC when ClI; falls
lower

3 4 N/A SW No Incremental increase in Cl, residual
(free) over 5 year period.

4 4 3 GW No Very high free Cl; residual for a GW,
has had CC value of 2 in 2013

5 5 1 GW No Very low Cl, and CC values of 0

6 12 2 SW Yes High CC, contains coliforms, only
northern site in category 2

7 12 3 SW Yes High free Cl, but E. Coli and Coliforms
present (feeds the same sites as
Shilbottle)

8 12 3 SW Yes High free Cl, but E. Coli and Coliforms
present (feeds the same sites as
Beacon Hill)

9 12 N/A SW Yes Low free Cl, and E. Coli and Coliforms
present

10 16 2 SW No Very high CC, single source

11 16 2 SW No Very low Cly, consistently high CC

12 16 2 SW No Very low Cly, consistently high CC,
known THM problems at WTW

13 16 1 SW No Very low free Cl;, residual with a single
source

14 16 N/A MW Yes Low free Cl, residual with high coliforms
during 2013, large number of sources

15 19 2 MW No Medium free CI, residual and medium
CC present in 2013

16 19 4 SW No Consistently high Cl, and CC, only site
that fits into category 4

17 25 2 SW No Consistently high CC

18 25 2 GW No High CC, only GW in category 2, from a
mix of sources

19 25 2 SW No Consistently high CC

20 25 2 ND Yes Consistently high CC, coliforms present
in 2012

21 20 1 SW No Low CC and lower Cl, (<0.35 mg/L free
Clyp)

22 26 1 SW No Low CC and lower Cl, (<0.35 mg/L free
Clyp)
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Sampling of selected sites

Sampling took place each month from October 2014 until January 2016. There were some
months where it was not possible to collect samples. Samples were collected from four
locations in the water distribution chain.

Sample 1 — water exiting the treatment works (WTW)

Sample 2 — water collected prior to booster chlorination (B4)

Sample 3 — water collected immediately post booster chlorination (AF)

Sample 4 — water collected downstream of the booster chlorination in the distribution system
(DS)

The samples were analysed for the following parameters at ALS Environmental Ltd laboratories
and were also analysed on-site by water company sampling staff using their standard methods
for compliance monitoring. (Table 5). The methods used alongside the reporting limits where
applicable are shown (Table 6).

Table 5 Parameters analysed

Site Sample 1 Sample 2 Sample 3 Sample 4

Analyses TOC, UV, THMs and HAAs THMs and HAAs THMs and HAAs

carried out at bromide

ALS

On-site None Free and total Free and total Free and total

Analyses chlorine, chlorine, chlorine,
temperature and  temperature and temperature and
pH. pH. pH.
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Table 6 Methods Used, Limits of detection and Uncertainty
Uncertainty*

Method

Analyte

LOD (ug/L)

(%)

Accredited?*

*

WPC28 —  Trichloromethane 0.30 (pg/L) +11.99 Yes
THMs Bromodichloromethane 0.06 (ug/L) + 6.60
Dibromochloromethane 0.09 (pg/L) +8.39
Tribromomethane 0.15 (ug/L) +17.92
WPC60 - Monochloroacetic acid 0.20 (ug/L) +4.53 Yes
HAAs Monobromoacetic acid 0.50 (pg/L) + 3.96
Dichloroacetic acid 0.20 (ug/L) +6.95
Trichloroacetic acid 0.20 (pg/L) +3.99
Bromochloroacetic acid 0.10 (ug/L) +4.13
Dibromoacetic acid 0.10 (pg/L) +7.22
Bromodichloroacetic acid 0.70 (ug/L) +14.55
Dibromochloroacetic acid 1.20 (ug/L) +14.44
Tribromoacetic acid 1.10 (pg/L) +17.36
WASOQ05 - Total organic carbon 0.6084 (mg/L) +16.34 Yes
TOC
WPC39 - Ultraviolet absorbance at Not reported +1.74 No
uv 254 nm
WPC18/61 Bromide 1.67 (ug/L) +6.26 Yes
- Bromide
HACH Free chlorine NA NA No
Total chlorine NA NA No
Thermo- Temperature NA NA No
meter
pH meter pH NA NA No

* - Uncertainty calculated from spiked treated water samples of medium hardness.

NA — not applicable
** _ Evidence of accreditation included in appendix 5
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Sites sampled and number of samples taken

The sites intended to be sampled and those actually sampled differed due to a number of
reasons. These included time constraints, staff availability and issues with access to sampling
points. The sites actually sampled, the dates sampled and the number of sampling events
during the dates are shown (Table 7).

Some samples were taken by the water companies using their own staff. The rest of the
samples were taken by Cranfield staff who were accompanied by water company staff. The
sites where Canfield staff collected the samples are highlighted in bold (Table 7):

Table 7 Sites Sampled and number of sampling events

Site No. Water Sampled No of sampling events
Company
1 1 October 2014 — November 2015 12
2 3 October 2014 — March 2015 6 attempted with 2 successfully
taken due to staff not turning up.

3 4 October 2014 — September 12
2015

4 4 October 2014 — September 12
2015

5 5 NS NS

6 12 October 2014 — July 2015 10

7 12 October 2014 — July 2015 10

8 12 October 2014 — July 2015 10

9 12 October 2014 — July 2015 10

10 16 October 2014 — November 2015 13

11 16 October 2014 — September 12
2015

12 16 NS NS

13 16 October 2014 — November 2015 13

14 16 NS NS

15 19 NS NS

16 19 October 2014 — November 2015 12

17 25 NS NS

18 25 November 2014 — September 9
2015

19 25 October 2014 — September 10
2015

20 25 February 2015 — September 7
2015

21 20 December 2014 — November 10
2015

22 26 July 2015 — January 2016 7

NS -Not sampled

It should be noted that sites 7 and 8 are linked. The upstream waterworks is the same for both
sites and the flow of samples downstream is:

WTW — Site 8 — Site 7 — downstream (DS) sample point

There are booster locations at each site. For site 8, there is no upstream sample before booster

chlorination.
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Results

When examining the results against each category, there were no consistent patterns in terms
of behaviour of DBPs. As a result the results are reported as a whole and not in the categories
which were used in the collection of the samples.

The following abbreviations are used throughout the results and discussion:

BDCAA Bromodichloroacetic acid
BDCM Bromodichloromethane

Cl, Chlorine

DBAA Dibromoacetic acid

DBCAA Dibromochloroacetic acid
DBCM Dibromochloromethane

DCAA Dichloroacetic acid

DOC Dissolved organic carbon
DXAA Dihalogenated acetic acids
MCAA Monochloroacetic acid

MBAA Monobromoacetic acid

TBAA Tribromoacetic acid

TBNM Tribromonitromethane

TBM Tribromomethane (bromoform)
TCAA Trichloroacetic acid

TCM Trichloromethane (chloroform)
TXAA Trihalogenated acetic acids

Seasonal Variation in THMs and HAAS

THMs and HAAs concentrations were sometimes lowest in the colder months and highest in the
warmer months as shown in Figures A4.1-A4.30 presented in appendix 4 (particularly for sites
7, 9 and 16 THMSs). The data in the figures is from the sample taken before booster chlorination
(sample point 2) in most instances. The free chlorine data is also from the sample taken before
booster chlorination. Where the bromide data is presented, these are the values measured in
the treated water leaving the works (sample point 1).

The lower temperature and lower THMs and HAAs are often consistent with higher chlorine
residuals. These trends are consistent with the literature (Krasner et al., 1989, Summers et al.,
1996, Obolensky and Frey, 2002). An explanation is that chemical reaction rate constants
increase with increasing temperature and that the higher temperatures in the warm season
accelerate the rate of THM production in the distribution system as compared with the cold
season (Chen and Weisel, 1998). However, there are many sites where the THMs and HAAs
are independent of the temperature of the water indicating that other factors are having an
impact such as the variation in organic matter, chlorination conditions or presence of bacteria in
the system impacting on HAAs. Indeed the opposite trend can often be seen with HAAs with
higher temperatures giving rise to higher levels of bacteria with the potential for HAA
degradation.

No strong seasonal trends were observed except for sites 7, 9 and 16 due to the complexity of
the reactions and number of factors involved.

21



Impact of Booster Chlorination on THMs and HAAs

Samples were taken before booster chlorination, after booster chlorination and downstream of
booster chlorination. Here we have discussed the behaviour in terms of an increase or decrease
in THM or HAA concentration and this is shown in the tables with arrows to indicate the
behaviour. For the terms of reporting the change in THMs and HAAs at each sample point, a
change is only noted if the change in THMs or HAAs is 210%. This is to take into account the
uncertainty associated with the analytical method. The different types of behaviour were
observed and these were categorised (Figure 31, Table 8).

As well as the type of behaviour the following tables also present the Free and Total Chlorine
concentration and indicate where HAA concentrations were higher than THM concentrations
(underlined). The ratio of TXAA to DXAA is reported alongside the bromine incorporation factor
(BIF) for the HAAs to show the change in speciation at each sample point.

There are very limited results from Site no. 2 as sampling was unable to be carried out due to
staff shortages at the water company.

The results from Site no. 2 are only complete for one sampling event and will not be considered
here. The findings are presented (Table 8).
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Table 8 Impact of booster chlorination

Site Month Impacton Impact on Impact on Impact on Free [total] Ratio of
No. THMs after THMs HAAs after HAAs chlorine (mg/L) TXAA:

booster down- booster down- DXAA
chlorin- stream of chlorin- stream of
ation booster ation booster
chlorin- chlorin-
ation ation
1 Oct VS VN NS NS B4 0.15 [0.33]
2014 AF 0.12 [0.28]
DS 0.22 [0.35]
Nov g g g g B4 0.19 [0.59] 1.93 0.69
2014 AF 0.03 [0.17] 1.97 0.77
DS 0.04 [0.05] 1.80 0.71
Dec e e e e B4 0.07 [0.23] 3.66 1.17
2014 AF 0.02 [0.15] 3.70 1.11
DS 0.05 [0.22] 3.43 1.17
Jan o ! AF 0.16 [0.38] 0.88 0.73
2015 DS 0.13[0.31] 1.02 0.66
Feb 1 ! o o B4 0.22 [0.39] 1.31 1.24
2015 AF 0.12 [0.29] 1.32 1.22
DS 0.22[0.37] 1.35 1.24
Mar e e e e B4 0.14 [0.32] 0.58 0.75
2015 AF 0.07 [0.17] 0.56 0.72
DS 0.22 [0.37] 0.52 0.75
Apr A } A A B4 0.20 [0.39] 1.31 1.08
2015 AF 0.14 [0.32] 1.26 1.07
DS 0.25 [0.39] 1.25 1.06
May o ! 1 B4 0.14 [0.32] 2.04 1.43
2015 AF 0.09 [0.21] 3.56 1.74
DS 0.16 [0.48] 1.92 1.40
Jun e e e e B4 0.10 [0.30] 2.10 1.25
2015 AF 0.05 [0.18] 2.30 1.37
DS 0.07 [0.24] 2.25 1.38
Jul o o o o B4 0.25 [0.40] 3.28 1.58
2015 AF 0.17 [0.30] 3.22 1.59
DS 0.22 [0.37] 3.19 1.56
Aug e e ! e B4 0.23[0.42] 1.84 0.96
2015 AF 0.17 [0.35] 2.00 1.19
DS 0.22 [0.42] 1.86 1.17
Nov o o ! 1 B4 0.26 [0.39] 1.32 1.22
2015 AF 0.30 [0.45] 2.10 1.28
DS 0.36 [0.48] 1.06 1.21
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMSs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of  HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

3 Jan 1 7 7 7 B4 0.52 [0.74] 0.83 0.62
2015 AF 0.56 [0.70] 0.88 0.55
DS 0.32 [0.50] 0.86 0.48
Feb © 7 © 1 B4 0.71 [0.85] 1.05 0.58
2015 AF 0.85 [0.94] 1.07 0.59
DS 0.80 [0.85] 1.05 0.52
Mar A T T T B4 0.83[0.94] 0.84 0.80
2015 AF 0.62 [0.73] 0.87 0.41
DS 0.61 [0.67] 0.91 0.36
Apr 7 A T A B4 0.78 [0.84] 1.63 0.89
2015 AF 0.64 [0.70] 1.42 0.74
DS 0.64 [0.73] 1.45 0.72
May 1 ! 1 B4 0.65 [0.73] 1.24 0.73
2015 AF 0.57 [0.60] 1.17 0.81
DS 0.53 [0.65] 1.03 0.65
Jun T A T A B4 0.68 [0.82] 0.86 0.97
2015 AF 0.60 [0.75] 0.89 0.91
DS 0.59 [0.72] 0.89 0.88
Jul i 7 i o B4 0.60 [0.67] 1.22 0.82
2015 AF 0.65 [0.70] 1.29 0.87
DS 0.48 [0.56] 2.84 0.84
Aug e 1 e « B4 0.57 [0.74] 1.01 0.70
2015 AF 0.55 [0.58] 1.19 0.74
DS 0.40 [0.46] 1.73 0.68
Sep © 1 o ! B4 0.74[0.81] 1.12 0.54
2015 AF 0.81 [0.98] 1.24 0.58
DS 0.47 [0.52] 2.67 0.65
4 Oct — - NS NS B4 0.36 [0.53]
2014 AF 0.61 [0.74]
DS 0.58 [0.71]
Nov A A A A B4 0.30 [0.46] 0.61 0.75
2014 AF 0.54 [0.61] 0.62 0.76
DS 0.46 [0.61] 0.67 0.76
Dec o 1 1 7 B4 0.22 [0.37] 1.14 1.13
2014 AF 0.55 [0.64] 1.39 1.31
DS 0.34 [0.45] 1.26 1.22
Feb o 1 o 1 B4 0.52 [0.58] 1.22 1.40
2015 AF 0.66 [0.72] 1.23 1.38
DS 0.53 [0.58] 1.14 1.36
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMSs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of  HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

