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Combined sewer overflows: relating event
duration monitoring data to wastewater systems’
capacity in Englandf

T. Giakoumis @ and N. Voulvoulis @*

Water pollution caused by the frequent use of combined sewer overflows (CSOs) has been attracting
increased media and political coverage in England as in other places in the world. Considering that each
of the country's 14346 CSOs has been assessed for their environmental risk potential, as defined by the
Environment Agency, and they have each been permitted to act as a storm overflow is indicative of a
more systemic problem than currently perceived. While looking at the duration and frequency of
discharges from individual CSOs not much can be said about their causes nor about what needs to be
done to reduce them, here through an extensive investigation of event duration monitoring (EDM) data
for 2021 and 2020, CSO spills are shown to be an issue across all sewerage companies related to how
they operate their systems. By analysing EDM data considering the type and location of CSOs, and the
sewerage networks they are connected to, our findings reveal the chronic under capacity of the English
wastewater systems as a fundamental cause behind the increased frequency and duration of CSO spills.
Other than pumping stations, 82% of the CSOs with the maximum spill duration per system were
located at storm tanks and inlets of treatment works and had on average significantly higher spill
durations in systems with insufficient hydraulic capacity both in 2020 and 2021, suggesting that CSOs
are used to protect the works under peak dry weather flow conditions. Such frequent, and in some
cases independent of rainfall, use of CSOs, could have detrimental effects for the receiving environment,
as well as put thousands of water users at risk.

This is the first independent investigation of combined sewer overflow (CSO) event duration monitoring data in England for 2021 (and 2020), and the first

time the capacity of their wastewater systems is uniformly estimated, allowing us to evaluate the extent to which the increased use of CSOs is down to the

lack of capacity of wastewater systems in the country.

Introduction

has been generally accepted that it would be uneconomical
to design sewerage systems to carry such flows to the

The UK has a combined sewage system made up of hundreds
of thousands of kilometres of sewers in many urban centres."
Combined sewer systems are normally designed to collect
wastewater from domestic, commercial, and industrial
activities and stormwater runoff from pervious, paved
surfaces and roofs, and transport them to wastewater
treatment works (WWTWs) for treatment.” However, in times
of heavy rainfall when the flow can increase significantly, it
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WWTWs, and it is the usual practice to relieve the system of
some of the excess flow at selected points by providing
combined sewer overflows (CSOs). In the majority of cases,
these take the form of a device (such as a weir) for
discharging the excess flow to the nearest suitable
watercourse. Small works are less likely to have CSOs, unless
they collect wastewater from a larger area® (assuming they
have enough capacity to treat diurnal variations in flow),
while large systems requiring varying amounts of pumping to
transfer wastewater to the works,’ normally have multiple
CSOs. CSOs can be located anywhere on the sewerage
network: a branch sewer remote from the works; a pumping
station; a storm tank or the inlet to a works. In addition to
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CSOs, pumping stations often have an emergency overflow in
case of complete pump failure,>® but in those cases even
though they may discharge through the same outfall pipe,
they operate independent of rainfall, and can release raw
sewage to the environment.”

The capacity of a wastewater system has normally been
defined in terms of population equivalents (P.E.) or hydraulic
load when it was built, based on the hydraulic capacity of the
sewers and the treatment plant (flow or load, in millions m®
d™" designed to handle). Flow to full treatment (FFT) is the
maximum flow a WWTWSs can treat at any time and is often
a requirement in their environmental permit.*® FFT is
normally calculated based on the work's dry weather flow
(DWF),'® the average daily flow to a treatment works during a
period without rain,* a parameter used for forecasting future
flows for design and strategic planning purposes.’ In simple
terms, the average WWTWs is designed as quasi-steady state
and operated as near steady state as possible, so historically
in the UK, flows entering WWTWs are limited to
approximately six times the mean daily DWF through the use
of CSOs in the system and an emergency overflow at the inlet
of the works, which protects them from flooding."" This
means that CSOs at the inlet of works operate when the flow
exceeds the works' capacity, assuming that approximately
three times the DWF passes to full treatment with the
remainder discharged to storm tanks, which normally start
discharging after two to six hours depending on their
capacity (normally also 3DWF).®'>™ On the other hand,
CSOs at pumping stations operate when the flows received
exceed the capacity of the pumps and rising main. Lateral
sewers are designed to handle short-term peak flow rates
roughly four times the mean daily DWF, and trunk sewers, to
handle peak flow rates two-and-a-half times the DWF."” In
well-designed and maintained systems, CSOs therefore
should only operate when, due to extreme rainfall, the
combined flow to the works exceeds six times the DWF.'®"”

