
This is a repository copy of The operational value of inlet monitoring at service reservoirs.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/162340/

Version: Published Version

Article:

Doronina, A., Husband, P., Boxall, J. et al. (1 more author) (2020) The operational value of 
inlet monitoring at service reservoirs. Urban Water Journal, 17 (8). pp. 735-744. ISSN 
1573-062X 

https://doi.org/10.1080/1573062X.2020.1787471

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=nurw20

Urban Water Journal

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/nurw20

The operational value of inlet monitoring at
service reservoirs

A. V. Doronina, S. P. Husband, J. B. Boxall & V. L. Speight

To cite this article: A. V. Doronina, S. P. Husband, J. B. Boxall & V. L. Speight (2020) The
operational value of inlet monitoring at service reservoirs, Urban Water Journal, 17:8, 735-744,
DOI: 10.1080/1573062X.2020.1787471

To link to this article:  https://doi.org/10.1080/1573062X.2020.1787471

© 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 27 Jul 2020.

Submit your article to this journal 

Article views: 905

View related articles 

View Crossmark data



RESEARCH ARTICLE

The operational value of inlet monitoring at service reservoirs

A. V. Doronina , S. P. Husband, J. B. Boxall and V. L. Speight

Department of Civil and Structural Engineering, The University of Sheffield, Sheffield, UK

ABSTRACT

Drinking water quality leaving water treatment works is known to deteriorate as it makes its way through 
distribution networks. As deterioration rates are related to the condition of the network and how it is 
operated, it is important to determine the location and magnitude so that causes can be determined and 
effective maintenance implemented. Water quality is typically monitored at outlets of service reservoirs 
to help track changing water quality. However, these results do not confirm whether the issue is linked to 
the network between treatment and the service reservoir, the service reservoir itself, or both. The work in 
this paper investigates the value of using inlet monitoring at service reservoirs to overcome this 
limitation. Results show that monitoring at both the inlet and outlet of service reservoirs provides 
valuable information on asset performance and highlights the location and extent of deterioration 
helping inform cost-efficient resource provision.
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Introduction

Drinking water quality leaving water treatment works is of 

a consistently high standard as evidenced by regulatory sam-

pling at the works outlet with UK results showing England at 

99.95%, Wales 99.97%, and Scotland 99.90% compliance (DWI 

2018; DWQR 2018). As drinking water makes its way through 

the distribution network, however, quality can deteriorate, 

which is likely a result of network fouling, associated primarily 

with the process of material accumulation (Kirmeyer et al. 

2000). This includes long-term exposure to organic and inor-

ganic material from source waters (Kirmeyer et al. 2000; Slaats 

et al. 2003), incomplete removal and/or addition of suspended 

solids at treatment works (Gauthier et al. 2001; Vreeburg, 

Schaap, and van Dijk 2004), corrosion (Slaats et al. 2003), and 

biofilm growth (van der Wende and Characklis 1990; Douterelo, 

Sharpe, and Boxall 2013). Deterioration is reflected in consumer 

complaints and regulatory sample failures, such as those for 

bacteria, taste and odour, metal concentrations (mainly iron 

and manganese, although lead can have a high profile), and 

appearance (Mounce, Mounce, and Boxall 2016). As deteriora-

tion rates can be related to the condition of the water distribu-

tion network and how it is operated and maintained, it is 

important to determine which assets require maintenance 

(Lee and Schwab 2005; Brandt et al. 2016). Monitoring water 

quality immediately after it leaves the treatment works cannot 

provide a representative analysis of water quality at customer 

taps (NRC 2006; Jjemba et al. 2014). Water quality monitoring at 

different locations of the network is therefore performed to 

help indicate deterioration location and magnitude. In the UK, 

this includes treatment works outlets, service reservoir outlets, 

consumer taps, and any mobile vessels not hydraulically linked 

to the network from which consumers may collect water, such 

as tankers or bowsers (DWI 2020a).