4 Mar e 7 ! 7 B4 0.47 [0.54] 0.98 0.98
2015 AF 0.67 [0.70] 0.72 0.83
DS 0.55 [0.61] 0.89 1.00
Apr o 1 o o B4 0.52 [0.56] 1.74 1.37
2015 AF 0.63 [0.73] 1.79 1.35
DS 0.49 [0.56] 1.50 1.25
May A T A } B4 0.47 [0.52] 1.11 1.33
2015 AF 0.56 [0.67] 1.00 1.35
DS 0.43 [0.71] 1.15 1.41
un o 1 o 1 B4 0.46 [0.54] 1.27 1.19
2015 AF 0.60 [0.71] 1.31 1.22
DS 0.41 [0.47] 1.14 1.16
Jul © 7 © 7 B4 0.40 [0.47] 1.22 1.18
2015 AF 0.72 [0.75] 1.20 1.17
DS 0.46 [0.51] 1.03 1.04
Aug e 1 A T B4 0.48 [0.54] 0.81 0.88
2015 AF 0.57 [0.61] 0.94 0.92
DS 0.41 [0.54] 0.94 0.95
Sep © 1 o 1 B4 0.74[0.81] 0.86 1.25
2015 AF 0.81 [0.98] 0.83 1.25
DS 0.47 [0.52] 0.89 1.18
6 Oct 1 o NS NS B4 0.54 [0.57]
2014 AF 0.38 [0.39]
DS 0.43 [0.44]
Nov 1 o 1 o B4 0.64 [0.73] 1.15 0.27
2014 AF 0.62 [0.71] 1.25 0.26
DS 0.62 [0.68] 1.26 0.23
Dec 1 e 1 e B4 0.64 [0.67] 1.43 0.42
2014 AF 0.66 [0.70] 1.54 0.34
DS 0.59 [0.72] 1.58 0.35
Jan i A i l B4 0.58 [0.65] 1.02 0.32
2015 AF 0.71 [0.81] 1.36 0.29
DS 0.61 [0.68] 1.56 0.19
Feb 7 © 7 © B4 0.86 [0.95] 1.69 0.62
2015 AF 0.72 [0.78] 1.95 0.46
DS 0.65 [0.76] 2.04 0.46
Mar T A T A B4 0.69 [0.75] 0.89 0.38
2015 AF 0.63 [0.79] 1.10 0.33
DS 0.65 [0.77] 1.12 0.32
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

6 Apr 7 © 7 © B4 0.68 [0.75] 1.42 0.52
2015 AF 0.63 [0.66] 1.37 0.47
DS 0.51 [0.60] 1.40 0.48
May 1 o 1 o B4 0.36 [0.71] 1.10 0.45
2015 AF 0.56 [0.66] 1.22 0.38
DS 0.53 [0.62] 1.15 0.39
Jun 7 « 7 o B4 0.69 [0.79] 1.18 0.42
2015 AF 0.56 [0.63] 1.21 0.37
DS 0.47 [0.56] 1.29 0.36
Jul ? « 7 © B4 0.72[0.79] 1.09 0.46
2015 AF 0.50 [0.61] 1.23 0.39
DS 0.47 [0.58] 0.99 0.31
2014 AF 0.78 [0.78]
DS 0.70 [0.70]
Nov VN 0 VN 0 B4 0.52 [0.58] 0.79 0.15
2014 AF 0.68 [0.75] 0.97 0.14
DS 0.18 [0.23] 131 0.15
Dec ? ? 7 7 B4 0.89 [0.94] 0.94 0.36
2014 AF 0.72 [0.76] 0.98 0.27
DS 0.34 [0.46] 1.03 0.23
Jan 7 7 - 7 B4 0.71[0.78] 0.96 0.37
2015 AF 0.79 [0.91] 1.01 0.33
DS 0.46 [0.56] 1.25 0.21
Feb ? ? 7 7 B4 0.96 [1.06] 0.81 0.68
2015 AF 0.87 [0.96] 0.84 0.63
DS 0.75 [0.81] 0.91 0.52
Mar ! 7 7 7 B4 0.97 [1.03] 0.53 0.54
2015 AF 0.76 [0.81] 0.76 0.62
DS 0.72 [0.86] 0.79 0.44
Apr 7 7 « o B4 0.86 [0.91] 1.54 0.82
2015 AF 0.90 [0.97] 1.55 0.80
DS 0.71 [0.80] 1.38 0.75
May 7 T T T B4 0.86 [0.92] 0.90 0.33
2015 AF 0.69 [0.80] 0.97 0.28
DS 0.47 [0.60] 1.00 0.25
Jun A A A A B4 1.06 [1.12] 0.94 0.25
2015 AF 0.93 [1.08] 0.98 0.31
DS 0.49 [0.61] 0.95 0.35
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMSs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of  HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

7 Jul 1 o 1 1 B4 0.76 [0.92] 0.78 0.37
2015 AF 0.67 [0.80] 0.81 0.33
DS 0.52 [0.70] 0.82 0.28
8  Oct P NS AF 0.81 [0.85]
2014 DS 0.78 [0.78]
Nov VRN 1 AF 0.52[0.58] 0.97 0.14
2014 DS 0.68 [0.75] 1.31 0.15
Dec 1 1 AF 0.89 [0.94] 0.98 0.27
2014 DS 0.72[0.76] 103 0.23
Jan 1 1 AF 0.71[0.78] 1.01 0.33
2015 DS 0.79 [0.91] 1.25 0.21
Feb 1 1 AF 0.96 [1.06] 0.84 0.63
2015 DS 0.87 [0.96] 0.91 0.52
Mar ! 1 AF 0.97 [1.03] 0.76 0.62
2015 DS 0.76 [0.81] 0.79 0.44
Apr 7 g AF 0.86 [0.91] 1.55 0.80
2015 DS 0.90 [0.97] 1.38 0.75
May 7 7 AF 0.86 [0.92] 0.97 0.28
2015 DS 0.69 [0.80] 1.00 0.25
Jun o o AF 1.06 [1.12] 0.98 0.31
2015 DS 0.93 [1.08] 0.95 0.35
Jul 1 7 AF 0.76 [0.92] 0.81 0.33
2015 DS 0.67 [0.80] 0.82 0.28
9  oOct 1 ! NS NS B4 0.48 [0.52]
2014 AF 0.13 [0.16]
DS 0.14 [0.18]
Nov 1 - 1 ! B4 0.42 [0.49] 1.09 0.18
2014 AF 0.08 [0.17] 183 0.18
DS 0.20 [0.30] 4.05 0.18
Dec 1 ! 1 “ B4 0.43 [0.51] 1.17 0.24
2014 AF 0.09 [0.13] 1.94 0.22
DS 0.47 [0.55] 1.14 0.27
Jan T A T T B4 0.71[0.73] 1.12 0.27
2015 AF 0.37 [0.40] 1.55 0.24
DS 0.37 [0.46] 1.20 0.23
Mar 7 o T 1 B4 0.61 [0.63] 0.76 0.30
2015 AF 0.38 [0.43] 0.80 0.25
DS 0.51 [0.56] 0.81 0.39
Apr T A T T B4 0.57 [0.65] 0.61 1.24
2015 AF 0.27 [0.33] 1.20 0.34
DS 0.40 [0.40] 1.51 0.48
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMSs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of  HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

9 May 7 e 7 e B4 0.53 [0.63] 1.06 0.29
2015 AF 0.23 [0.31] 1.06 0.28
DS 0.19 [0.24] 1.11 0.27
Jun 1 1 7 g B4 0.44 [0.50] 1.07 0.29
2015 AF 0.20 [0.35] 1.24 0.25
DS 0.32 [0.52] 1.25 0.37
Jul 7 ! ! 1 B4 0.56 [0.71] 0.82 0.22
2015 AF 0.08 [0.15] 3.72 0.25
DS 0.41 [0.50] 0.80 0.23
10 Oct 1 1 NS NS B4 0.82 [0.95]
2014 AF 0.37 [0.55]
DS 0.18 [0.19]
Nov e 1 ! 1 B4 0.20 [0.33] 2.25 0.54
2014 AF 0.73 [0.96] 2.33 0.56
DS 0.33 [0.48] 2.92 0.41
Dec e 7 A i B4 0.08 [0.22] 2.32 0.66
2014 AF 0.83 [0.98] 2.39 0.69
DS 0.41 [0.55] 2.28 0.51
Jan e 1 g 7 B4 0.13[0.31] 1.95 0.50
2015 AF 0.72 [0.92] 1.84 0.51
DS 0.42 [0.62] 1.72 0.42
Feb o 1 o 1 B4 0.20 [0.34] 1.94 0.60
2015 AF 1.01 [1.20] 1.88 0.62
DS 0.57 [0.85] 1.61 0.55
Mar o 1 o 1 B4 0.28 [0.42] 1.20 0.62
2015 AF 0.56 [0.73] 1.22 0.60
DS 0.35 [0.55] 1.20 0.54
Apr o 1 o 7 B4 0.17 [0.40] 0.89 0.76
2015 AF 0.37 [0.59] 1.27 0.60
DS 0.23 [0.42] 1.24 0.55
May T A A T B4 0.33 [0.46] 1.03 0.61
2015 AF 0.50 [0.70] 1.07 0.62
DS 0.30 [0.50] 1.04 0.55
Jun 1 1 o o B4 0.17[0.39] 1.14 0.64
2015 AF 0.50 [0.69] 1.20 0.65
DS 0.19 [0.37] 1.16 0.61
Jul 1 1 o o B4 0.17 [0.33] 2.63 0.84
2015 AF 0.33 [0.53] 3.09 0.85
DS 0.20 [0.34] 3.02 0.81
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMSs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of  HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

10 Aug 7 7 e e B4 0.16 [0.35] 2.14 0.67
2015 AF 0.72 [0.89] 2.41 0.74
DS 0.28 [0.48] 2.86 0.70
Sep 7 g g 7 B4 0.00 [0.09] 3.14 0.89
2015 AF 0.72 [0.89] 3.42 0.89
DS 0.36 [0.53] 3.38 0.77
Nov T T A T B4 0.18 [0.34] 2.47 0.77
2015 AF 1.39 [1.61] 2.69 0.82
DS 0.40 [0.57] 3.32 0.72

11 Oct — NS NS AF 0.56 [0.72]

2014 DS 0.50 [0.73]
Nov 1 A T A B4 0.85 [1.16] 0.90 0.78
2014 AF 0.69 [0.87] 0.88 0.73
DS 0.63 [0.82] 0.93 0.73
Dec 1 e 1 e B4 0.66 [0.85] 1.10 0.58
2014 AF 0.60 [0.70] 1.11 0.52
DS 0.54 [0.69] 1.11 0.52
Jan T A T A B4 1.00 [1.40] 0.92 0.62
2015 AF 0.57 [0.72] 1.06 0.61
DS 0.52[0.72] 0.99 0.55
Feb o o AF 0.52 [0.72] 1.21 0.78
2015 DS 0.50 [0.70] 1.20 0.77
Mar 1 g g g B4 0.65 [0.84] 1.05 0.63
2015 AF 0.48 [0.68] 0.43 0.83
DS 0.47 [0.66] 1.10 0.61
Apr e e AF 0.41 [0.60] 1.21 0.65
2015 DS 0.37 [0.58] 1.20 0.67
May e e AF 0.61 [0.75] 1.05 0.82
2015 DS 0.54 [0.76] 1.04 0.80
Jun e e AF 0.58 [0.71] 0.99 0.94
2015 DS 0.53 [0.72] 1.05 0.95
Jul o o AF 0.59 [0.77] 1.03 0.74
2015 DS 0.55 [0.76] 1.04 0.72
Aug o - AF 0.58 [0.74] 1.30 0.74
2015 DS 0.47 [0.59] 1.32 0.73
Sep < < AF 0.73[0.89] 1.49 0.67
2015 DS 0.67 [0.85] 1.50 0.68
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on Impact on
THMs after THMs
booster down-
chlorin- stream of

ation booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

HAA BIF

13 Oct 1 > NS NS B4 0.16 [0.28]
2014 AF 0.39 [0.52]
DS 0.21 [0.36]
Nov 1 e 7 g B4 0.26 [0.45] 3.00 0.55
2014 AF 0.31 [0.41] 2.85 0.46
DS 0.28 [0.40] 2.64 0.43
Dec T T B4 0.15 [0.23] 2.66 0.67
2014 AF 0.40 [0.67] 2.21 0.57
Jan 1 1 B4 0.24 [0.32] 2.19 0.50
2015 AF 0.35 [0.59] 2.00 0.47
Feb 7 7 B4 0.20 [0.30] 2.01 0.68
2015 AF 0.32 [0.48] 1.83 0.61
Mar 1 1 B4 0.13[0.31] 1.54 0.64
2015 AF 0.44 [0.62] 1.50 0.59
Apr e 7 B4 0.15[0.32] 2.06 0.66
2015 AF 0.37 [0.58] 2.00 0.60
May 1 B4 0.22 [0.41] 4.11 0.76
2015 AF 0.41 [0.55] 2.76 0.67
Jun o o B4 0.10 [0.30] 2.14 0.80
2015 AF 0.29 [0.51] 2.03 0.74
Jul 1 1 B4 0.21 [0.34] 3.08 0.84
2015 AF 0.50 [0.67] 2.73 0.69
Aug o o B4 2.20 [2.20] 2.02 0.75
2015 AF 0.42 [0.62] 2.95 0.74
Sep | ! B4 1.69 [1.89] 1.70 0.64
2015 AF 0.42 [0.63] 3.15 0.74
Nov e 7 B4 0.19 [0.33] 3.52 0.82
2015 AF 0.48 [0.66] 3.14 0.76
16 Oct 7 ! NS NS B4 0.35 [0.55]
2014 AF 0.17 [0.29]
DS 0.00 [0.00]
Nov ! 7 1 g B4 0.52 [0.55] 0.91 0.06
2014 AF 0.58 [0.60] 0.93 0.12
DS 0.16 [0.22] 2.94 0.09
Dec 7 o o 1 B4 0.62 [0.64] 0.97 0.14
2014 AF 0.56 [0.58] 1.00 0.15
DS 0.24 [0.29] 3.11 0.22
Jan 7 ! T A B4 0.62 [0.68] 0.80 0.08
2015 AF 0.54 [0.57] 0.84 0.08
DS 0.35 [0.42] 1.20 0.08
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMSs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of  HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

16 Feb 1 o 1 o B4 0.65 [0.67] 0.82 0.10
2015 AF 0.57 [0.58] 0.81 0.13
DS 0.48 [0.51] 0.85 0.12

Mar e g 1 7 B4 0.61 [0.63] 0.68 0.12
2015 AF 0.46 [0.47] 0.70 0.15
DS 0.28 [0.32] 0.74 0.14