All CSOs in England are regulated by the Environment
Agency, which reviews their permits, to ensure they comply
with the no deterioration objective, to avoid any increase in
pollution to receiving water bodies from individual and
aggregated discharges,® and are indeed expected to operate
only in exceptional circumstances (such as unusually heavy
rainfall)."® However, following several reports'>*® and media
stories evidence has emerged that many CSOs in England
discharge far more frequently. Frequent CSO spills, mean
that untreated sewage enters the environment and can lead
to the deterioration of the ecological and chemical status of
the receiving water bodies, and affect tourism, bathing and
recreational activities and pose a potential threat to human
health,>"?* particularly when CSOs discharge in the absence
of rain.

Combined sewage systems are also found across Europe,
with hundreds of thousands of kilometres of combined
sewers and an estimated number of CSOs in excess of
650000.>> The European Urban Waste Water Treatment
Directive (UWWTD) 91/271/EEC (EC 1991) indicates that
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member states will decide on measures to limit pollution
from CSOs, which could be based on higher dilution rates,
improvement of plant treatment capacity and regulation of
the overflow (spill) frequency.** Article 3 of the directive
requires the collection and treatment of wastewater in
agglomerations above 2000 P.E. (European Commission,
2019), stating that “...during situations such as unusually heavy
rainfall, member states shall decide on measures to limit
pollution from stormwater overflows. Such measures could be
based on dilution rates or capacity in relation to dry weather
flow or could specify a certain acceptable number of overflows
per year”. What constitutes unusually heavy rainfall or an
acceptable number of overflows per year is not defined, nor
there is a requirement for monitoring of overflows. As a
result, data gaps make the quantification of CSO events at
each EU member state difficult,>® with about 4% of the EU's
surface waterbodies reported as failing to achieve good
ecological status due to CSOs®® and countries such as
Belgium, Denmark, and parts of Germany and the
Netherlands, using overflow frequency and partly also
overflow duration as design criteria for CSOs.>**”

Similar is the situation in the United States (US), where
about 46 million people in 32 states are served by
municipally-owned combined sewers with 828 active CSO
permits (issued to 746 communities) that regulate 9348 CSO
discharge points.>® CSOs therefore are a major water
pollution concern for the approximately 772 cities in the US
that have combined sewer systems.>® For instance, more than
27 billion gallons of raw sewage and polluted stormwater are
discharged out of 460 CSOs into the New York Harbour each
year, with as little as one-twentieth of an inch of rain needed
for the system to overload.*® This is the reason, CSOs are
currently attracting attention and are the focus of a global
debate regarding the best techniques to manage growing
volumes of sewage and stormwater runoff.>>*' 7

In England, there are 5187 wastewater systems with 14 346
consented to discharge CSOs, owned by nine water
companies (Fig. 1). While historically the cost of “installation
of event monitors or flow loggers or the provision of access
facilities to install these monitors”, meant that the need for
monitoring CSOs was minimal,”® following a recent request
by the government to install event duration monitoring
(EDM),*” water companies concluded a programme to install
monitors on the vast majority of CSOs at the end of 2020,
with the remaining to be installed by 2023. When combined
with FFT monitoring EDM can provide a better picture of
where flow is going when a works is at full capacity. An EDM
device is usually situated immediately upstream of the FFT
meter so if any excess flow goes into stream, it records it,
and the data gets reported to the agency.