Key indicators of water quality are disinfectant residual, 

bacteria, turbidity, iron, and manganese (DWI 2020a). These 

are regulated at all points of the network, with UK prescribed 

concentration values set at 0/100 ml for bacteria, 0.2 mg/l for 

iron, 0.05 mg/l for manganese, and 1 NTU for turbidity at 

treatment works and 4 NTU at customer taps (DWI 2018; 

DWQR 2018). There is no regulatory maximum or minimum 

for disinfectant residual (DWI 2020a).

The importance of monitoring disinfectant residual and 

bacteria in the network is based on potential public health 

risks, whereas the value in doing this for metals and turbidity 

may not be as obvious. All inorganic compounds in the dis-

tribution network influence water quality, but a principal influ-

ence comes from metals, primarily iron and manganese. These 

metals are not only found in source waters (Brandt et al. 2016), 

but can increase in the network due to carry-over from treat-

ment works (Vreeburg et al. 2008), and corrosion of metallic 

pipes and internal structures in storage tanks (Peng and 

Korshin 2011). These two metals are usually grouped together 

because oxidised manganese (MnO2) is an effective adhesive of 

ferrous iron (Fe2+), so the two are often found in conjunction 

(AWWA 2011). Iron tends to be the more predominant metal, 

mainly because the majority of pipework (especially in the UK) 

is cast or ductile iron (Boxall, Skipworth, and Saul 2003). Both 

metals pose a risk to water quality when oxidised to their 

insoluble forms upon exposure to oxygen or disinfectant 

(Benson, Dietrich, and Gallagher 2012; Gerke, Little, and 

Maynard 2016) and in this form, the metals precipitate and 

can accumulate in the network (AWWA 2011; Gerke, Little, 

and Maynard 2016). At concentrations as low as 0.3 mg/l for 

iron and 0.02 mg/l for manganese, discolouration can occur, 

increasing disinfection demand and imparting an unpleasant 

taste to water, whilst excessive accumulation can clog pipes 
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and promote bacteriological growth (Norton and LeChevallier 

2000; Sarin et al. 2004; Husband and Boxall 2011; Brandt et al. 

2016). It is important to determine key sources of these metals, 

especially as they have been linked to water quality risks 

throughout distribution networks (Husband et al. 2016).

Turbidity is a measure of suspended material in the network 

and can be used to rapidly indicate water quality issues and 

contamination events (McCoy and Olsen 1986; Blokker and 

Schaap 2015). Although the composition of suspended mate-

rial is not limited to iron and manganese, turbidity is strongly 

correlated with both (Seth et al. 2004). Furthermore, like metals, 

turbidity is associated with a decrease in disinfection efficacy, 

bacteriological presence, and unpleasant taste and odour of 

the water supply (McCabe et al. 1970; LeChevallier, Evans, and 

Seidler 1981; Zacheus et al. 2001), highlighting the importance 

of its regulation.

Service reservoirs have been associated with a range of 

drinking water quality problems, from metals accumulation, 

nitrification, and disinfectant residual degradation to significant 

waterborne disease outbreaks (Clark et al. 1996; Craun and 

Calderon 2001; NRC 2006; AWWA 2006). Yet, without routine 

sampling for ammonium, nitrate, nitrite, metals, and turbidity 

at service reservoirs, data are limited on the aforementioned 

water quality problems (Grayman et al. 1999). Only disinfectant 

residual, colony counts, and Escherichia coli and coliform bac-

teria have UK regulatory sampling at service reservoir outlets 

(DWQR 2018; DWI 2020). Nevertheless, bacteriological failures 

have been shown to be double the rates at service reservoir 

outlets in comparison to their supplying water treatment works 

(Ellis et al. 2018), indicating a risk to water quality from these 

water storage facilities. However, the results from this service 

reservoir outlet sampling do not necessarily confirm the true 

cause and location of the contamination, because the issue 

could be related to the network between treatment and the 

service reservoir, the service reservoir itself, or both.

The lack of inlet sampling at service reservoirs makes it 

impossible to determine the state of the water quality or how 

it changes with transport through these assets (Grayman et al. 