Apr T A A } B4 0.54 [0.61] 0.53 0.09
2015 AF 0.40 [0.45] 0.77 0.10
DS 0.20 [0.28] 1.76 0.13

May o o ! B4 0.48 [0.52] 0.87 0.22
2015 AF 0.32 [0.42] 0.91 0.23
DS 0.12[0.19] 2.02 0.25

Jun o o o l B4 0.37 [0.44] 0.92 0.22
2015 AF 0.48 [0.57] 0.94 0.25
DS 0.15 [0.21] 2.03 0.34

Jul o ! o ! B4 0.32 [0.41] 1.12 0.17
2015 AF 0.37 [0.41] 0.97 0.20
DS 0.09 [0.22] 1.96 0.27

Sep 1 ! o ! B4 0.33 [0.45] 0.87 0.14
2015 AF 0.41 [0.46] 0.79 0.16
DS 0.05 [0.13] 2.32 0.20

Nov 7 } T } B4 0.57 [0.65] 0.68 0.13
2015 AF 0.62 [0.65] 0.75 0.13
DS 0.55 [0.59] 1.86 0.16

18 Nov ! © o o B4 0.45 [0.48] 0.88 0.83
2014 AF 0.40 [0.47] 0.96 0.91
DS 0.39 [0.50] 0.94 0.91

Jan o o o o B4 0.54 [0.61] 0.91 0.75
2015 AF 0.41 [0.49] 0.81 0.78
DS 0.46 [0.48] 0.89 0.80

Feb “ “ o o B4 0.46 [0.57] 0.39 0.78
2015 AF 0.41 [0.50] 0.39 0.86
DS 0.35 [0.49] 0.35 0.87

Mar o o o o B4 0.54 [0.60] 0.50 0.73
2015 AF 0.44 [0.48] 0.42 0.80
DS 0.44 [0.46] 0.45 0.79

Apr o < ! © NO DATA (B4, 1.49 1.08
2015 AF and DS) 1.53 1.16
1.50 1.15
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMSs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of  HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

18 May e ! e e B4 0.40 [0.44] 1.19 1.26
2015 AF 0.28 [0.33] 1.25 1.39
DS 0.32 [0.39] 1.22 1.42
Jun g g g g B4 0.38 [0.43] 0.95 0.96
2015 AF 0.31 [0.35] 1.06 1.06
DS 0.33 [0.39] 1.08 1.05
Jul ! 1 ! o B4 0.31 [0.37] 1.49 1.20
2015 AF 0.23 [0.27] 2.20 1.45
DS 0.28 [0.31] 2.22 1.45
Sep 1 < < < B4 0.33[0.37] 3.88 1.62
2015 AF 0.26 [0.32] 3.15 1.66
DS 0.29 [0.33] 3.10 1.87
19 Oct 1 - NS NS B4 0.44 [0.56]
2014 AF 0.26 [0.37]
DS 0.49 [0.59]
Nov 1 o ) o B4 0.60 [0.71] 0.67 1.07
2014 AF 0.95 [1.12] 0.83 0.89
DS 0.24 [0.29] 0.88 0.84
Jan 1 1 1 T B4 0.42 [0.47] 0.97 0.80
2015 AF 0.51 [0.58] 0.98 0.84
DS 0.41 [0.46] 0.96 0.75
Feb ! 1 ! 1 B4 0.45 [0.52] 0.37 0.79
2015 AF 0.51 [0.59] 0.20 0.86
DS 0.48 [0.56] 0.41 0.73
Mar g 7 g g B4 0.49 [0.56] 0.41 0.73
2015 AF 0.57 [0.63] 0.41 0.74
DS 0.48 [0.54] 0.57 0.70
Apr 7 7 NO DATA (B4 1.67 1.17
2015 and DS) 1.68 1.08
May e 1 1 ! B4 0.47 [0.53] 1.40 1.45
2015 AF 0.57 [0.65] 1.25 1.33
DS 0.44 [0.51] 186 L
Jun T A T A B4 0.46 [0.49] 0.99 1.19
2015 AF 0.47 [0.52] 0.93 1.02
DS 0.39 [0.44] 0.94 0.99
Jul 1 1 o ! B4 0.47 [0.52] 1.27 1.24
2015 AF 0.56 [0.59] 1.16 1.17
DS 0.43 [0.48] 0.91 0.99
Sep e e 7 e B4 0.47 [0.52] 1.23 1.32
2015 AF 0.51 [0.58] 1.05 1.20
DS 0.36 [0.41] 1.03 1.16
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Table 8 Impact of booster chlorination (continued)

Site
\\[o}

Month

Impact on
THMs after
booster
chlorin-

ation

Impact on
THMSs
down-
stream of
booster
chlorin-
ation

Impact on
HAAs after
booster
chlorin-
ation

Impacton  Free [total] Ratio of  HAA BIF
HAAs chlorine (mg/L) TXAA:

down- DXAA
stream of

booster
chlorin-
ation

20 Feb o 1 o 1 B4 0.53 [0.54] 0.05 1.52
2015 AF 0.53 [0.54] 0.05 1.52
DS 0.42 [0.46] 0.04 1.52

Mar < < 1 T B4 0.38 [0.44] 0.69 1.51
2015 AF 0.46 [0.52] 0.66 1.50
DS 0.36 [0.43] 0.71 1.51

Apr A T A T B4 0.51 [0.56] 1.66 1.67
2015 AF 0.55 [0.59] 1.72 1.67
DS 0.31[0.41] 1.41 1.52

May o 1 o 1 B4 0.52 [0.59] 1.37 1.81
2015 AF 0.50 [0.60] 1.41 1.82
DS 0.34 [0.40] 1.22 1.79

Jun e 1 e 1 B4 0.46 [0.52] 1.01 1.63
2015 AF 0.45 [0.50] 0.99 1.60
DS 0.36 [0.40] 0.95 1.59

Jul o 1 o 1 B4 0.32[0.39] 1.10 1.60
2015 AF 0.57 [0.58] 1.14 1.61
DS 0.38 [0.45] 1.06 1.60

Sep - 1 VN N NO DATA (B4, 0.97 1.80
2015 AF and DS) 0.95 1.80
1.00 1.82

21 Jan o ! AF 0.16 [0.38] 0.88 0.73
2015 DS 0.13 [0.31] 1.02 0.66
Feb < ! AF 0.28 [0.39] 1.19 0.93
2015 DS 0.10 [0.21] 1.25 0.74
Mar e 1 AF 0.29 [0.44] 1.07 0.92
2015 DS 0.32[0.43] 0.74 0.72
Apr 1 1 AF 0.35 [0.37] 1.62 0.95
2015 DS 0.29 [0.37] 0.98 0.88
May 1 1 AF 0.18 [0.24] 4.74 1.27
2015 DS 0.30[0.39] 0.84 0.77
Jun 7 7 AF 0.32 [0.36] 3.08 1.04
2015 DS 0.18 [0.27] 2.70 0.90
Jul 1 1 AF 0.20 [0.22] 1.11 1.20
2015 DS 0.19 [0.30] 2.66 0.99
Sep o o AF 0.31 [0.42] 3.52 1.16
2015 DS 0.20 [0.28] 3.50 1.04
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Table 8 Impact of booster chlorination (continued)

Site Month Impacton Impacton Impacton Impacton Free [total] Ratio of HAA BIF
No. THMs after THMs HAAs after HAAs chlorine (mg/L) TXAA:
booster down- booster down- DXAA
chlorin- stream of chlorin- stream of
ation booster ation booster
chlorin- chlorin-
ation ation
21 Nov o o AF 0.26 [0.33] 3.22 0.90
2015 DS 0.22 [0.36] 2.87 0.80
22 Jul 1 1 “ - No Cl,, pH or 0.74 1.07
2015 temperature 1.10 1.05
data 1.69 1.00
Aug o 1 ! o available. 0.91 1.13
2015
12 s
Sep 1 1 1 1 predominant 1.08 0.78
5015 throug_hout : :
Samp“ng_ 1.68 0.88
1.61 0.74
Oct e 7 e e 1.52 0.74
2015 1.39 0.77
1.75 0.71
Dec 1 o o 7 0.87 0.92
2015 0.92 0.86
0.93 0.79
Jan 7 T T A 0.97 1.38
2016 0.92 0.94
1.01 1.00

B4 — sample collected before booster chlorination, AF — sample collected after booster chlorination, DS
— sample collected downstream of booster chlorination

Ns - no sample collected.

Note: where a sample (e.g. B4, AF, DS) is not listed, it was not collected.

Underlined samples are where HAA concentrations were higher than THM concentrations

The findings are discussed in terms of TXAA:DXAA ratio, bromine incorporation factor (BIF) and
the free chlorine residual levels. The impact of these is explained below before the discussion of
the data.

TXAA:DXAA ratio — HAAs are described as easily biodegradable but not all species are equally
biodegraded. The order of biodegradability for HAAs has been reported as MCAA > DCAA >
TCAA with the corresponding brominated species being better degraded than the chlorinated
species (McRae et al., 2004). TCAA shows little biodegradability and is very stable in water
distribution systems (Williams et al., 1995, Bayless and Andrews, 2008). Therefore, if
biodegradation is taking place, MXAA and DXAA are likely to be biodegraded with TXAA
concentrations remaining the same. So the TXAA:DXAA ratio will increase if biodegradation is
occurring. HAA biodegradation is more likely to occur when chlorine residual levels are low as
the bacteria are more able to survive (Bayless and Andrews, 2008).

BIF — The bromine incorporation factor (BIF) shows the proportion of the DBPs that are partially
or totally brominated. The BIF describes the molar contribution of all brominated species
(Koudjonou et al., 2008) and the equation for calculating the HAA BIF values is shown (Sun et
al., 2009):
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1x[MBAA] +1x [BCAA] + 2 x[DBAA] + 1x [BDCAA] + 2x [DBCAA] + 3x [TBAA]
[HAA9]

BIF (HAAS) =

The BIF can range from 0 (no brominated species) to 3 (purely TBAA).

An increase in BIF means that more brominated species are present as a mole fraction of the
total HAAs. A decrease in BIF means that less brominated species are present as a mole
fraction of the total HAAs. Typically, expected behaviour after booster chlorination (an increase
in chlorine) would be an increase in chlorinated HAA species, particularly TXAAs. This would be
coupled with a decrease in BIF. If an increase is observed, this could represent preferential
degradation of chlorinated HAAs or perhaps inadequate chlorination concentrations.

The findings for each site are presented individually but a summary of findings is presented first.

Summary of findings

When free chlorine concentrations were low (< 0.3 mg/L), levels of THMs and HAAs were stable
or slightly increased after booster chlorination by up to 10.42% and <10% respectively when
comparing the means. The increase was not statistically significant at the 95% level. At these
low chlorine concentrations there is also evidence of degradation with a shift to TXAAs and an
increase in BIF caused by a reduction in DXAA, particularly those that are chlorinated. The
chlorinated DXAAs have been shown to be the easiest to biodegrade. The levels of THMs and
HAAs were often stable due to the low free chlorine residual concentrations.

At medium chlorine concentrations (0.3 — 0.7 mg/L), the increase in THMs and HAAs is greater
(16.68% and 12.72% respectively) and this increase is significant for THMs (t = 2.251, p =
0.0258) but not for HAAs at the 95% confidence level. At high chlorine concentrations (>0.7
mg/L) the difference in THMs (increase of 13.42%) and HAAs (<10% change) was not
significant at the 95% confidence level.

Although there can be no difference in overall HAA concentrations, it is possible to determine
whether there is evidence for bacterial degradation by looking at the speciation of the HAAs and
their incorporation of bromine. An increase in the TXAA:DXAA ratio and an increase in the HAA
BIF coupled with no increase in the HAA concentration overall can indicate biological or
bacterial degradation of HAAs, particularly the dihalogenated HAAs. Here there was no
evidence of bacterial degradation at 10 out of the 16 sites. Where there was evidence of
bacterial degradation, this was sporadic and occurred on one or two occasions during the
sampling period where between 6 and 12 sampling events took place.

The overall results for all sites are compared in terms of the impact of booster chlorination on
THM and HAA levels (Figure 1). The figure shows box-whisker plots with the median indicated
by the small square and the top and bottom of the surrounding box indicating the 75" and 25™
percentile of the dataset respectively. The whisker ends indicate the minimum and maximum
values observed. The THM and HAA medians show a slight increase in concentration after and
downstream of booster chlorination.
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Figure 1 Comparison of THMs and HAAs before, after and downstream of
booster chlorination

The results were compared in terms of a comparison of the means for the whole data set. The
data compared is shown (Table 9) and a table of the statistical values is shown (Table 10).

Table 9 Statistical Data used for comparison of means of THMs and HAAs
measured before, after and downstream of booster chlorination

THMs HAAs

Before After Downstream Before After Downstream
Booster Booster Booster Booster
Mean (ug/L) 31.24 35.38 36.72 24.73 26.42 27.34
Standard 12.16 13.60 12.11 9.71 10.39 10.48
deviation
(Hg/L)
Number of 133 153 141 125 143 131
observations
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Table 10 Statistical data obtained for comparison of the means of THMs and
HAAs measured before, after and downstream of booster chlorination

p t DF p t DF
Before and 0.0074 2.696 284 0.1720 1.369 266
After
Booster
Chlorination
After 0.3746 -0.889 292 0.4666 -0.729 272
Booster
Chlorination
and
Downstream

The p value indicates whether the means are statistically different and when the value is greater
than 0.05, at the 95% confidence level, there is no statistical difference between the means. If
the t value is less than that indicated to have significance from the student’s t test (1.97), the
difference is not significant. DF refers to the degrees of freedom. The difference between the
mean of the THMs before and after booster chlorination is significant (p<0.05 and t>1.97) which
means that booster chlorination statistically increases THMs when looking at all of the data
collected together over the time period. Although significant, the increase in the mean is small
going from 31.24 to 35.38 ug/L.

Individual site data

Site 1 - The behaviour of THMs and HAAs was the same in six out of twelve months indicating
little impact of bacteria. THMs and HAAs were either stable or decreased in the downstream
sample in most cases. This is likely due to the low free chlorine residual (median of 0.16 mg/L).
The TXAA:DXAA ratio did not vary a lot except in May 2015 and November 2015 where a
decrease in HAA concentration was observed after booster chlorination coupled with an
increase in the TXAA:DXAA ratio due to a decrease in DXAA species. In May the decrease was
also observed for TCAA. There is evidence of bacterial degradation in November 2015 but the
evidence is less compelling for May 2015. The bromide levels were low (median of 14.0 pg/L).
The THM levels were greater than the HAA levels (34.1 compared to 17.6 pg/L respectively).