In 2021, a total of 12393 CSOs (301 more than 2020) were
monitored,*® recording a total of 372533 (from 403375 in
2020) spill events of an aggregated duration of around 2.7
million hours (from 3.1 million in 2020) and an average
aggregated duration of 7.4 hours (8.1 hours in 2020) and 29.4
incidents (32.6 in 2020) per CSO.*® However, just knowing

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Map of locations of wastewater treatment works (WWTWs) and CSOs consented to discharge, owned by water companies in England.

how often and for how long individual CSOs operate, not
much can be said about the reasons of their increased
frequency and duration, nor about their pollution load.
Instead, the impacts from CSO discharges depend on the
volume discharged, their pollutant load which varies from
community to community depending on the size of the
wastewater system and the relative amounts of domestic,
commercial, and industrial wastewater components collected
by the sewers for treatment,**™*" as well as the dilution factor
and other characteristics of the waterbody they discharge into
(i.e., sensitivity and value).*>*?

While it may be obvious that CSOs discharge more
frequently when the systems they are connected to have less
capacity, in this work, by estimating the capacity of these
systems uniformly for the first time, we are able to investigate
the extent to which increases in the frequency and duration
of CSO spills are down to the lack of capacity of wastewater
systems in the country. Indeed, just looking at the duration
and frequency of individual CSOs outside of the context of
the wastewater systems they belong to, is not the right way to
understand their causes nor the right approach for taking
action to reduce them. Therefore, in this paper we examine
potential links between the capacity, area and size of
wastewater systems the types and location of CSOs, and their
operation both in terms of their duration and frequency and

This journal is © The Royal Society of Chemistry 2023

pollution load; and make recommendations as to what needs
to be done to reduce their occurrences.

Methods

EDM data for 2021 and 2020 per CSO for the nine water and
sewerage companies in England were acquired from the
Environment Agency’® and were matched to the public
register for consented discharges to controlled waters with
condition.** These data provide all permit details as required
under the Environmental Permit Regulation. They contain
three tiers of data for all active permits (site and general
information, effluent details and determinant limits). The
duration of spills per CSO was provided as annual aggregated
spill duration recorded across several incidents. Although
data on spill counts were also available in the EDM database,
their utility was limited, as these were not monitored but
calculated from the spill durations using the 12/24 spill
counting method followed by the Environment Agency,® and
therefore were not included in the analyses.

From the 12272 CSOs with spill duration data in 2021 and
the 11976 CSOs with spill duration data in 2020, 11424
(93%) and 10610 (89%) passed quality control respectively
(ESIT section 1) and were also investigated in relation to the
location and type of each CSO (storm tank at WWTWs, inlet

Environ. Sci.: Water Res. Technol., 2023, 9, 707-722 | 709
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at WWTWs, sewer network, and pumping stations). Using
data obtained from the Environment Agency's public register
for consented discharges to controlled waters with
condition,* we connected the CSOs to their wastewater
systems (according to the unique permit number of their
works) based on the methodology described in ESIT section
2. The accuracy of this approach was evaluated at 84%, by
comparing our findings to a subset (7% of all EDM CSOs) for
which data were available.

The hydraulic capacity of each WWTWs was estimated via
the FFT/DWF ratio, with DWF and FFT obtained from the
Environment Agency's public register for consented
discharges to controlled waters with condition** (ESI{ section
3). From the 5187 WWTWs, 4107 had data on DWFs and
2200 on FFT,** while for 151 additional WWTWs the FFT was
obtained from the weir setting of the CSO at the inlet of the
WWTWs. The 11424 CSOs monitored in 2021 were found to
be connected to 2724 of these WWTWs, while the 10610
CSOs monitored in 2020 to be connected to 2546 WWTWs.
We related event duration monitoring data to wastewater
systems' capacity for 1974 wastewater systems with available
data for both FFT and DWF, with CSOs (other than pumping
stations) that spilled in 2021 (ESI{ section 4) and again for
1837 systems with available FFT and DWF data, for the
systems that had CSOs (other than pumping stations) that
spilled in 2020.