1999; Kirmeyer et al. 1999). Currently, a regulatory bacteriolo-

gical sampling failure at the outlet of a service reservoir is 

considered as an indication of a problem emanating from the 

service reservoir itself, resulting in a costly investigation of the 

asset (Environment Agency 2010). However, many service 

reservoir investigations reveal no discernible problem with 

the service reservoir itself. This can often be seen in service 

reservoir inspection reports, whereby the structural integrity of 

the reservoir in question is assessed and reported to be in 

adequate condition, showing no signs of corrosion, or ports 

of ingress (typically by conducting a ‘flood test’), the latter 

considered the main cause of a bacteriological failure. In 

many instances, the regulatory outlet sample tap is a post- 

design addition and is located at a distance from the service 

reservoir, but the influence of the pipework leading to the tap is 

not considered. In general, service reservoirs are often over-

looked or merely regarded as a small part of distribution net-

works, resulting in the current paucity of literature on them. 

This finding is supported by the NRC (2006), who state that 

‘documents addressing storage facilities are rare’ and that 

‘storage tanks have not historically received the attention 

afforded to pipe maintenance’.

Lack of literature and the absence of inlet monitoring makes 

it difficult to quantify how often water quality issues are falsely 

assigned to service reservoirs as opposed to elsewhere in the 

network. It would be of value for water utilities to proactively 

identify the true causes and locations of water quality dete-

rioration, thereby saving the effort, time, and expense of 

unhelpful investigations. Average costs per investigation, not 

including time, inconvenience or negative publicity, can be up 

to £4200 at service reservoirs, £4900 at water treatment works, 

and £1200 at customer taps (Ellis et al. 2018).

This paper reports results from a study investigating the fate 

of a range of water quality parameters including metal concen-

trations, turbidity, and chlorine from treatment to tap at two 

field sites in the UK. Sampling results were collected from the 

treatment works, through distribution, and critically at both the 

inlet and outlet of service reservoirs. The aim of this work was to 

investigate the value of inlet monitoring at service reservoirs as 

a measure to help determine the source of water quality dete-

rioration in the network, and its magnitude. Furthermore, by 

incorporating parameters that are associated with water quality 

but are not currently routinely sampled for, the research aimed 

to improve understanding regarding the destiny of material 

and key monitoring parameters with respect to transport 

through service reservoirs.

The results provide a robust data set to demonstrate the 

impact of characterising service reservoir performance in terms 

of water quality to complement the few studies in the current 

literature (Rossman, Clark, and Grayman 1994; Gauthier et al. 

2000; Grayman and Kirmeyer 2000; Zhang et al. 2014; Jjemba 

et al. 2014). A couple of these studies (Rossman, Clark, and 

Grayman 1994; Fisher et al. 2009) have carried out both inlet 

an outlet sampling, but they focus primarily on indirect mea-

sures of service reservoir water quality like mixing conditions, 

stratification, and retention times. It is hoped that the knowl-

edge obtained from this work will also help inform and improve 

the effectiveness of operational maintenance of service reser-

voirs, including scheduling and interventions after regulatory 

sample failures.

Methods

Two field sites at two different UK water companies were 

selected for examination based on specific requirements estab-

lished using the objectives and scope of this work. These 

included the site: (1) having a consistent source water and treat-

ment; (2) being completely post treatment; (3) either having 

a pre-existing accessible inlet and outlet sampling line and tap 

or having the scope for installation; (4) be of interest/value to the 

host water company as a study site, based on company metrics.

Site A is an underground, rectangular, twin-compartment 

90 ML reinforced concrete service reservoir with an average 

water retention time of 1.36 days, and last cleaned in 2012. It is 

fed by two 7.2 km trunk mains, one steel (1254 mm in diameter) 

and one cement-lined ductile iron (900 mm in diameter). 