Site 3 — The behaviour of THMs and HAAs was the same in four out of the nine months
indicating little impact of bacteria in these months. THMs generally increased in the downstream
sample although not always in the sample after booster chlorination. HAAs generally increased
overall but not in the September 2015 sample. In September 2015 there was strong evidence of
biodegradation with a large increase in the TXAA:DXAA ratio and a small increase in HAA
bromine incorporation. This was due to a significant decrease in DCAA, BCAA and DBAA with
no reduction in other species. A similar reduction in DXAAs was observed in July and August
although total levels were stable throughout. Bromide levels were low (9.0 pug/L median). The
free chlorine residual levels were quite high (median of 0.61 mg/L) and the levels of THMs were
similar to that of the HAAs (medians of 29.6 and 29.2 ug/L respectively).

Site 4 — The behaviour of THMs and HAAs was the same in six out of the ten months indicating
little impact of bacteria. THMs did not increase after booster chlorination but increased in the
downstream sample except in October and November 2014 where they were stable throughout.
HAAs did not increase after booster chlorination but increased in the downstream sample in
February, June, July, August and September 2015. They were stable throughout in November
2014 and April 2015. In December 2014 and March 2015, the HAAs decreased after booster
chlorination and increased downstream. In May 2015, the HAAs were stable after booster
chlorination and decreased downstream. In May 2015 the actual concentration of HAAs varied
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from 14 to 15.1 to 13.1 so although the variation was more than 10% in the downstream value
the change in speciation was not big and there was no indication of degradation. Unusually
there was no TCAA detected in the May 2015 samples although the free chlorine levels were
similar to all of the other months the bromide levels were at the high end of the range measured
(22 pg/L compared to the median of 17.5 pg/L). The free chlorine residual levels were medium
(median of 0.49 mg/L) and the levels of THMs were similar to that of the HAAs (medians of 20.0
and 20.1 pg/L respectively). The TXAA:DXAA did not vary a lot after booster chlorination or in
the downstream sample and the change in species was very small (generally less than 0.5
ug/L). The BIF did vary a little but this did not translate to significant changes in any species.
There was no evidence of HAA degradation.

Site 6 - The behaviour of THMs and HAAs was the same in all but one month indicating little
impact of bacteria. THMs and HAAs increased after booster chlorination and were stable in the
downstream sample in most cases. The free chlorine residual levels were higher than observed
from the historical data when categorising the sites (median of 0.74 mg/L) and the levels of
THMs was similar to that of the HAAs (medians of 33.9 and 33.1 ug/L respectively). The
TXAA:DXAA ratio increased after booster chlorination and often again in the downstream
sample with an increase or shift to TXAAs with the BIF correspondingly decreasing. There was
no evidence of HAA degradation and the high levels of residual free chlorine may have
suppressed any biological activity. The levels of bromide were low in these samples (range of 3-
5 with a median of 3 pg/L as bromide).

Site 7 - The behaviour of THMs and HAAs was the same in five out of ten months indicating
little impact of bacteria in those months. THMs and HAAs generally increased after booster
chlorination and continued to increase or were stable in the downstream sample. The free
chlorine residual levels were higher than expected given the historical data (median of 0.62
mg/L) and the levels of THMs was similar to that of the HAAs (medians of 29.5 and 28.5 ug/L
respectively). The TXAA:DXAA ratio increased after booster chlorination and often again in the
downstream sample with an increase or shift to TXAAs with the BIF correspondingly
decreasing. There was very little bromide present in the samples (3-7 with a median of 5 pg/L
as bromide). There was no evidence of HAA degradation.

Site 8 — For this site only AF and DS samples were collected. The behaviour of THMs and
HAAs was largely the same showing an increase in the downstream sample compared to after
booster chlorination with the exception of November 2014, March and April 2015 indicating little
impact of bacteria. In November 2014, THMs stayed stable while HAAs increased after booster
chlorination and downstream. In March 2015, THMs actually decreased in the downstream
sample whereas HAAs increased. This is somewhat unusual and has not been recognised as
typical behaviour in the literature. In April 2015, THMs increased in the downstream sample and
HAAs remained stable. The free chlorine residual levels were high (median of 0.80 mg/L) and
the levels of THMs was similar to that of the HAAs (medians of 32.1 and 33.0 pg/L respectively).
The TXAA:DXAA either increased (November 2014, January 2015), decreased (April 2015) but
mainly did not vary a lot in the downstream sample. The BIF decreased did not vary a lot except
in January, February and March where it decreased due to an increase in chlorinated species.
There was no evidence of HAA degradation.

Site 9 - The behaviour of THMs and HAAs was the same in one out of the nine months. THMs
followed two different types of behaviour: an increase after booster chlorination followed by a
decrease downstream or an increase after booster chlorination with the downstream sample
levels staying stable. HAAs mainly followed the behaviour of THMs but not in the same months
or exhibited an increase throughout or a decrease after booster chlorination followed by an
increase downstream. There was evidence of degradation in November 2014 in the
downstream sample with a large increase in the TXAA:DXAA ratio. There was a decrease
observed for all species but this was greater for the DXAAs. There is some evidence for
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degradation in the July 2015 sample after booster chlorination with the total levels of HAAs
decreasing but this is coupled with a very low free chlorine residual (0.08 mg/L). There was a
decrease observed for all species but this was more pronounced for the DXAAs. The bromide
levels were low (median of 6.0 pg/L). The free chlorine residual levels were medium (median of
0.38 mg/L) and the levels of THMs were similar to that of the HAAs (medians of 47.5 and 42.9
ug/L respectively). There was some evidence of HAA degradation November 2014 and July
2015.

Site 10 - The behaviour of THMs and HAAs was largely the same in the winter months
(December 2014 to April 2015) indicating little impact of bacteria. In the warmer months (June
2015 to August 2015), THMs increased after booster chlorination and downstream whereas
HAAs remained stable. The TXAA:DXAA in largely remained the same except in July and
August 2015 where it increased significantly. The BIF was generally slightly lower after booster
chlorination indicating little change to brominated species. Levels of THMs were generally
higher than HAAs (medians of 42.8 and 28.1 pg/L respectively) but on a number of occasions
HAAs dominated. The levels of free chlorine on the water were low in the samples before
booster chlorination (ranging from 0 to 0.82 mg/L with a median of 0.17 mg/L) but higher
thereafter (median of 0.72 and 0.33 mg/L in the after booster chlorination and downstream
samples respectively). There was little evidence of HAA degradation by bacteria.

Site 11 - The behaviour of THMs and HAAs was the same in ten out of eleven months indicating
little impact of bacteria. THMs and HAAs generally increased after booster chlorination and
were stable in the downstream sample or both remained stable throughout. The free chlorine
residual levels were high (median of 0.57 mg/L) and the levels of THMs was similar to that of
the HAAs (medians of 35.5 and 32.8 pg/L respectively). The TXAA:DXAA did not vary a lot
after booster chlorination or in the downstream sample. The exception was in March 2015
where the TXAA:DXAA ratio decreased after booster chlorination before increasing again in the
downstream sample. The shift to DXAAs was due to an increase in the species BCAA and
DBAA. The BIF decreased slightly or stayed the same indicating little change in speciation.
There was no evidence of HAA degradation.

Site 13 — Levels of THMs and HAAs were stable or slightly increased after booster chlorination
likely due to the low free chlorine levels present in the water (median of 0.30 mg/L).

The behaviour of THMs and HAAs was largely the same indicating little impact of bacteria. The
TXAA:DXAA ratio was high and generally did not decrease significantly after booster
chlorination indicating a large proportion of TXAA species with little change in speciation. The
BIF was slightly lower after booster chlorination again indicating little change in speciation.
There was an unusual occurrence in August and September with very high free chlorine levels
pre-booster chlorination (2.20 and 1.69 mg/L respectively) (Figures A4.17 and A4.18). After
booster chlorination these levels fell to 0.42 and 0.42 mg/L respectively indicating that booster
chlorination was not applied on those days where the water was sampled. The impact of this
was minimal in August but more significant in September where the THM and HAA levels were
much higher than the median for all of the samples (Table 11). Bromide levels were not
measured. The free chlorine residual was low (median of 0.33 mg/L).

Table 11 HAAs and THMs in August and September 2015 at Site 13
THM (ug/L) HAA (ug/L)

Median 45.63 26.90

B4 AF B4 AF
August 48.74 51.52 26.3 25.7
September 85.58 61.18 38.6 31.1

39



Site 16 - The behaviour of THMs and HAAs was largely different with the exception of February,
July and November 2015. There was no clear pattern for the THMs. The HAAs were often
stable after booster chlorination followed by a decrease in the downstream sample. This was
coupled with a large increase in the TXAA:DXAA ratio and a small increase in the BIF and a
significant decrease in DCAA indicating bacterial degradation. In January and February 2015,
the same type of behaviour is observed for HAAs — an increase after booster chlorination with
levels stable in the downstream sample. However in January the TXAA:DXAA ratio increases in
the DS sample with degradation of DCAA. In February the ratio does not change significantly
and the speciation does not change. Although the overall behaviour is the same, there is
evidence of biodegradation in January with the only difference observed being that the free
chlorine levels in the downstream sample in January are slightly lower and the total HAAs
higher in January compared to February 2015 (41.4 and 31.3 pg/L in the downstream samples
respectively). Similarly in November 2014 and November 2015, the increase in TXAA:DXAA
ratio was indicative of DCAA degradation likely by bacteria. In March 2015, there was no
evidence of degradation. The free chlorine residual levels were medium (median of 0.41 mg/L)
which was not consistent with historical data and the levels of THMs were higher than that of
the HAAs (medians of 43.0 and 35.3 pg/L respectively). The BIF not vary a lot likely due to the
low bromide levels (always <3 pg/L). Here the lower than expected free chlorine levels coupled
with the likely presence of bacteria has led to the ideal conditions for HAA degradation.

Site 18 — It should be noted that this site was fed by four different water treatment works. The
data for TOC, UV and bromide is taken as an average of measurements taken from the four
treatment works. The behaviour of THMs and HAAs was the same in four of the nine months
(January, February, March and June 2015) indicating little impact of bacteria. In these months
there was not a big variation in the TXAA:DXAA ratio but there was a slight increase in the BIF
perhaps due to the availability of bromide in the water (Br:TOC ratio ranges from 6.6 to 26.3).
During the other months the behaviour of THMs varied from month to month. The HAAs were
either stable or decreased after booster chlorination then remained stable downstream. In
November 2014 and September 2015 there was a decrease in THMs after booster chlorination
with levels remaining stable downstream. In April and May 2015, there was no change in the
TXAA:DXAA ratio but there was an increase in bromine incorporation. In July 2015 there was
an increase in TXAAs and bromine containing HAAs with the corresponding reduction in DXAAs
indicating a degree of bacterial degradation. In September 2015 the speciation changed to
DXAAs and the incorporation of bromine (BIF) increased with no net increase overall. The
residual chlorine levels were low (median of 0.39 mg/L). The median THM and HAA values
were 21.5 and 14.1 ug/L respectively). The average bromide levels were low (median of 12.5

Ho/L).

Site 19 - The behaviour of THMs and HAAs was the same in five of the nine months (November
2014, January, February, April and June 2015) indicating little impact of bacteria. There was no
decrease observed in DXAAs in any of the months and the small variations in the TXAA:DXAA
ratios are due to the variation in TXAAs. The bromide levels were low (median of 4 pg/L). The
residual chlorine levels were medium (median of 0.47 mg/L). The median THM and HAA values
were 18.4 and 12.7 pg/L respectively). There was no evidence of bacterial degradation of
HAAs. The bromide levels were low (median of 4.0 pg/L).

Site 20 - The behaviour of THMs and HAAs was the same in five out of seven months indicating
little impact of bacteria. THMs and HAAs generally did not increase after booster chlorination
but increased in the downstream sample. The free chlorine residual levels were medium
(median of 0.46 mg/L) and the levels of THMs was similar to that of the HAAs (medians of 19.4
and 18.1 pg/L respectively). The TXAA:DXAA did not vary a lot after booster chlorination or in
the downstream sample except in April and May 2015. The BIF barely varied at all except in
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April 2015 indicating little change in speciation. However in April 2015 the TXAA:DXAA ratio
increased after booster chlorination then decreased in the downstream sample. This was
coupled with a decrease in the BIF in the downstream sample with an overall decrease in
MBAA and TBAA. There was no evidence of HAA degradation. The bromide levels were
medium (median of 26.0 pg/L).

Site 21 - Levels of THMs and HAAs were stable or increased after booster chlorination likely
due to the low free chlorine levels present in the water (median of 0.26 mg/L). The behaviour of
THMs and HAAs was the same in six out of the nine months. Although levels of HAAs
increased in July 2015, there was a shift to DXAAs. All of the species increased but the TXAAs
increased more than the DXAAs. The BIF was always lower after booster chlorination again
indicating a shift to more chlorinated species. In January and February 2015 HAA levels fell
after booster chlorination perhaps due to the very low levels of free chlorine present (0.13 and
0.10 mg/L respectively in downstream samples) although the reduction in DXAAs indicates
there may have been some bacterial degradation of DXAAs. Indeed all species decreased
except TCAA but the DXAAs decreased the most. Levels of THMs were greater than HAAs with
median values of 46.6 and 24.4 ug/L respectively. The bromide levels were low (median of 17

Ho/L).