The annual spill duration of each wastewater system
(hereafter spill duration per system) was then calculated. In
wastewater systems with more than one CSO, multiple CSOs
can spill at the same time. Comparing the aggregate spill
duration of all CSOs in a system to the maximum spill
duration between the CSOs of each system, it was
demonstrated that the latter provided a better estimate of the
systems overall operation time per year (ESIT section 5). The
maximum spill duration reported amongst the CSOs
connected to each system, considering their type and location
(excluding CSOs at pumping stations, which operate when
the flows received exceed the capacity of the pumps and
rising main) was therefore used to indicate the spill duration
per system.

The systems were then classified according to their spill
duration for 2021 (and 2020), into the following categories:
those that did not spill (no spill); those that spilled up to a
day (=/<1 d); those that spilled between a day and a week (1
d-1 w); those that spilled between a week and 1 month (1
w-1 m); those that spilled between 1 and 6 months (1 m-6
m); and those that spilled more than 6 months (>6 m).

Although the normal FFT requirement for CSOs at
WWTWs is 3DWF, small wastewater systems are
characterised by low DWFs and therefore a 3 DWF capacity is
insufficient to accommodate flows from runoff due to
rainfall, particularly in the absence of storm tanks,*®®1>71445
Therefore, the role of WWTWs hydraulic capacity as a driver
of CSO spills was investigated separately for large and small
wastewater systems, categorised based on a DWF threshold
of 286 m® d, estimated assuming an agglomeration of
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population of 2000 water users*®

consumption of 143 1d™".*’

As for the reasons behind the increased frequency of CSOs
spills provided in the EDM data by the sewerage companies
as “High Spill Frequency-Operational Review - Primary
Reason”,*® 1565 CSOs had data provided for 2021 but no data
were made available for 2020.

Data on organic load entering and the organic load
capacity of WWTWs in England were acquired via the
European Commission®® as it had been reported by the UK
under the UWWTD (with 2018 as the most recent year with
available data). This dataset covers all WWTWs serving
population equivalent (P.E.) greater than 2000 if discharging
to freshwaters or 10000 if discharging to coastal/transitional
waters, where a P.E. of 1 is equivalent to an organic
biodegradable load having a 5-day BOD of 60 g per day.

Data analyses and management was carried out in R,*®
while spatial analyses and maps were generated using
QGIS.*

and a per capita

Results

Out of the 11424 CSOs with data of acceptable quality, 1744
and 810 CSOs from the 2021 EDM data were located at storm
tanks and at the inlet of treatment works and spilled on
average a total of 679 and 399 hours each respectively. A total
of 2149 CSOs located at pumping stations spilled on average
177 hours and 6721 CSOs located on the sewer network
spilled on average 106 hours each for the same year
(Table 1). Around 18% of all the CSOs that spilled were at
pumping stations, with 98% of them located at the network.
Some 129 of these spilled for more than a month (2 of which
more than 6 months) in 2021.

Less than 13% of the CSOs monitored did not spill at all,
the majority located on the sewer network (86% without
considering pumping stations). The 2554 CSOs located at
treatment works (storm tanks and inlets) had significantly
higher average spill durations than those located on other
parts of the sewer network (as revealed by one-way ANOVA
(F3,11420) = 781.5, p < 2 x 107 '°) and by Tukey's HSD test for
multiple comparisons (p < 1 x 107%%)).

Fifteen out of the 8136 CSOs (other than pumping
stations) that spilled, discharged for a total of more than six
months each (73% located at storm tanks or inlet at
WWTWs) (Table 2). Nine hundred and six CSOs spilled from
one to six months (78% located at storm tanks or inlet of
WWTWs) and 1794 CSOs (49% located at the network) for a
total number of hours ranging from a week to a month each.
The remaining 5421 CSOs spilled for less than a week each,
with 86% of them located at the network (Table 2).