Treated water is river abstracted with free chlorine as the 

secondary residual disinfectant.
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For this study, in addition to routine regulatory sampling at 

the treatment works, an inlet tap was installed at this service 

reservoir to facilitate sampling for total iron and manganese at 

both inlet and outlet across 2018 (total n = 38). The following 

were also measured: free and total chlorine, turbidity, alumi-

nium (total), colour, conductivity, pH, and temperature. Due to 

operational difficulties, inlet samples were collected October 

through December and the outlet samples January through 

May plus August. All samples were collected and analysed by 

water company staff in accordance with their standard proce-

dures for regulatory compliance monitoring ISO/IEC 17025, 

ISO/IEC 17024, and the Drinking Water Testing Specification 

(DWTS), accredited by the United Kingdom Accreditation 

Service (UKAS) (DWI 2020a, 2020b).

Historical regulatory sampling data for this site were also 

compiled, which included treatment works parameters, as well 

as iron (total), manganese (total), pH, conductivity, turbidity, and 

free and total chlorine at the service reservoir outlet and in the 

areas it serves for the period from 2007 to 2010 (Table 1). As 

water companies are not regulated to sample for metals at 

service reservoirs and only do so for investigative reasons, the 

only full dataset available for the identified parameters for site 

A was between 2007 and 2010.

Site B is a rectangular, underground, twin-compartment 

4.84 ML reinforced concrete service reservoir with an average 

water retention time of 1.72 days, and last cleaned in summer 

2018. It is fed by a 28 km unlined cast iron trunk main (460 mm 

decreasing to 384 mm in diameter). Treated water comes from 

a highland reservoir, with free chlorine used as the secondary, 

residual disinfectant. With the length of the supply main, addi-

tional chlorine dosing is added at the inlet of the service reservoir.

For this study, an inlet sample line and tap were installed on 

site to complement the existing outlet tap. ATi NephNet tur-

bidity response monitors (ATi UK 2011) with infrared nephelo-

metric measurement processing were installed at the inlet and 

outlet of the service reservoir with 1-minute logging frequency 

and logger functioning range set to 0–20.00 NTU with reading 

accuracy of ±5%. Due to operational difficulties at the time, it 

was not possible to install similar monitors at site A. A 24-hour 

sampling program was also conducted with hourly collection 

from inlet and outlet (at the same sample points as the turbidity 

monitors) using Hach AS950 automatic samplers (Hach 2020). 

These samples were analysed for iron (total and dissolved), 

aluminium (total), manganese (total and dissolved), colour, 

conductivity, pH, and turbidity by water company staff in accor-

dance with their standard procedures for regulatory compli-

ance monitoring ISO/IEC 17025, ISO/IEC 17024, and the DWTS, 

accredited by UKAS (DWI 2020a, 2020b). This program was not 

conducted at site A, as both inlet and outlet grab samples were 

being collected and analysed for the same parameters at that 

site. Historical regulatory sampling data were also compiled for 

site B, which included treatment works parameters, and free 

and total chlorine at the service reservoir outlet for the period 

from 2008 to 2019 (Table 2).

Results

At site A, analysis of the 3 year historical water quality data 

revealed that total iron levels were approximately 10 times 

higher at the service reservoir outlet, with an average of 

0.03 mg/l, in comparison to water treatment works outlet with 

an average of 0.005 mg/l (Table 1). Based on the measured total 

iron concentrations within the areas supplied by the site 

A service reservoir (average of 0.02 mg/l), it appears that most 

of the material from the outlet of the service reservoir was carried 

through into the distribution network. Thus, the historical sam-

pling at the service reservoir outlet and across the distribution 

network provides evidence of water quality deterioration after 

treatment in this case, if not indicating causes or location.

Results for the year of inlet and outlet sampling for total iron 

and manganese at site A are summarised in Figures 1 and 2. The 

datasets for water quality parameters sampled at the inlet and 

outlet of the service reservoir in 2018 do not overlap, but the data 

collected provide an insight into the processes of both material 

accumulation and mobilisation happening at site A, which is 

currently not possible to do from regulatory sampling alone.