Site 22 - The behaviour of THMs and HAAs was not the same in any month indicating some
impact of bacteria. The behaviour of HAAs varied from stable (July and October 2015) to
decreasing after booster chlorination and then stable downstream (August 2015) or increasing
downstream (September 2015). Other variations included being stable after chlorination
followed by an increase in the downstream sample (December 2015) or increasing after booster
chlorination and stating the same in the downstream sample (January 2016). Where HAAs
decreased (August 2015) there was a reduction in all species but this was greater in DXAAs.
However when the HAAs decreased in September 2015 this was solely due to a decrease in
DXAAs. The reduction in DCAA and BCAA produced an increase in the HAA bromine
incorporation. Levels of THMs were stable or slightly increased after booster chlorination
whereas HAAs were more susceptible to a reduction likely due to bacterial degradation. Overall
the THMs were present at higher levels than the HAAs (medians of 32.9 and 23.9 pg/L
respectively). Bromide levels were low (median of 14.0 pg/L). No on-site measurements of
chlorine were carried out although historic data indicated
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Discussion
Impact of Water Character (Bromide, TOC, UV)

The formation of DBPs is heavily influenced by the organic character of the water and the
bromide level present in the water. Higher bromide concentrations give rise to a greater
proportion of brominated species in the DBPs. The influence of organic character is more
complex and different types of organics can promote formation of different DBPs For example
the precursors of trihalogenated HAAs and THMs are said to be similar and more hydrophobic
in nature whereas the precursors of dihalogenated HAAs are said to be more hydrophilic. One
measurement of hydrophobicity is SUVA — the specific UV absorbance of a sample at 254 nm
which is calculated by dividing the UV (/m) by the TOC (mg/L) of the sample. A higher value
indicated a greater amount of hydrophobic organic material. Here the UV, TOC, SUVA and
bromide levels are reported for each site as a range and median (Table 12).

Table 12 Water Character of each site — range [median]

TOC (mg/L)

SUVA (L/mg/m)

Bromide (ug/L)

1 2.0-5.6 [2.7] 1.8-3.2 [2.3] 0.77-1.96 [1.31]  9-23 [14]
3 2.1-3.4 [3.0] 1.5-2.4 [2.2] 0.96-1.63[1.37] 5-11 [9]

4 1.0-4.3[1.6] 0.8-3.5 [1.6] 0.45-1.80 [1.16] 3-31 [17]
6 1.7-3.0 [2.1] 0.9-1.9 [1.2] 1.19-2.22[1.94] 3-5[3]
7/8 2.0-4.8 [2.7] 1.1-3.1 [L.4] 1.42-2.05[1.84] Nd-7 [4]

9 2.8-4.6 [3.4] 1.9-2.7 [2.2] 1.33-1.81[1.56] 5-9 [6]

16 1.2-3.0 [1.8] Nd-1.6 [1.1] Nc-2.44 [1.61] Nd

18 0.7-1.0 [0.8] Nd-1.6 [0.9] Nc-1.32[0.84]  10-25 [13]
19 0.9-1.5 [1.1] Nd-1.4 [1.1] Nc-1.93[1.01]  3-7 [4]

20 1.4-1.7 [1.7] 0.9-2.3 [1.0] 0.69-1.96 [1.61] 19-84 [26]
21 2.6-3.4 [3.0] 1.7-2.5 [2.0] 1.34-1.63[1.38] 9-20 [17]
22 1.6-5.2 [2.2] 1.1-2.3 [L.4] 1.16-2.73 [1.56] 7-33 [14]

Note that there is no character data for sites 10, 11 and 13
Sites 7 and 8 share the source water

The values for site 18 are from an average of 4 source waters
The values for site 20 are from an average of 2 source waters
Nd- not detected

Nc — not calculable as TOC was below the limit of detection

The values reported are all for treated waters so, as expected, the TOC and UV and
corresponding SUVA values are relatively low. The median SUVA values are all less than 2
indicating that the remaining organic material is hydrophilic in nature (Edzwald and Tobiason,
1999). In some cases the TOC was below the limit of detection and in these cases further
formation of DBPs may be limited by the lack of organic matter present. The bromide present
will influence the incorporation of bromide into the THMs and HAAs. Bromide incorporation for
HAAs tends to be lower than for THMs due to steric hindrance. Bromide incorporation into
THMs and HAAs can also vary depending on pH with a higher pH (8.5 compared to 6.5) leading
to an increase in incorporation of 10% for THMs (Sohn et al., 2006).

For each site the TOC, UV and SUVA data were plotted against the HAAs and THMs formed to

determine any empirical relationships. A table of R? values, with the corresponding p values and
number of observation, n is presented (Table 13).
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Table 13 R squared, p values and number of observations, n, when
investigating regression lines between water quality (TOC, UV, SUVA) and

DBPs (THMs and HAAs) formed

R2
Site Parameter HAA THM HAA THM HAA THM
1 TOC 0.0308 0.126 0.627 0.284 10 11
uv 0.0127 0.0872 0.757 0.378 10 11
SUVA 0.0409 0.00217 0.575 0.892 10 11
3 TOC 0.058 0.112 0.533 0.417 9 8
uv 0.0245 0.00023 0.688 0.972 9 8
SUVA 0.00846 0.153 0.814 0.338 9 8
4 TOC 0.0667 0.00138 0.479 0.914 10 11
uv 0.145 0.0488 0.279 0.514 10 11
SUVA 0.119 0.0663 0.328 0.445 10 11
6 TOC 0.441 0.0473 0.0509 0.546 9 10
uv 0.565 0.350 0.0196 0.0717 9 10
SUVA 0.0541 0.0720 0.547 0.453 9 10
7&8 TOC 0.0455 0.0599 0.612 0.526 8 9
uv 0.361 0.217 0.116 0.206 8 9
SUVA 0.831 0.794 0.00162 0.0035 8 9
9 TOC 0.0396 0.343 0.608 0.0974 9 9
uv 0.108 0.376 0.388 0.0793 9 9
SUVA 0.182 0.00197 0.253 0.91 9 9
10 No TOC/uUV
data
11 No TOC/uUV
data
13 No TOC/uUV
data
16 TOC 0.379 0.473 0.0439 0.0135 11 12
uv 0.00000857 0.307 0.993 0.0615 11 12
SUVA 0.421 0.211 0.0308 0.133 11 12
18 TOC 0.0355 0.211 0.655 0.252 8 9
uv 0.128 0.143 0.385 0.355 8 9
SUVA 0.000155 0.0387 0.977 0.641 8 9
19 TOC 0.0126 0.0854 0.774 0.446 9 9
uv 0.0516 0.193 0.557 0.237 9 9
SUVA 0.0034 0.0131 0.882 0.77 9 9
20 TOC 0.169 0.0999 0.418 0.542 6 6
uv 0.205 0.377 0.367 0.195 6 6
SUVA 0.29 0.285 0.27 0.274 6 6
21 TOC 0.00028 0.000663 0.966 0.948 9 9
uv 0.00215 0.00162 0.906 0.918 9 9
SUVA 0.0358 0.00774 0.927 0.822 9 9
22 TOC 0.112 0.0000544 0.518 0.965 6 6
uv 0.116 0.126 0.509 0.489 6 6
SUVA 0.302 0.142 0.259 0.462 6 6
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The R? values were generally less than 0.5 with three exceptions showing that there was no
apparent relationship between the treated water TOC, UV or SUVA and the HAAs and THMs in
the distributed water for individual sites or for all of the sites together. The exceptions are the
regression between HAA formation and UV for site 6 (Figure 2) where the R? is 0.565 and the p
value is less than 0.05 indicating that the relationship is significant although the low number of
observations should be taken into account. A convincing relationship between THM formation
and SUVA (R? = 0.831, p < 0.05) and HAA formation and SUVA (R? = 0.727, p < 0.05) was
observed for sites 7 and 8 (Figure 3). These sites and the link between them are described on
page 21 at the bottom of Table 7. TOC, UV and SUVA are gross indicators of the organic
compounds in the water not all of these compounds necessarily result in the formation of THMs
and HAAs. More specifically TOC is an indicator of mass organic substance and does not
differentiate between the various chemical compounds that make up the DBP precursors
(Consonery et al., 2004).
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Figure 3 Sites 7&8 HAAs (blue) and THMs (orange) vs SUVA

The bromide measured in the treated water samples was plotted against the bromine
incorporation factor for each site but again this did not indicate any relationship between the two
variables likely due to the influence of other parameters such as pH and TOC:Bromide ratio.
The low levels of bromide present for many of the sites is likely to have contributed to this lack
of relationship.
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Effect of disinfectant concentration on THMs and HAAsS

The rate of formation, extent and distribution of DBPs are affected by the chlorine dose and
residual. At relatively low doses (such as those applied in water treatment) substitution
reactions dominate, whereas at high doses, oxidation and cleavage reactions dominate
(Johnson and Jensen, 1986). This observation suggests that in addition to forming greater
amounts of DBPs, changes in DBP speciation are also expected with increasing chlorine
dosage (Baribeau et al., 2006). For example, higher doses and residuals favour the formation of
HAAs over THMs. In addition, higher chlorine doses result in a greater proportion of TXAAs
compared to DXAAs (Krasner, 1999). An analysis of a large US study observed that the change
in DBP concentrations were strongly associated with finished water total chlorine residual in the
systems using free chlorine in distribution (Obolensky and Frey, 2002). Concentrations of THMs
and HAAs increased with finished water total chlorine residual in the free chlorinated systems.
Here the change in DBPs was not strongly associated with the free chlorine residual
concentrations perhaps due to the lower levels of chlorine used here compared to the US
studies where residuals can be as high as 7 mg/L.

Here we found that largely concentrations of THMs exceeded those of HAAs with the
exceptions occurring in the spring/summer months although the median concentrations of both
over the period sampled were often very similar.

A study of five distribution systems in the US was carried out (Speight and Singer, 2005). They
reported that in all five case studies, loss of residual chlorine was a necessary condition for the
degradation of HAAs. However, loss of chlorine alone was not sufficient to ensure a decrease in
HAA concentrations. It was clear that hydrodynamic factors and temperature clearly played a
role in the degradation of HAAs, if only indirectly, by causing conditions that are favourable (or
unfavourable) to chlorine decay and biological activity. They concluded that the degradation of
HAAs was a site-specific occurrence, depending on residual chlorine concentrations at various
locations in the system and temperature, both of which affect microbial colonisation.

Conditions of degradation

Each distribution system is complex and the water will have a range of ages depending on the
time of day, season and demand. In order to discern where the chlorine and bacteria may be
having an impact on HAA behaviour, the THM and HAA behaviour at the same time point was
compared. Where the behaviour was the same, it was determined that the impact of bacteria on
HAAs was minimal. Where the behaviour varied, it was possible to determine whether this was
due to the impact of bacteria, impact of the pipe material or the impact of free chlorine
concentration by looking at the speciation and variation in the HAAs.

Seven sites out of the sixteen investigated had evidence of bacterial degradation of HAAs but

this did not happen consistently throughout the year. The conditions where degradation did
occur are summarised (Table 14).
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Table 14 Conditions where HAA degradation was observed
Month pH Free Upstream Temperature

observed chlorine chlorine °C)
(mg/L) residual
mg/L
1 Nov 2015 8.3 0.36 0.30 13.1
3 Jul 2015 7.9 0.48 0.65 18.1
Aug 2015 8.1 0.40 0.55 17.7
Sep 2015 8.3 0.47 0.81 15.7
9 Nov 2014 7.6 0.20 0.08 11.3
Jul 2015 7.7 0.08 0.56 11.8
16 Nov 2014 84 0.58 0.52 11.5
Jan2015 7.4 0.35 0.54 8.5
Nov 2015 6.5 0.55 0.42 11.0
18 Jul 2015 7.5 0.23 0.31 15.3
21 Jan 2015 9.1 0.13 0.16 9.5
Feb 2015 8.6 0.10 0.28 6.3
22 Sep 2015 Not available

Of the sites where degradation of HAAs was observed, this was solely attributed to bacterial
degradation of HAAs. There was no evidence of abiotic degradation by iron pipes which is
characterised by a reduction in trihalogenated species. The majority of studies on DBPs in
distribution have been carried out in the US where chlorine residuals tend to be higher (up to 7
mg/L) and in the range 3-7 mg/L free chlorine, DBPs were observed to increase (Krasner et al.,
1989; Nieminski et al., 1993; Singer et al., 1995) whereas at levels between 0.5 and 1.5 mg/L
DBPs were often observed to decrease (LeBel et al., 1997; Chen and Weisel, 1998). Here we
have observed decreases in HAAs at free chlorine concentrations ranging from 0.08 — 0.58
mg/L. It has been shown that HAA degrading bacteria can live and thrive in areas with a range
of chlorine concentrations, pH and temperatures (Hozalski et al., 2010). There was no clear
pattern here in terms of pH and temperature but the degradation did often occur in consecutive
months indicating that the HAA degrading bacteria, once established, were able to maintain
their population. It is not clear what the factors are that cause the population to then become
ineffective.
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Conclusions

Levels of THMs and HAAs were stable or slightly increased (up to 16.68%) after booster
chlorination. When considering all of the data collected over the time period, the increase in
THMs after booster chlorination was statistically significant at the 95% confidence level when
comparing the means. The increase was small (just over 10%). The change in HAAs after
booster chlorination was not significant at the 95% confidence level.

In agreement with previous researchers (Speight and Singer, 2005) it can be concluded that the
degradation of HAAs following booster chlorination is a site-specific occurrence, depending on
residual chlorine concentrations at various locations in the system and temperature, both of
which affect the colonisation of HAA degrading bacteria. Degradation of HAAs was observed in
a number of locations whereas THM degradation did not occur to any significant degree

The reduction in HAA concentrations observed here might have gone unnoticed in typical
sampling programs currently used by water utilities. The discovery of notable phenomena such
as HAA degradation leading to spatial and temporal variations in HAA concentrations can be
attributed to the comprehensive sampling carried out over a period of time on a month-by-month
basis. Such a sampling programme would be required to determine distribution systems where
degradation of HAAs may occur and this should not be restricted to locations where booster
chlorination is carried out. Should HAAs be regulated in the EU and the UK in the future, this
further degree of understanding may be useful.
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Appendix 1

Categ ory 1 Sites Median values of chlorine, colony counts (CC), E.Coli and Coliforms

over each one year period.