These 9275 CSOs are connected to 2531 wastewater
systems, of which 126 systems (1.5%) with 132 CSOs
monitored did not spill (Table 2, Fig. 2). Of the 2405 systems
with CSOs that spilled, 57.2% (1375) had only one CSO,
17.6% (423) had 2 CSOs, 7.6% (182) had 3 CSOs and 17.7%
(425) had more than 4 (on average 15) CSOs that spilled (ESIT

This journal is © The Royal Society of Chemistry 2023
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Table 1 Annual average spill duration per CSO type (storm tank at WWTWs, inlet at WWTWs, sewer network, pumping station) and classification of
CSOs according to spill duration as follows: did not spill (no spill); spilled up to a day (=/<1d); spilled between a day and a week (1 d-1 w); spilled
between a week and 1 month (1 w-1 m); spilled between 1 and 6 months (1 m-6 m); and spilled more than 6 months (>6 m), based on data provided
for 2021 by the Environment Agency*®

Mean spill No of CSOs No of CSOs that No =/<1 1d-1 1 w-1 1 m-6 >6
EDM CSO type duration (h) (% of total) spilled (% per type) spill d w m m m
Storm tank at WWTWs 679.11 1744 (15%) 1646 (94%) 98 146 286 623 582 9
Inlet at WWTWSs 399.02 810 (7%) 748 (92%) 62 131 204 287 124 2
Sewer network 106.33 6721 (59%) 5742 (85%) 979 2870 1784 884 200 4
Pumping station 177.13 2149 (19%) 1820 (85%) 329 616 683 388 131 2
All 11424 (100%) 9956 (87%) 1468 3763 2957 2182 1037 17

Table 2 Classification of CSOs (other than pumping stations) and wastewater systems according to spill duration in 2021, as follows: did not spill (no
spill); spilled up to a day (=/<1 d); spilled between a day and a week (1 d-1 w); spilled between a week and 1 month (1 w-1 m); spilled between 1 and 6
months (1 m-6 m); and spilled more than 6 months (>6 m), and according to the type of CSO with the max spill duration per system (ST: storm tank at

WWTWs; I: inlet at WWTWs and N: sewer network)

No of CSOs CSO type”
Spill (other than No of Mean system
duration pumping stations) systems spill duration (h) ST I N
No spill (1139) (126) 0
<1d 3147 273 8.67 104 71 98
1d-1w 2274 456 80.58 238 122 96
1w-1m 1794 903 370.68 557 203 143
1 m-6 m 906 758 1288.42 548 108 102
>6 m 15 15 2802.17 9 2 4
Total 8136 (9275) 2405 (2531) 635.46 1456 (61%) 506 (21%) 443 (18%)

“ Based on the type of CSO with the max spill duration per system.

section 5). The classification of these systems is shown in
Table 2 (and in ESIT section 5).

About 61% of CSOs with the maximum spill duration per
system were those located at storm tanks, followed with 21% by
those located at the inlet of works and with 18% by those located
at the network (Table 2). These findings demonstrate a strong
link between the CSOs that spill and the systems they belong to
(i.e., their size and/or capacity), with the CSOs discharging the
most hours being distributed across the systems.

Those wastewater systems with insufficient treatment
hydraulic capacity (i.e., when FFT was less than 3DWF for
large and 6DWF for small systems) had on average higher
CSO spill durations, compared to systems with sufficient
hydraulic capacity in both the last two years (Table 3) (for
2020 results see ESIT section 6). This difference in spill
duration is significant for both large and small wastewater
systems, {1216 = —5.5184, p = 4.158 x 10°° and {tn4) =
-3.2556, p =0.001184 respectively (after log transformation of
the durations the p-values were £(;546) = —7.7611, p =1.745 X
10" and 704y = —3.1994, p = 0.001437 respectively) and the
trend is more evident in large compared to small wastewater
systems (Fig. 3). This is also demonstrated in the data for
2020 (ESIT section 6).