Table 1. Historical water quality parameter averages at the water treatment works, service reservoir outlet and the district-metered area served for the period from 
2007 to 2010 at site A.
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For total iron (Figure 1), considering outlet and treatment 

works data alone, in line with current regulatory monitoring 

requirements that do not include inlet water quality monitor-

ing, the cause of water quality deterioration at site A could be 

assumed to be the service reservoir. With the addition of the 

inlet sampling results, however, it can be seen that the dete-

rioration is occurring upstream of the service reservoir, but after 

the treatment works, thereby identifying the supplying trunk 

mains as the likely source of elevated iron. It can also be 

observed that the service reservoir outlet iron concentrations 

have the same median value as the inlet concentrations, sug-

gesting no significant further deterioration is taking place 

within the service reservoir. However, the wider range of iron 

concentrations measured at the outlet suggest iron has 

Figure 1. A box and whisker plot showing total iron concentrations in mg/l at the outlet of water treatment works, and inlet and outlet of the supplied service reservoir 
(site A) across 2018. The thick horizontal bar indicates the median, the top and bottom of the box indicate the interquartile range and the whiskers represent the spread 
of data outside of this interquartile range.

Table 2. Historical water quality parameter averages at the water treatment works, service reservoir outlet and the district-metered area served for the period from 
2008 to 2019 at site B.
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accumulated since the last service reservoir clean in 2012 and is 

periodically remobilised (Kirmeyer et al. 2000; Vreeburg, 

Schaap, and van Dijk 2004). Remobilisation of material can 

occur following a hydraulic disturbance, such as a pipe burst 

resulting in a drop in water level in the service reservoir, or 

when the accumulative capacity of material is exceeded in the 

facility (Kirmeyer et al. 1999; Vreeburg, Schaap, and van Dijk 

2004; Husband, Jackson, and Boxall 2015). For total manganese 

(Figure 2), considering the outlet and treatment works data 

alone, the cause of water quality deterioration could, as with 

total iron, be assumed to be the service reservoir. The addition 

of inlet sampling supports this conclusion, as it appears that 

total manganese levels decrease prior to entering the service 

reservoir, likely through the deposition in the trunk main (Sly, 

Hodgkinson, and Arunpairojana 1990). The difference between 

the inlet and outlet concentrations suggests that excess man-

ganese has accumulated in the service reservoir (as carry over 

from the treatment works or from corrosion of the internal 

structures in the storage tank) and this is now negatively 

impacting water quality (Peng and Korshin 2011).

At site B, regulatory sampling (Table 2) and NephNet turbid-

ity monitoring reveals the average turbidity, a valuable 

Figure 2. A box and whisker plot showing total manganese concentrations in mg/l at the outlet of water treatment works, and inlet and outlet of the supplied service 
reservoir (site A) across 2018. The thick horizontal bar indicates the median, the top and bottom of the box indicate the interquartile range and the whiskers represent 
the spread of data outside of this interquartile range.

Figure 3. 10-point moving average values for turbidity at the inlet and outlet of the service reservoir (site B) at one-minute intervals.
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parameter for determining water quality deterioration (Cook, 

Husband, and Boxall 2016), doubles at the outlet of the service 

reservoir (0.4 NTU) in comparison to the supplying water treat-

ment works (0.2 NTU). Given the length of the supplying trunk 

main and the distance between service reservoir sample points, 

it is unclear whether it is the trunk main deteriorating, or the 

service reservoir providing a source of material. If the trunk 

main is responsible, then perhaps the service reservoir may 

be currently acting as a sink of material, thereby providing 

water quality benefits by reducing particulate loading.

The online turbidity monitoring data for a 10-day period 

in summer 2019 is shown in Figure 3. There is greater 

variability in the values of the incoming turbidity in compar-

ison to the outgoing turbidity, supporting the notion that 

this service reservoir may be acting as a beneficial sink of 

material that is being added to the network from the supply-

ing trunk main.

Results from the 24-hour sampling campaign in July 2019 

are visualised in Figures 4 and 5 (inlet and outlet, respectively). 

A Pearson product-moment correlation coefficient was com-

puted using R version 3.4.3. (R Core Team 2017) to assess the 

relationship between hourly turbidity (NTU) values and total 

iron concentrations (mg/l) for both inlet and outlet samples. 