Water Site Year | CC | Cl, Cl, Water | E. Coliforms
Company (mg/L) | type | Type | Coli
3 F 2012 | 0 0.05 Total | SW 0 0
D 2013 |0 0.07 Total | MW 0 0
F 2013 |0 0.03 Total | SW 0 0
5 A 2009 | 0 0.09 Free | ND 0 0
B 2009 | 0 0.075 | Free | ND 0 0
C 2009 | 0 0.08 Free | ND 0 0
D 2009 | 0 0.04 Free | GW 0 0
E 2009 | 0 0.04 Free | GW 0 0
F 2009 | 0O 0.04 Free | ND 0 1
A 2010 |0 0.09 Free | ND 0 0
B 2010 |0 0.08 Free | ND 0 0
C 2010 |0 0.07 Free | ND 0 0
D 2010 |0 0.04 Free | GW 0 0
E 2010 |0 0.04 Free | GW 0 0
F 2010 |0 0.04 Free | ND 0 0
A 2011 |0 0.1 Free | ND 0 0
B 2011 |0 0.07 Free | ND 0 0
C 2011 |0 0.06 Free | ND 0 0
D 2011 |0 0.03 Free | GW 0 0
E 2011 |0 0.03 Free | GW 0 0
F 2011 |0 0.03 Free | ND 0 0
A 2012 | 0 0.09 Free | ND 0 0
B 2012 | 0 0.07 Free | ND 0 0
C 2012 | 0 0.07 Free | ND 0 0
D 2012 |0 0.04 Free | GW 0 0
E 2012 | 0 0.04 Free | GW 0 0
F 2012 | 0 0.04 Free | ND 0 0
B 2013 |0 0.09 Free | ND 0 0
C 2013 |0 0.1 Free | ND 0 0
D 2013 |0 0.06 Free | GW 0 0
E 2013 |0 0.07 Free | GW 0 0
F 2013 |0 0.05 Free | ND 0 0
16D E 2009 | 0 0.1 Free | SW 0 0
A 2009 | 0 0.09 Free | MW 0 0
E 2010 |0 0.07 Free | SW 0 0
16E G 2009 | 0 0.05 Free | SW 0 0
16l B 2009 | 0 0.09 Free | MW 0 0
B 2010 |0 0.08 Free | MW 0 0
16J A 2009 | 0 0.051 | Free | MW 0 0
7 E 2009 | 0 0.1 Free | SW 0 0
F 2009 | 0 0.05 Free | SW 0 2
D 2010 |0 0.085 | Free | MW 0 0
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F 2010 |0 |0.06 Free | SW 0 0
F 2011 |0 |[0.02 Free | SW 0 0
D 2012 |1 |0.04 |Free |MW |0 0
F 2012 | O 0.08 Free | SW 0 0
D 2013 | 0.5 | 0.08 Free |MW |0 0
Category 2 Sites
Water Site Year | CC | Cl, Cl, |Water |E.Coli | Coliforms
Company (mg/L) | type | Type
25C A 2011 | 44.5]0.34 Free | SW 0 0
A 2012 |48 |0.33 Free | SW 0 0
B 2012 | 9 0.35 Free | SW 0 0
A 2013 |17 |0.39 Free | SW 0 0
B 2013 |10 |0.38 Free | SW 0 0
F 2013 | 17.5|0.29 Free | GW 0 0
G 2013 |29 |0.34 Free | SW 0 0
25A B 2010 |5 0.27 Free | SW 0 0
C 2011 | 12.5]0.34 Free | SW 0 0
C 2012 |25 |0.34 Free | SW 0 0
D 2013 | 8 0.36 Free | SW 0 0
E 2013 |11 |04 Free | SW 0 0
F 2013 |11 | 0.285 | Free | SW 0 0
25B G 2012 | 20.5|0.315 | Free | ND 0 4
G 2013 |15 |04 Free | ND 0 0
H 2013 | 10.5|0.39 Free | ND 0 0
12A B 2011 | 10.5]0.48 Free | SW 0 1
16G A 2010 |75 |0.31 Free | MW 0 0
16F A 2009 |42 |0.24 Free | SW 0 0
F 2009 | 20.5 | 0.26 Free | MW 0 0
16D F 2013 |9 0.3 Free | SW 0 0
16B H 2009 | 14 |0.23 Free | SW 0 0
H 2010 | 10.5| 0.235 | Free | SW 0 0
H 2011 |5 0.19 Free | SW 0 0
16A D 2009 | 15.5|0.16 Free | SW 0 0
D 2010 |9 0.195 | Free | SW 0 0
4C C 2012 | 8.5 |0.245 | Free |ND 0 0
1 E 2012 |34 |0.14 Free | SW 0 0
3 D 2012 | 10.5| 0.055 | Total | MW 0 0
7 D 2011 | 5 0.065 | Free | MW 0 0
19 G 2013 |95 |0.51 Free | MW 0 0
Category 3 Sites
| Water | Site | Year [CC[Cl, |Cl, |Water |E. | Coliforms |




Company (mg/L) | type | Type | Coli
1 F 2009 |0 |[0.735 | Total | SW 0 0
F 2010 |0 1.02 Total | SW 0 0
4C A 2010 |0 [ 0.955 | Free | GW 0 0
4E G 2011 |0 |0.71 Free |[MW |0 0
G 2013 |0 |[0.705 |Free |[MW |0 0
12A G 2013 |0 |0.71 Free | ND 0 0
12B A 2009 |0 |0.7 Free | SW 0 0
D 2009 | 0 0.7 Free | SW 0 0
A 2010 |0 |0.85 Free | SW 1 2
D 2010 |0 |0.815 | Free | SW 0 1
A 2011 |0 0.7 Free | SW 0 0
A 2013 |0 |0.745 | Free | SW 0 0
Category 4 Sites
Water Site Year | CC |Cl; Cl, | Water | E. | Coliforms
Company (mg/L) | type | Type | Coli
19 F 2009 | 15.5| 0.97 Free | SW 0 0
F 201011 |o0.88 Free | SW 0 0
F 2011 |75 |0.74 Free | SW 0 0

Sites with Coliforms or E.Coli present in the mains water

(N/A sites)

Water Site Year | CC | Cl, Cl, Water | E. Coliforms
Company (mg/L) | type | Type | Coli
16E E 2013 |0 0.3 Free | MW 1 15
12A I 2012 | 0 0.22 Free | SW 10 |11
7 B 2012 | 0 0.32 Free | SW 0 4
7 B 2013 |0 0.32 Free | SW 0 1
5 F 2009 |0 |0.04 |Free |ND 0 1
23 A 2011 |0 |0.625 | Total | ND 1 1
19 D 2009 |0 |[0.59 |Free |SW 0 1
20 F 2013 |0 |0.685 |Free |[SW |O 1




Graphs of Colony Counts and Chlorine Residual for each

site
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Appendix 2

DRINKING WATER INSPECTORATE
Area 7E, 9 Millbank

c/o Nobel House

17 Smith Square

London SW1P 3JR

guardians of drinking water quality Direct Line:

Mobile:
Enquiries:

E-mail:
DWI Website: http://www.dwi.gov.uk

DWI Ref.: WT1291

XX April 2014
Dear Day to day contacts

Request for assistance with DWI research project

The purpose of this letter is to seek your assistance with a DWI funded project about
disinfection by-products (DBP’s) in distribution.

Regulated and measured at consumer taps, and formed by the reaction of chemical
disinfectants with organic matter found naturally in source water, disinfection by-products and
the control of these have been studied for years.

Both public and private drinking water regulations in England and Wales require the owner /
operator of a drinking water supply to design, control and maintain every disinfection process to
minimise disinfection by-products without compromising the effectiveness of the disinfection
process.

Typically, chemical disinfectants are added to drinking water at treatment works. However,
where the distribution network is extensive it is sometimes necessary to add or boost
disinfectant concentrations in the network to ensure a residual level of disinfectant reaches the
farthest point of the network.

DW!I recently awarded Cranfield University a contract to carry out work to help understand more
about the formation of disinfection by-products in drinking water across England and Wales
where the water is subject to booster chlorination in distribution.

This work will help inform water companies risk assessments and contribute to best practice for
management of disinfection by products, in support of the Inspectorate’s role in ensuring water
supplies remain safe and compliant with legislation.

We would greatly appreciate your assistance with this project, which involves providing
information about the location of booster units within your company (as per the table below) to
enable the selection of sites that will be studied for a period of one year. Selected sites would
be sampled once per month over one year. The project team would be grateful for any support
during the study period and we look forward to working collaboratively to better understand the
nature of DBP formation where booster chlorination is practiced should any of your units / sites
be selected for further study.

QUESTION RESPONSE

Do you practice booster chlorination in
your distribution systems? (If yes, please
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answer the questions below for each
location where booster chlorination is
used)

Where is booster chlorination used?
(Location)

Why do you use booster chlorination in
these locations?

Is there a set point for residual chlorine
after the booster chlorination is
implemented?

What data is available that is associated
with booster chlorination? (e.g. chlorine
residual data, THM data, water age)

What information on the associated
treatment works is available? (e.g.
source water data, treatment processes,
extent of blending with other sources /
supplies)

Who would be the person to contact to
access this information and, in the event
that the location is selected for sampling,
the contact to arrange sampling?

Do you know where the sampling
locations are in relation to the booster
chlorination and do you have time to
enable a member of Cranfield staff to
access these locations. Note that
sampling will be carried out monthly over
1 year.

Please respond to ...... (of Cranfield University) using

_or using the above email address,

either; giving your company’s support for this work and agreement to assist where needed; or,
otherwise, including the response to the table of questions.

As usual, the names of companies and the sites studied will be anonymised in any published

reports.

Please don’t hesitate to contact me if you have any queries regarding this letter.

Yours sincerely

Inspector
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Appendix 3

Summary of WTW and Zonal data

Company Data type | Year
2009 2010 2011 2012 2013
20 (WTWs) | Coliform 0 0 0
E. Coli 0 0 0
Colony All <10 All <10 All <10
counts (3 except 3
days, samples
22°C) (52,42,74)
Colony All <10 All <10 All <10
counts except 1 except 4
(48 hours, sample samples
37°C) (300) (12,24,18,
84)
Free Cl, 0.35-0.86 0.48-0.77 | 0.51-0.82
(mg/L) [0.60] [0.62] [0.64]
20 (Zones) | THMs 47-75 44-99 42-96 [57] 50-93 32-73 [59.8]
(ug/L) [52.5] [53.5] [75.4]
Free Cl, 0.05- 0.02-0.50 | 0.02-0.38 0.02-0.45 | 0.01-0.57
(mg/L) 0.48 [0.20] [0.16] [0.17] [0.12]
[0.16]
25 (WTWs) | Coliform 0
E. Coli 0
Colony All <10
counts (3 | except 3
days, samples
22°C) (15,11,2
1)
Colony All <10
counts except 1
(48 hours, | sample
37°C) (13)
Free CI2 | 0.25-
(mg/L) 0.66
[0.46]
THMs 9-52 10-47 14-51 [44.4] | 10-49 9-49 [21.3]
(ug/L) [25.4] [27.2] [15.8]
Free CI2 | 0.07- 0.02-0.45 | 0.07-0.49 0.12-0.45 | 0.20-0.51
(mg/L) 0.43 [0.25] [0.23] [0.24] [0.32]
[0.17]
12 (Zone) THMs 23-56 22-61 23-58 [36.1] | 26-53 23-57 [37.4]
(ug/L) [38.3] [36.5] [36.4]
Free CI2 | 0.04- 0.02-0.71 | 0.02-1.24 0.03-1.08 | 0.19-1.26
(mg/L) 1.01 [0.37] [0.38] [0.41] [0.51]
[0.39]
3 (WTW) Coliform 0 0
E. Coli 0 0
Colony All <10 All <10
counts (3 except 1
days, sample (27)
22°C)
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Colony All <10 All <10
counts

(48 hours,

37°C)

Free CI2 0.32-0.48 | 0.29-0.45
(mg/L) [0.39] [0.37]

Grey boxes are where no data was available
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Appendix 4

Seasonal data for THMs and HAAS
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Figure A4.1 Site THMs, Temperature, Free Chlorine and Bromide from October 2014 to
November 2015.
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Figure A4.2 Site 1 HAAs, Temperature, Free Chlorine and Bromide from November 2014 to
November 2015.
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Figure A4.3 Site 3 THMs, temperature, Free chlorine and bromide from January 2015 to

September 2015. Note that surprisingly the THMs measured in May 2015 were below the limit

of detection.
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Figure A4.4 Site 3 HAAs, temperature, Free chlorine and bromide from January 2015 to
September 2015.
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Figure A4.5 Site 4 THMs, temperature, Free Chlorine and Bromide from October 2014 to
September 2015
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Figure A4.6 Site 4 (HAAs, temperature, Free Chlorine and Bromide from November 2014 to
September 2015
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Figure A4.7 Site 6 THMs, Temperature, Free Chlorine and Bromide from October 2014 to July
2015. Note that the level of THMs reported in November is for Total THMs. No speciation data
was provided by the laboratory.
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Figure A4.8 Site 6 HAAs, Temperature, Free Chlorine and Bromide from November 2014 to
July 2015.
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Figure A4.9 Site 7 and and Site 8 THMs, Temperature, Free Chlorine and Bromide from
October 2014 to July 2015. Note that the level of THMSs reported in February did not include
TCM, which is the major component, the reasons for this are not clear. Refer to the note
immediately after Table 6 for a description of the link between these two sites.
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Figure A4.10 Site 7 and and Site 8 HAAs, Temperature, Free Chlorine and Bromide from
November 2014 to July 2015. Refer to the note immediately after Table 6 for a description of the
link between these two sites.

s



(2]
o
)

1
o
(o]

o
E’/SO | + L 0.7 = TBM
2 = DBCM
© + - 0.6 5
2 40 - - S =BDCM
L S
E 0.5 S mTCM
,_-|:30 i L 0.4 -g A Bromide
> = Temperature
! 035 CTemperau
% 20 - 8 +Free chlorine
E - 0.2 L
w 10 - 0.1
=
E 0 -0

Figure A4.11 Site 9 THMs, Temperature, Free Chlorine and Bromide from October 2014 to July
2015. Note that no temperature measurement was available for November 2014
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Figure A4.12 Site 9 HAAs, Temperature, Free Chlorine and Bromide from November 2014 to
July 2015. Note that no temperature measurement was available for November 2014
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Figure A4.13 Site 10 THMs, Temperature and Free Chlorine from October 2014 to November
2015. Note: no Bromide data available
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Figure A4.14 Site 10 HAAs, Temperature and Free Chlorine from November 2014 to November
2015. Note: no Bromide data available
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Figure A4.15 Site 11 THMs, Temperature and Free Chlorine from November 2014 to March
2015. Note: no Bromide data available
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Figure A4.16 Site 11 HAAs, Temperature and Free Chlorine from November 2014 to March
2015. Note: no Bromide data available
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Figure A4.18 Site 13 HAAs, Temperature and Free Chlorine from November 2014 to November