Similarly, wastewater systems with FFT less than 3 DWFs,
are larger systems with higher DWFs on average, compared
to systems with FFT equal or above 3 DWFs, and therefore,
their spills are also characterised by a higher pollution load.

This journal is © The Royal Society of Chemistry 2023

Indeed, 79% of the large and 82% of the small wastewater
systems that spilled do not have sufficient hydraulic capacity
(i.e., hydraulic capacities less than 3 DWF and 6 DWF
respectively) suggesting that they operate their CSOs to
protect the works under peak dry weather flow conditions
(Table 3). Moreover, when systems had the CSO with the
maximum spill duration located at the network, these were
large systems with many CSOs.

CSO spills from large wastewater systems are characterised
by larger volumes and higher pollution load compared to small
systems as they receive higher volumes of wastewater (i.e., the
average DWFs is 10668 m® d™* and 124 m® d™ respectively).
England’s 1290 large WWTWs (above 2000 P.E.) receive around
13.7 million cubic meters of domestic, commercial and
industrial wastewater, equivalent to 84% of the country's
aggregate DWF, with the largest 66 works (150000 P.E. and
above) treating more than 8 million cubic meters of wastewater
per day (51% of the country's aggregate DWF) corresponding to
a total organic loading of over 43 million P.E. (Table 4, for
aggregate DWF in England see ESIf section 3). In these very
large wastewater systems, even CSOs with low spill durations
can pose higher risks to receiving waterbodies than higher spill
durations from CSOs that are connected to small works.
Interestingly, a connection between the area served by the works
and its system's spill duration was also observed (Table 5).
Overall, the larger the area as indicated by the number of CSOs
in a system, the longer the duration of the CSO (other than

Environ. Sci.. Water Res. Technol, 2023, 9, 707-722 | 71
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Fig. 2 Map of wastewater systems in England based on the location of their wastewater treatment works (WWTWs) showing their spill duration

per water company for 2021.

pumping stations) with the maximum spill duration (Table 5).
In the case of pumping stations, with most of the sites that
spilled located at the network, 84% of those spilling for more
than a month each belonged to large WWTWs, indicating issues
related both to their maintenance and capacity that require
further investigation.

Interestingly, out of the CSOs we studied and that the
companies had provided reasons for the spills in the EDM
data (1565 CSOs in total), the lack of hydraulic capacity was
reported as the reason for 79.4% of those CSOs (ESI{ section
8). Infiltration (including groundwater inundation) was the
second most frequent reason for 8.2% (128 CSOs), and asset
configuration for 5% (78 CSOs). Exceptional weather was
reported as a reason for only 1.3% of the CSOs that spilled
(20 in total) and blockages for less than 1% (12 CSOs).

Discussion

CSOs are part of the normal operation of combined sewer
systems, designed with the intention of preventing spills and

712 | Environ. Sci.: Water Res. Technol., 2023, 9, 707-722

flooding at undesirable locations when the capacity of the
system and/or of the treatment works is exceeded during
extreme rainfall events,?® or at least that was the case when
the systems were designed and built. By design, CSOs are
meant to operate intermittently and only in response to heavy
rainfall events.'®'” Today, the situation is quite different.
Many CSOs operate frequently even under normal or no
rainfall, discharging diluted or raw untreated sewage into
water systems.

Not a new issue

This is an issue that the water industry has been called to
resolve before. In 2012, for example, the European Commission
took infringement action against the UK in relation to
discharges from CSO systems in London (Beckton, Crossness
and Mogden WWTWs, the largest agglomerations in England),
and Whitburn in Tyneside for breaching the UWWTD. On
average, 39 million tonnes of untreated wastewater containing
raw sewage had overflowed from CSOs around 50 to 60 times a

This journal is © The Royal Society of Chemistry 2023
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