There was a strong positive correlation for the inlet turbidity 

Figure 4. Inlet turbidity values (NTU) at one-minute intervals and hourly inlet total iron concentrations (mg/l) for the 24-hour sampling campaign at site B.

Figure 5. Outlet turbidity values (NTU) at one-minute intervals and hourly outlet total iron concentrations (mg/l) for the 24-hour sampling campaign at site B.
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and total iron (r = 0.717, df = 21, p = 0.0001) but no statistically 

significant correlation for the outlet turbidity and total iron 

(r = 0.386, df = 21, p = 0.0691).

Discussion

The aim of this work was to investigate the value of using inlet 

monitoring at service reservoirs to help capture the location 

and extent of water quality deterioration in the network. With 

the addition of inlet monitoring, this work also aimed to 

improve understanding on how material and key water quality 

parameters are transported through service reservoirs.

Current sampling requirements, supported by the additional 

monitoring, show that water quality deteriorates after leaving 

water treatment works. This is clear from historical data for total 

iron, total manganese, and turbidity from the service reservoir 

outlet at site A, and total iron from the district metered area of 

site B (Tables 1 and 2). However, with the inclusion of inlet 

monitoring, it becomes possible to determine where this dete-

rioration is occurring. For instance, without inlet monitoring at 

site A, it would not be possible to show that the supplying 

trunk mains (one steel and one cement-lined ductile iron) are 

the likely source of increased iron (Figure 1). Conversely, when 

applied to total manganese, inlet monitoring shows that the 

service reservoir is contributing this metal into the network 

(Figure 2). This information could justify a service reservoir 

clean and monitoring post clean could be used to evaluate 

the benefit of the intervention and indicate future maintenance 

strategies or scheduling. Unfortunately, operational issues lim-

ited sampling frequency at site A, making it difficult to deter-

mine whether seasonal variation or changes in operation of the 

service reservoir had an influence on the results. Nevertheless, 

the available data provide valuable and actionable information 

about water quality processes at site A than is currently possi-

ble to obtain from regulatory sampling alone.

With just outlet monitoring at site B (Figure 3) and based on 

the historical water quality data at the supplying treatment 

works (Table 2), it could be assumed that the service reservoir 

is contributing to higher turbidity. However, with the addition 

of inlet monitoring (Figure 3), the sampling results indicate that 

the service reservoir is instead beneficially removing material 

from the water and shows that the elevated turbidity is ema-

nating from the trunk main (unlined cast iron) supplying this 

site. At present, it is not known whether this behaviour can be 

observed at all times of the year as sampling for this work was 

only conducted in summer. Even so, a 10-day sampling cam-

paign was enough to provide previously non-existent informa-

tion on the location of deterioration at this site.

Results from this work also highlight the value of monitoring 

turbidity and metals (critical indicators of water quality) at the 

inlet and outlet of service reservoirs. This monitoring helps 

improve understanding on service reservoir performance with 

respect to transport of material through these. For instance, 

both turbidity and metals are linked to a number of water 

quality problems, including a decrease in disinfection efficacy 

(AWWA 2011). Results from the 24-hour sampling campaign at 

site B (Figures 4 and 5) show correlation between total iron and 

turbidity, supporting other studies (Seth et al. 2004; Vreeburg, 

Schaap, and van Dijk 2004), and suggest turbidity could be 

used as a simple and rapid surrogate indicator for iron. If iron 

concentration changes with turbidity, then based on the results 

from Figure 3, it can be deduced that iron particles and other 

iron-containing material are settling within this service reser-

voir, reducing water quality risk, primarily discolouration, in the 

downstream network. Comparing the inlet and outlet beha-

viours may also then indicate when benefits expire, as results 

from site A demonstrate, the performance of a service reservoir 

can change over a few months. Thus, regular monitoring at 

both inlet and outlet is critical to allow water companies to 

respond proactively to potential water quality incidents and as 

required for specific assets, rather than relying on the more 

common and widespread reactive approaches (Kirmeyer et al. 