2015. Note: no Bromide data available
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Figure A4.19 Site 16 THMs, temperature, Free chlorine and bromide from October 2014 to
November 2015
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Figure A4.20 Site 16 HAAs, Temperature, Free Chlorine and Bromide from November 2014 to
November 2015
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Figure A4.21 Site 18 THMs, Temperature, Free Chlorine and Bromide from November 2014 to
September 2015 Note: No Temperature or Free Chlorine data available for April 2015. Note that
the site is fed from 4 separate treatment works with the averaged data for water quality shown
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Figure A4.23 Site 19 THMs, temperature, Free Chlorine and Bromide from October 2014 to
September 2015 Note: No Temperature or Free Chlorine data available for April 2015

25 - - 0.7
o
° + - 06 TBAA
220 = DBCAA
o o - 05 3
() . 1
& . + n i n < =BDCAA
S
3 15 E  mDBAA
2 15 + N ® loay
- . £ mTCAA
(o)) o
L = mBCAA
ol 0 . | =
o . - © mDCAA
i o
E - 02T  mMmBAA
5 5 = MCAA
< - 0.1 ]
< A Bromide
T
0 0 © Temperature
g Q{\ +Free chlorine
\\e,@ \é‘ S J v <@
$o 3 %e,Q

Figure A4.24 Site 19 HAAs, Temperature, Free Chlorine and Bromide from November 2014 to
September 2015 Note: No Temperature or Free Chlorine data available for April 2015
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Figure A4.25 Site 20 THMs, Temperature, Free Chlorine and Bromide from February 2015 to
September 2015 Note: no bromide data was available for July for Bromide. For September
2015, the Bromide value was 118 pg/L but is not shown on the graph to allow the THM data to
be seen more easily. For May 2015, the laboratory did not report a result for DBCM.
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Figure A4.26 Site 20 HAAs, Temperature, Free Chlorine and Bromide from February 2015 to
September 2015 Note: no bromide data was available for July for Bromide. For September
2015, the Bromide value was 118 pg/L but is not shown on the graph to allow the HAA data to
be seen more easily.
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Figure A4.27 Site 21 THMs, Temperature, Free Chlorine and Bromide data from December
2014 to November 2015. Note: samples are from after booster chlorination as no samples were
taken prior to booster chlorination.
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Figure A4.28 Site 21 HAAs, Temperature, Free Chlorine and Bromide data from December
2014 to November 2015. Note: samples are from after booster chlorination as no samples were
taken prior to booster chlorination.
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Figure A4.29 Site 22 THMs and Bromide data from July 2015 to January 2016. Note: no
chlorine or temperature data was available. The level of THMs reported in July is for Total
THMs. No speciation data was provided.
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Figure A4.30 Site 22 HAAs and Bromide data from July 2015 to January 2016. Note: no
chlorine or temperature data was available.
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United Kingdom Accreditation Service

ACCREDITATION CERTIFICATE

UKAS

UNITED
KINGDCO
ACCREDITATIC

SERVICE

TESTING LABORATORY
No. 4409

ALS Environmental Ltd - Wakefield

is accredited in accordance with the recognised International Standard ISO/IEC 17025:2005
General Requirements for the competence of testing and calibration laboratories.

This accreditation demonstrates technical competence for a defined scope as detailed in and at the locations
specified in the schedule to this certificate, and the operation of a laboratory quality management system (refer
joint ISO-ILAC-IAF Communiqué dated January 2009).

The schedule to this certificate is an essential accreditation document and from time to time may be revised and
reissued by the United Kingdom Accreditation Service. The most recent issue of the schedule of accreditation,
which bears the same accreditation number as this certificate, is available from the UKAS website
www.ukas.com.

This accreditation is subject to continuing conformity
with United Kingdom Accreditation Service requirements. The absence of a schedule on the UKAS website
indicates that the accreditation is no longer in force

/i)

S
Accreditation Manager, @teo‘ Kingdom Accreditation Service

Initial Accreditation date This certificate issued on
31 March 2010 08 February 2013

UKAS is appointed as the sole national accreditation body for the UK by The Accreditation Regulations 2009 (S1 No 3155/2009) and
operates under a Memorandum of Understanding (Mol) with the Department for Business, Innovation and Skills (BIS).
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United Kingdom Accreditation Service

ACCREDITATION CERTIFICATE

UKAS

UNITED

“SERVICE

TESTING LABORATORY
No. 1314

ALS Environmental Ltd - Coventry

is accredited in accordance with the recognised International Standard ISO/IEC 17025:2005
General Requirements for the competence of testing and calibration laboratories.

This accreditation demonstrates technical competence for a defined scope as detailed in and at the locations
specified in the schedule to this certificate, and the operation of a laboratory quality management system (refer
joint ISO-ILAC-IAF Communiqué dated January 2009).

The schedule to this certificate is an essential accreditation document and from time to time may be revised and
reissued by the United Kingdom Accreditation Service. The most recent issue of the schedule of accreditation,
which bears the same accreditation number as this certificate, is available from the UKAS website
www.ukas.com.

This accreditation is subject to continuing conformiity
with United Kingdom Accreditation Service requirements. The absence of a schedule on the UKAS website
indicates that the accreditation is no longer in force.

A
Accreditation Manager, United Kingdom Accreditation Service

58 S

Initial Accreditation date This certificate issued on
14 January 1993 08 February 2013

UKAS is appointed as the sole national accreditation body for the UK by The Accreditation Regulations 2008 (S| No 3155/2008) and
operates under a Memorandum of Understanding (MoU) with the Department for Business, Innovation and Skills (BIS).
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United Kingdom Accreditation Service

ACCREDITATION CERTIFICATE

UKAS

UNITED
KINGDOM
ACCREDITATION
SERVICE

TESTING LABORATORY
No. 4398

ALS Environmental Ltd - Coventry

is accredited in accordance with the recognised International Standard ISO/IEC 17025:2005
General Requirements for the competence of testing and calibration laboratories.

This accreditation demonstrates technical competence for a defined scope as detailed in and at the locations
specified in the schedule to this cerlificate, and the operation of a laboratory quality management system (refer
joint ISO-ILAC-IAF Communiqué dated January 2009).

The schedule to this certificate is an essential accreditation document and from time to time may be revised and
reissued by the United Kingdom Accreditation Service. The most recent issue of the schedule of accreditation,
which bears the same accreditation number as this certificate, is available from the UKAS website
www. ukas.com.

This accreditation is subject to continuing conformity

with United Kingdom Accreditation Service requirements. The absence of a schedule on the UKAS website
indicates that the accreditation is no longer in force.

N ” - ?
I/u ; l“;r?(',l'.
g Ol

Accreditation Managgi’u‘rﬂgi_&ngdem Accreditation Service :

Initial Accreditation date This certificate issued on
03 March 2010 08 February 2013

UKAS is appointed as the sole national accreditation body for the UK by The Accreditation Regulations 2009 (S| No 3155/2008) and
operates under a Memorandum of Understanding (MoU) with the Department for Business. Innovation and Skills (BIS).
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service
2 Pine Trees, Chertsey Lane, Staines-upon-Thames, TW18 3HR, UK

o

ALS Environmental Ltd

Wakefield

Issue No: 072

Issue date: 16 November 2016

UKAS Unit 11, Silkwood Park
Ul Janes Hill
4409 :
Off Albert Drive
Accredited to Wakefield
ISO/IEC 17025:2005 | WF5 9TG

Contact: Mr J Mace

Tel: +44 (0)1924 818108

Fax: +44 (0)1924 818101

E-Mail: jonathan.mace{@alsglobal.com

Website: www.alsenvironmental.co.uk

Testing performed at the above address only

Materials/Products tested

DETAIL OF ACCREDITATION

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Technigues used

WATERS:
Potable and Raw waters

Potable and Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS)

Chemical Testing

Phenaols:
2,3-Dichlorophenal
2,3-Xylenol
2.4.,5-Trichlorophenol
2,4,6-Trichlorophenol
2,4-Dichloraphenal
2,4-Xylenol

2,5-Xylenol
2,6-Dichlorophenol
2,6-Xylenol
2-Chloreo-4-Methylphenol
2-Chlorophenol
3,4-Xylenol

3,5-Xylenol
3-Chloro-4-Methylphenol
3-Chlorephenaol
4-Chloro-2-Methylphenol
2-Chloro-5-Methylphenol
4-Chlorophenol
2-Methylphenol
3-Methylphenol
4-Methylphenol

Phenol

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable

WPC34 using
Pentafluorobenzoylation and Gas
Chromatography/Mass Spectrometry

Assessment Manager: KW

Page 1 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw waters

Potable and Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)

Taste and Odour compounds:
2,3,4-Trichloroanisole
2,3-Dichlorophenol
2,4,5-Trichlorophenol

2,4 6-Tribromoanisole
2,4,6-Tribromophenol

2,4, 6-Trichloroanisole
2,4,6-Trichlorophenol
2,4-Dibromophenol
2.4-Dichlorophenal
2,6-Dibromophenol
2,6-Dichloraphenal
2-Bromophenol
2-Chloroanisole
2-Chlorophenol
2-Isobutyl-3-methoxypyrazine
2-lsopropyl-3-methoxypyrazine
3-Chloroanisole
4-Chloroanisole

THMs and other VOCs:
1,1,1-Trichloroethane
1,1- Dichloroethane
1,2-Dichloroethane
1,4-Dichlorobenzene
Benzene
Bromodichloromethane
Bromoform

Carbon Tetrachloride
Chlorodibromomethane
Chloroform
Dichloromethane
Ethylbenzene
mé&p-Xylene

MTBE

o-Xylene
Tetrachloroethene
Trichloroethene

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPC36 using Liguid-Liquid
Extraction And Detection By Gas
Chromatography With Mass
Spectrometric Detection

WPC28 using Headspace Gas
Chromatography with MS Detection

Assessment Manager: KW

Page 2 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw waters

Potable and Raw waters

Potable and Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)

PAHs:

Benzo (b) fluoranthene
Benzo(k)flucranthene
Benzo(ghi)perylene
Benzo(a)pyrene
Fluoranthene
Indeno(1,2,3-cd)pyrene

Polar herbicides:
2,3,6-Trichlorobenzoic acid
2,45-T

2,4,5-TP (Fenoprop)
24-D

2,4-DB

2,4-DP (Dichloroprop)
Asulam

Benazolin
Bentazone
Bromoxynil
Clopyralid

Dicamba

Fluroxypyr
Imazapyr

loxynil

Dinoseb

MCPA

MCPB

MCPP (Mecoprop)
Pentachlorophenol
Picloram
Propamocarb
Iprodione

Triclopyr

Acrylamide

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPC27 using HPLC

WPC45 using LCMSMS

WPC53 using HPLCMSMS

Assessment Manager: KW

Page 3 of 18

94



Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw Waters

Potable and Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)

Vinyl Chloride

Polar pesticides:
Atrazine
Boscalid
Bromacil
Carbaryl
Carbetamide
Chlerbufam
Chloridazon
Chlerpropham
Chlorpyriphos-Ethyl
Chlorpyriphos-Methyl
Chlortoluron
Clomazone
Cyanazine
Cyproconazole
Diazinon
Difenocconazole
Diflufenican
Diuron

EPTC
Epoxiconazole
Fluazifop-Butyl
Flufenacet
Flurtamone
Flusilazole
Flutrifol
Isoproturon
Kresoxim-Methyl
Linuron
Metoxuron
Tebuconazol
Simazine
Trietazine
Monuron
Propham
Prosulfocarb

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPCB3 using Headspace GC-MS
QQQ

WPC43 using direct aqueous
injection with on-line solid phase
extraction analysed by Triple
Quadrupole LC/MS/MS

Assessment Manager: KW

Page 4 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw waters (cont'd)

Potable and Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)

Polar pesticides: (cont'd)
Quinmerac
Oxadixyl
Flusilazole
Metalaxyl
Triallate
Metazachlor
Pendimethalin
Propachlor
Propiconazole
Propyzamide
Metaldehyde

Organochlorine pesticides,
polychlorinated biphenyls and
selected non-polar organic
compounds:
1,2,4-Trichlorobenzene
Hexachlorobutadiene
Dichlobenil

alpha-HCH

beta-HCH
Hexachlorobenzene
gamma-HCH

delta-HCH

Chlorothalonil

Heptachlor

Aldrin

Isodrin

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPC43 using direct agueous
injection with on-line solid phase
extraction analysed by Triple
Quadrupole LC/MS/MS (cont'd)

WPCS50 using solvent extraction
and GCMSMS

Assessment Manager: KW

Page 5 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw waters (cont'd)

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)

Organochlorine pesticides,
polychlorinated biphenyls and
selected non-polar organic
compounds (cont'd)
cis-Heptachlor Epoxide
trans-Heptachlor Epoxide
o,p’-DDE
alpha-Chlordane
alpha-Endosulphan
p.p-DDE

Dieldrin

o,p-TDE

Endrin
beta-Endosulphan
p,p-TDE

o,p-DDT

p,p-0DDT

Methoxychlor
Parathion-Ethyl

Phorate
Carbophenothion
Tecnazene

Trifluralin

Fenitrothion
cis-Permethrin
Fluazifop-Butyl
trans-Permethrin

PCB 28

PCB 52

PCB 101

PCB 118

PCB 153

PCB 138

PCB 180

Cyfluthrin

Cypermethrin
Fenvalerate

Deltamethrin
Trans-chlordane

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPCS50 using solvent extraction
and GCMSMS (cont'd)

Assessment Manager: KW

Page 6 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw waters (cont'd)

Potable and Raw waters

Potable And Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)

Organochlorine pesticides,
polychlorinated biphenyls and
selected non-polar organic
compounds (cont'd)
Chlorthal-dimethyl

Fenthion

Parathion-ethyl
Parathion-methyl
Pentachlorobenzene
Terbuthylazine

Pesticides:
Chlormequat
Diquat
Paragquat
Mepiquat

Pesticides:
Aldicarb
Ametryn
Azinphos-methyl
Carbendazim
Chlorfenvinphos
Demeton-s-methyl
Dichlorvos
Dimethoate
Disulfoton
Ethofumesate
Fenpropidin
Fenpropimorph
Fonofos
Malathion
Metamitron

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPCS50 using solvent extraction
and GCMSMS (cont'd)

WPCS1 by LCMSMS

WPC46 using LCMSMS

Assessment Manager: KW

Page 7 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable And Raw waters (cont'd)

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)

Pesticides: (cont'd)
Methabenzthiazuron
Methiocarb
Mevinphos
Phosalone
Pirimicarb
Pirimiphos-methyl
Prometryn
Propazine
Propetamphos
Terbutryn
Triadimefon
Triazophos
Atrazine-desethyl
Atrazine-desisopropyl,
Azinphos-ethyl,
Bendiocarb,
Carbofuran
Ethoprophos
Fluxapyroxad
Lenacil

Metribuzin
Metsulfuron- methyl
Pirimiphos-ethyl
Pyraclostrobin
Spiroxamine
Tebuthiuron
Terbuthylazine

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPC46 using LCMSMS (cont'd)

Assessment Manager: KW

Page 8 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw waters

Potable and Raw waters
Potable and Raw waters
Potable, River and Groundwaters

Potable and Raw waters

Potable and Raw waters
Potable and Raw waters
Potable and Raw waters
Potable and Raw waters

Potable and Raw waters

Potable and Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)

Glyphosate
Aminomethylphosphonic acid

Metaldehyde
Metaldehyde
Microcystin - LR

Haloacetic acids:
MonoChloroAcetic Acid (MCAA)
MonoChloroAcetic Acid (MCAA)
MonoBromoAcetic Acid (MBAA)
DiChloroAcetic Acid (DCAA)
2,2-DiChloroPropancic Acid
(Dalapon)

TriChloroAcetic Acid (TCAA)
BromoChloroAcetic Acid (BCAA)
DiBromoAcetic Acid (DBAA)
BromaoDiChloroAcetic Acid
(BDCAA)

DiBromoChloroAcetic Acid
(DBCAA)

TriBromoAcetic Acid (TBAA)

pH
Conductivity
Turbidity
Colour

Fluoride

Suspended Solids (105 °C)

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPC52 by LCMSMS

WPC31 using SPE GC/MS
WPC62 using LC-gTOF MS
WPC59 using LCMSMS

WPCE0 using GCMS

WPC 8 using manual meter
WPC 7 using manual meter
WPC 6 using manual meter
WPC13 using UV-Vis spectrometer

WPCZ20 using lon Selective
Electrode

WPCZ22 by gravimetry

Assessment Manager: KW

Page 9 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw waters

Potable and Raw waters

Potable and Raw waters

Potable and Raw waters

Potable Waters

Potable and Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)
Permanganante Index

Metals:
Lead
Copper
Zinc
Nickel
Cadmium
Chromium
Silver
Antimony
Selenium

Metals:
Arsenic
Strontium
Barium
Cobalt
Molybdenum
Uranium
Vanadium

Tin
Titanium

Thallium

Beryllium
Lithium
Thallium

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPC47 using manual titration

WPC15 using Inductively Coupled
Plasma Mass Spectrometry
(ICP-MS) - Perkin Elmer DRC and
Perkin Elmer Nexion instruments

WPC15 using Inductively Coupled
Plasma Mass Spectrometry
(ICP-MS3) - Perkin Elmer DRC and
Perkin Elmer Nexion instruments
{cont'd)

WPC15 using Inductively Coupled
Plasma Mass Spectrometry
({ICP-MS) - Perkin Elmer DRC
ONLY

WPC15 using Inductively Coupled
Plasma Mass Spectrometry
(ICP-MS8) - Perkin Elmer DRC
ONLY

WPC15 using Inductively Coupled
Plasma Mass Spectrometry
(ICP-MS) - Perkin Elmer Nexion
ONLY

Assessment Manager: KW

Page 11 of 18
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Schedule of Accreditation
issued by
United Kingdom Accreditation Service
2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd
Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties Standard specifications/

measured/Range of measurement

Equipment/Techniques used

WATERS:
Potable, Raw and Surface Waters

Potable waters

Potable and Raw waters

Potable and Raw waters

Potable, Bottled and Raw waters
Potable and Raw waters
Potable and Raw waters

Potable, Raw, Surface and
groundwaters

Drinking water, Groundwater and
Surface Water

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000

Documented In-House Methods
based on procedures in the
Standing Committee of Analysts

(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

FPublication “The Microbiclogy of
Water 2002" unless stated
otherwise

Chemical Testing (cont'd)

Tin WPC15 using Inductively Coupled

Titanium Plasma Mass Spectrometry
(ICP-MS) - Perkin Elmer Nexion
ONLY

Mercury WPC21 using ICP-MS

TOC WPC24 using GE Analytical
Instruments Sievers InnovOx TOC
analyser

Bromate WPC54 using IC (Methrom)

Sulphide (test Kit) WPC37 using spectrophotometer

Bromate WPC42 using IC (Dionex)
Dissolved and total metals:
Iron

Manganese

Aluminium

Sodium

Potassium

Calcium

Magnesium

Sulphur (as sulphate)
Silicon (as Silica)
Phosphorus

Boron

WPC 49 using Inductively Coupled
Plasma optical emission
spectrometry (ICP-OES)

Ammaonium

Total Oxidised Nitrogen
Nitrite

Nitrate (by calculation)
Chloride
Orthophosphate

Silica

Alkalinity

WPCE4 by discrete analysis
{(Aquakem

Assessment Manager: KW

Page 12 of 18
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Schedule of Accreditation
issued by
United Kingdom Accreditation Service
2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd
Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested Type of test/Properties Standard specifications/
measured/Range of measurement Equipment/Techniques used
WATERS: Testing for the purpose of Documented In-House Methods
Potable, Raw and Surface Waters enforcement of the Water Supply based on procedures in the
(cont'd) (Water Quality) Regulations 2000 Standing Committee of Analysts
(S12000/3184). FPublication “The Microbiclogy of
The testing is in accordance with Water 2002 unless stated
the Drinking Water Testing otherwise

Potable, Raw and Surface Waters

Potable, Raw and Surface Waters

Potable, Raw and Surface Waters

Potable, Raw and Surface Waters

Potable, Raw and Surface Waters

Potable, Raw and Surface Waters

Specification (DWTS) (cont'd)

Microbiological Testing

Isolation and enumeration of:

Total viable countat 22 °C and 37 WPM1 based on “The Microbiology
o0 of Drinking Water” Part 7 (2007)

(by Pour Plate)

Coliforms presumptive and WPM4 based on “The Microbiclogy

confirmed of Drinking Water” Part 4 (2009)
using membrane filtration using
MLGA

Escherichia coli, presumptive and WPM4 based on “The Microbiclogy

confirmed of Drinking Water” Part 4 (2009)
using membrane filtration using
MLGA

Enterococci, presumptive and WPM2 based on “The Microbiology

confirmed of Drinking Water” Part& (2010)
using membrane filtration

Clostridium perfringens WPM3 based on “The Microbiclogy

presumptive and confirmed of Drinking Water” Part 6 (2010)

using membrane filtration

Cryptosporidium Oocysts WCRY1, WCRY2, & WCRY3 based
on “The Microbiology of Drinking
Water” Part 14 (2009)

Potable Waters only Quantitative Taste WPM 10 using assessed Panel
Potable and Raw waters Quantitative Odour WPM 10 using assessed Panel
Assessment Manager: KW Page 13 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable, Raw and Surface Waters
(cont'd)

Potable, Raw and Surface Waters

WATERS:
Potable, Raw and Surface Waters

Raw Water

Raw Water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Radiochemisty Testing:

Radioactivity -
Gross Alpha (relative to Am-241)
Gross Beta (relative to K-40)

Chemical Testing

BOD

coD

Alkalinity
(to pH 4.5)

Ammonia

Nitrite nitrogen

Nitrogen total oxidised
Phosphorus soluble reactive
Sulphate

Chloride

Nitrate (by calculation)

pH

Suspended Solids (105 °C)
Ashed suspended solids (450 °C)

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable

WPC23

Documented In-House Method to
meet the requirements of the
Envircnment Agency MCERTS
Performance Standard - sampling
and chemical testing of untreated
sewage, sewage effluent and trade
effluent

WWC11 using dissolved oxygen
meter

WWC13
using DR3800 Spectrophotometer

WWC9 using manual titration

WWC12 using Aqua 900 discrete
analyser

WWGC14 using manual probe
system

WWC21 by gravimetry

Assessment Manager: KW

Page 14 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable, Raw and Surface Waters
(cont'd)

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Chemical Testing (cont'd)

Aluminium, , Boron Cadmium,
Calcium, Chromium, Cobalt,
Copper, Iron, Lead, Magnesium,
Manganese, Nickel, Phosphorus,
Potassium, , Sadium, Thallium,
Vanadium, Zinc and Sulphur (as
SO4)

Mercury

BOD

COoD

Total Organic Carbon

Ammonia

Nitrite

Total Oxidised Nitrogen
Nitrate (by calculation)
Chloride

Soluble reactive phosphorus

Documented In-House Method to
meet the requirements of the
Environment Agency MCERTS
Performance Standard - sampling
and chemical testing of untreated
sewage, sewage effluent and trade
effluent (cont'd)

WWC8 by ICP-OES

WWC17 by ICP-MS

WWC11 using dissolved oxygen
meter

WWC13
using DR3800 Spectrophotometer

WW(C24 using GE Analytical
Instruments Sievers InnovOx TOC
analyser

WWC47 by discrete analysis
(Aquakem)

Assessment Manager: KW

Page 15 of 18
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable, Raw and Surface Waters
(cont'd)

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Treated sewage effluent and trade
effluent to sewer, trade effluent
controlled waters

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent,_trade effluent to sewer,
trade effluent to controlled water

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water

Chemical Testing (cont'd)

Metals (total and dissolved)
Aluminium
Vanadium
Chromium
Iron
Manganese
Cobalt
Nickel
Copper

Zinc

Arsenic
Molybdenum
Cadmium
Thallium
Lead

Elements (total and dissolved)
Selenium
Phosphorus

Petroleum ether extractable matter

pH and Conductivity (20 °C)

Sulphides

Documented In-House Method to
meet the requirements of the
Environment Agency MCERTS
Performance Standard - sampling
and chemical testing of untreated
sewage, sewage effluent and trade
effluent (cont'd)

WWC46 using ICP-MS

WWC46 using ICP-MS

WWC48

WW(C14 using manual probe
system

WWC20 using spectrophotometer

Assessment Manager: KW
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable, Raw and Surface Waters
(cont'd)

Untreated sewage, treated sewage
effluent, trade effluent to sewer,
trade effluent to controlled water
Untreated sewage, treated sewage

effluent, trade effluent to sewer,
trade effluent to controlled water

SOILS:

Sludge only
Soil and sludge
Soil and sludge

Soil and sludge

Soil and sludge

Soil and sludge
Soil and sludge

Soil and sludge

Soil

Soil

Chemical Testing (cont'd)

Pesticides:

Para Tert Octyl Phenol
loxynil

Ammonia

Nitrite

Total Oxidised Nitrogen
Nitrate (by calculation)
Chloride

Soluble reactive phosphorus
Chemical Tests
Alkalinity

Kjeldahl Nitrogen

pH

Total Solids (105 °C)
Total Ash Solids (550 °C)

Vanadium, Cadmium, Chromium,
Cobalt, Nickel, Copper, Arsenic,
Selenium, Molybdenum, Thallium,
Lead, Zinc

Mercury

Antimony

Fluoride

Extractable potassium

Extractable magnesium

Extractable phosphorus

Documented In-House Method to
meet the requirements of the
Environment Agency MCERTS
Performance Standard - sampling
and chemical testing of untreated
sewage, sewage effluent and trade
effluent (cont'd)

WWC42 using GC/MSMS

WWC50 by Gallery Plus Discrete
Analyser

WSCH1 by titration

WSCB8 determined spectrometrically
WSC11 lon Selective Electrode
WSC12 by gravimetry

WSC 16 by Boiling Acid Digestion
Followed by ICP-MS

WSCS5 using ICP-MS
WSCY using ICP-MS

WSC18 using ion selective
electrode

WSC13 using ICP-AES

WSC14 using UV 1800
Spectrophotometer

Assessment Manager: KW
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Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

SOILS:

Soil and sludge

Chemical Tests (cont'd)

Aluminium, Calcium, Chromium,
Cobalt, Copper, Iron, Lead, Nickel,
Phosphorus, Sulphur, Tin, Zinc,
Potassium, Magnesium,
Manganese, Sodium, Lithium,
Cadmium,

WSCE using ICPAES

END

Assessment Manager: KW

Page 18 of 18

108



Schedule of Accreditation

issued by

United Kingdom Accreditation Service

2 Pine Trees, Cherlsey Lane, Slaines-upon-Thames, TW18 3HR, UK

Accredited to
ISONEC 17025:2005

ALS Environmental Ltd

Wakefield

Issue No: 072 Issue date: 16 November 2016

Testing performed at main address only

Materials/Products tested

Type of test/Properties
measured/Range of measurement

Standard specifications/
Equipment/Techniques used

WATERS:
Potable and Raw waters (cont'd)

Potable and Raw waters

Potable and Raw waters

Potable and Raw waters
Potable and Raw waters

Potable and raw waters
Bottled waters

Potable and Raw waters

Potable and Raw waters

Potable and Raw waters

Testing for the purpose of
enforcement of the Water Supply
(Water Quality) Regulations 2000
(S12000/3184).

The testing is in accordance with
the Drinking Water Testing
Specification (DWTS) (cont'd)

Chemical Testing (cont'd)
Total Dissolved Solids (180 °C)

pH, Conductivity, Turbidity and
Colour

Chlorite, Chlorate, and Bromide
Chlerite, Chlorate, and Bromide

Free Cyanide
Total Cyanide

Metals (total and dissolved):
Iron

Aluminium

Manganese

Phosphorus

Sulphur as Sulphate (S04)
Silicon as Silica (SiC2)

Metals (total):
Calcium

Magnesium
Hardness as CaCO3
Potassium

Sodium

Metals (total):

Boron

Documented In-House Methods
based on Standing Committee of
Analysts Methods for the
Examination of Waters and
Associated Materials, HMSO
Publication, Year and ISBN No
given where applicable (cont'd)

WPCZ25 by gravimetry

WPC 40 using the Peerless
Automated Robotic System

WPC18
WPCE1 using ion chromatoegraphy

WPCE5 using continuous flow
autoanalyser

WPC12 using Inductively Coupled
Plasma Optical Emission
Spectrometry

{ICP-OES)

WPC12 using Inductively Coupled
Plasma Optical Emission
Spectrometry

(ICP-OES)

WPC12 using Inductively Coupled
Plasma Optical Emission
Spectrometry

(ICP-CES)

Assessment Manager: KW
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