1999; Vreeburg and Boxall 2007).

Using enhanced sampling at service reservoirs to improve risk 

management has the potential to save water companies money 

and time. Routine cleaning of service reservoirs is recommended 

at different frequencies in different jurisdictions, typically every 

three to five years (Lambertini et al. 2011; Brandt et al. 2016), but 

these recommendations are not based on actual performance 

data. This can lead to unnecessary investigations, which can 

incur significant costs per investigation (Ellis et al. 2018). 

A reactive response to an outlet bacteriological sample failure at 

a storage tank will also lead to an investigation (Environment 

Agency 2010). In many cases, such investigations do not produce 

a root cause for the failure, which means that it is impossible to 

target remedial action and so the costs of the investigation cannot 

be justified (Ellis 2013). Cleaning a service reservoir typically 

requires the facility to be drained and taken out of service, causing 

a disruption to water supply and making such interventions unde-

sirable (Brandt et al. 2016). As site-specific factors and water quality 

characteristics will play a significant role in fouling rates, incorpor-

ating diagnostic sampling at service reservoirs can help determine 

a more appropriate maintenance frequency based on past perfor-

mance, which could eliminate the repeat of costly errors (Kirmeyer 

et al. 1999). This is especially important, as the impact of service 

reservoirs on water quality is not always negative as demonstrated 

here, despite the association with water quality deterioration and 

regulatory failures (NRC 2006; Ellis et al. 2018). For example, site 

B was shown to be removing material from the water supply, 

improving water quality (Figure 3) and this will continue until 

the material is remobilised. As for site A, without inlet monitoring, 

the assumption that the service reservoir is contributing iron into 

the network (Figure 1) would usually lead the host water company 

to take it out of service for inspection, which is difficult to do with 

a 90 ML tank. With inlet monitoring, it is clear that the supplying 

trunk mains are responsible for the influx of iron and the water 

company might benefit from a flow conditioning programme 

instead to remove the source of this accumulated material 

(Husband and Boxall 2015). This would cost less than a service 

reservoir inspection as flow can be increased gradually and remo-

tely, without the need to take any assets out of supply. Conversely, 

this same service reservoir seems to be adding manganese to the 

downstream network (Figure 2), which could be an indication of 

corrosion in the tank and should be investigated (Peng and 

Korshin 2011). Either way, the extra knowledge from doing addi-

tional monitoring can help the water company make proactive 

and justifiable decisions about when to schedule an intervention.
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As most service reservoirs do not currently have a functioning 

inlet sample line and tap, there is a cost involved in the initial 

installation, the amount depending on specific site configuration. 

However, based on the potential to avoid unnecessary investiga-

tions, it would be a short-term investment for a long-term gain. 

Ideally, installation should be during initial construction, or at 

least during renovation or structural maintenance.

This work also provides a comparison between the benefits and 

limitations of periodic and continuous sampling. Mirroring the 

current periodic regulatory outlet sampling at the inlet would not 

require a lot of additional time, as it would simply involve water 

companies taking one extra sample from their service reservoirs, 

although it would add to the cost spent on analysis. However, 

periodic sampling alone rarely captures real-time events, making 

it difficult to alert, identify or validate causes for water quality issues 

(Sadiq, Kleiner, and Rajani 2007). Grayman and Kirmeyer (2000) 

suggest that for characterisation of water quality in storage tanks, 

a more intensive sampling regime should be established. In this 

work, both periodic (site A) and continuous (site B) sampling were 

carried out. The results have demonstrated that although both are 

valuable in providing information on service reservoir performance, 

continuous sampling is more reliable as it captures and analyses 

water quality variation in real-time. The 10-day continuous sam-

pling at site B (Figure 3) provided more in-depth information on the 

performance of this site than periodic sampling at site A did across 

an entire year. Furthermore, operational difficulties at site A meant 

that months of data were lost, partly due to lack of company 

resource to carry out the manual collection of samples. Periodic 

sampling also requires a wait time for the sample to undergo 

analysis in the laboratory, whereas online continuous sampling 

produces immediate results. The 24-hour continuous sampling 

regime at site B (Figures 4 and 5) also helped capture water quality 

changes with the patterns of diurnal demand, which is not possible 

to do with weekly (periodic) sampling. The downfall of continuous 

sampling is the cost of purchasing, installing, and maintaining the 

equipment. However, this type of proactive monitoring can help 

water companies move towards an operational paradigm in which 

active monitoring provides reliable indication of asset performance 

and will therefore improve operational management and cost in 

the long term. Irrespective of approach, monitoring water quality 

(at the inlet and outlet) can allow for the assessment of service 

reservoir performance and provide valuable information concern-

ing operations, distribution, and treatment (Kirmeyer et al. 1999). 

Although the results of this work contribute to the current under-

standing of service reservoir performance, there are a number of 

limitations to take into consideration for future research. The study 

sites in this work were similar with respect to configuration (rec-

tangular twin-compartment), material (reinforced concrete), sec-

ondary disinfectant (chlorine), and source water (surface). Such 

network structure is common, but for the purposes of obtaining 

extensive understanding on storage tank performance, it is impor-

tant to incorporate a greater variation of sites in future work. For 

instance, storage tank configuration can have an influence on 

mixing conditions (Zhang et al. 2014), source water type can influ-

ence water chemistry (Brandt et al. 2016), and storage tank material 

can leach different organic chemicals into supply (AWWA 1996). 

Supplying trunk main material is also important to consider as pipe 

material can influence rates of corrosion and biofilm growth 

(AWWA 2011; Fish, Osborn, and Boxall 2016). Due to operational 

difficulties and time constraints, it was not possible to capture the 

influence of seasonal variation on sample results in this work. It is 

recommended that a more long-term, continuous, sampling cam-

paign be conducted to overcome this limitation as temperature can 

affect stratification, microbial growth, corrosion, and disinfectant 

efficacy in service reservoirs (Horsley et al. 1998; Fisher et al. 2009). It 

was also not in the scope of this work to conduct bacteriological 

sampling, but the hope is to include continuous online monitoring 

tools, such as flow-cytometry, to identify changes in bacterial num-

bers between the inlet and outlet of storage tanks in future work. If 

working with a chloraminated network, it would be of value to 

incorporate ammonium, nitrates, and nitrites into the sampling 

programme, as storage tanks in chloraminated networks are likely 

to have nitrification issues (Wilczak et al. 1996; Kirmeyer et al. 1999).

While recognising the limitations of this work and the need 

for further research on the best indicators and monitoring 

approaches for the determination of service reservoir perfor-

mance, it is evident that there is operational value of inlet 

monitoring at service reservoirs.

Conclusions

There are currently no requirements to monitor water quality at 

the inlet of service reservoirs, making it impossible to deter-

mine the impact of the distribution infrastructure on incoming 

water quality or how it changes with transport through these 

essential assets. In this study, inlet sample lines were installed, 

in addition to existing outlet monitoring, at two UK service 

reservoirs and the fate of key water quality parameters investi-

gated. Results have shown that:

● Water quality deteriorates as it leaves water treatment 

works through interactions with distribution network 

pipe and storage infrastructure.

● Service reservoirs can have both a beneficial and negative 

impact on water quality.

● Monitoring at the inlet of service reservoirs can help 

identify the location and magnitude of water quality 

deterioration in the network and provide information on 

asset performance, helping to inform proactive mainte-

nance scheduling.

● Short-term continuous sampling at service reservoirs can 

be more beneficial than periodic sampling.

In addition, results specific to test sites in this study show that:

● Water quality deterioration is likely occurring in the sup-

plying trunk mains at both service reservoir sites A and B.

● The service reservoir at site A is acting as a source of 

manganese, negatively impacting water quality, whilst 

both sites A and B are acting as sinks of iron, which is at 

present improving downstream water quality. This beha-

viour could be used as a proactive water quality manage-

ment indicator for both sites.
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