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This is the first pollution load assessment of CSO discharges in England (2023) and a risk classification 
of its wastewater systems in relation to these. Annual overflow loads for BOD and Suspended Solids 
are nearly double those from WWTWs,  with  44.7% of the systems at High/ Very High risk. 
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The pollution load of combined sewer overflows and risks to 
England’s waterbodies: Relating event duration monitoring data 

to discharge consents from wastewater treatment works
Theodoros Giakoumis*a and Nikolaos Voulvoulis*b 

The increasing frequency of Combined Sewer Overflows (CSOs) has heightened public concern, triggered government action, 
and driven water authorities worldwide to commit to major infrastructure upgrades. In England, the installation of Event 
Duration Monitors (EDMs)  has revealed how often and for how long spills occur annually,  discharging untreated or dilluted 
sewage to the receiving environment. However, overflow frequency and duration are poor proxies for pollution loads or 
ecological risk. This study provides the first national estimation of pollution loads from individual CSOs and the risks they 
pose to receiving waterbodies, drawing on permitted effluent limits from connected Wastewater Treatment Works 
(WWTWs) and receiving waterbody characteristics.  A source-pathway-receptor framework is used to classify risk across 
England’s wastewater systems in relation to CSO discharges and their impacts. The findings challenge the Environment 
Agency’s position that CSOs are not a primary driver of  waterbody status failure, indicating their ecological impacts may be 
underestimated. For 2023, estimated aggregated CSO loads frequently surpassed those from the effluents of their WWTWs, 
with affected waterbodies receiving loads from CSOs four times higher for BOD and double for Suspended Solids. While 
nutrient loads exhibit lower relative contributions, the presence of wastewater systems where CSO loads equal or exceed 
treated effluent loads demonstrates that nutrient management strategies focusing solely on WWTWs risk overlooking a 
critical source. The study demonstrates how a systems approach  integrating  all  available data, can strengthen evidence-
based policy making, and support water companies in prioritising investments that can deliver measurable environmental 
improvements.

.

1. Introduction
Combined Sewer Systems (CSSs) were introduced in mid-19th 
century to dry out streets by collecting rainwater runoff and 
wastewater (i.e., domestic, commercial and industrial) in the 
same pipe to convey to points of discharge, generally into 
adjacent waterbodies 1. At the beginning of the 20th century, 
CSS discharge points were redirected to Wastewater Treatment 
Works (WWTWs), to clean the wastewater before discharge to 
rivers and streams 2,3.  Out of economic necessity, WWTWs had 
limited hydraulic and treatment capacity, and were generally 
designed to accommodate diurnal peak sanitary sewage flows 
and loads, plus an additional hydraulic load resulting from wet 
weather sources 4. Normally, this meant that they had capacity 
to give full treatment to three times the Dry Weather Flow 

(DWF) 5–7, or six times the DWF in the case of small-scale 
WWTWs to be able to accommodate fluctuations in wastewater 
and stormwater inflows 8,9. DWF is the average daily flow to a 
works during a period without rain 10. During extreme wet 
weather events, when the combined flow in CSSs could exceed 
the treatment and hydraulic capacity of the works, part of the 
flow was diverted to receiving waterbodies through direct 
discharge points, called combined sewer overflows (CSOs) 4. 

Most old cities in Western Europe and North America are served 
by such infrastructure, which in many places still includes pipes 
from the 1800s that played a key role in improving the 
environment, but is now ageing and is in serious need of 
replacement or upgrading. Most of these cities have 
experienced population growth and wastewater system 
expansion at rates that have not been matched by water 
infrastructure growth, and as a result, most WWTWs are now 
treating a significantly higher volume of flow than they were 
designed and built to accept 11,12. Consequently, CSOs designed 
to operate intermittently and only in response to heavy rainfall 
events, now operate much more frequently and even under 
normal or no rainfall, discharging diluted or raw untreated 
sewage into waterbodies 13. On top of this, the urbanisation 
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observed in recent years has resulted in increased impervious 
surfaces, known as urban creep, increasing the volume of 
overall runoff during rainfall.  Indeed, CSO spills have become a 
high-profile issue in England, drawing attention due to both 
their increased frequency and long durations 14,15. While 
historically the monitoring of CSOs was minimal, following a 
government request to install Event Duration Monitoring 
(EDM), Water and Sewerage Companies (WaSCos) concluded a 
programme to install monitors on the vast majority of CSOs at 
the end of 2020, with the remaining installed by 202316. In fact, 
as of 1 January 2025, WaSCs in England are legally required to 
publish near real-time data on the frequency and duration of all 
storm overflow discharges 17

EDM data from 2021, showed 78% of all CSOs discharging to be 
connected to about 79% of large WWTWs with hydraulic 
treatment capacity less than three times the DWF 13. The 
majority of these CSOs were also located at the inlet and storm 
tanks of WWTWs where the pollution load is much greater 13.  
In 2024, total CSO spill duration by English WaSCos reached a 
record 3.614 million hours, a slight increase from the 3.606 
million hours recorded in 2023, when the duration of spills had 
more than doubled compared to the 1.75 million hours in 2022, 
an increase of 105% 18. 

Municipal wastewater contains microbial pathogens, high 
concentrations of suspended solids, nutrients, microplastics, 
and toxic chemicals including persistent organic pollutants, 
heavy metals and other contaminants from industrial and 
commercial activities as well as from urban runoff19–25. CSOs can 
therefore be a significant source of pollution, often discharging 
a mixture of untreated human waste, industrial waste, and 
polluted storm runoff directly into rivers and coastal waters 
when they operate 26. Consequences range from visual or 
aesthetic impacts6, to losses from shellfish harvesting 27, 
pollution of drinking water sources 28,29 and health hazards from 
the recreational use of the receiving waterbodies 30–32. The 
pollutant load of CSO discharges varies from community to 
community depending on the relative amounts of domestic, 
commercial, and industrial wastewater components. Their 
impact depends also on local conditions including climate, 
rainfall and the size and overall state of the receiving water 
body, as well as the frequency and volume of CSO discharges. 

CSO spills can lead to the deterioration of the ecological and 
chemical status of receiving waterbodies 33–35, which historically  
was the only way potential impacts from their discharges were 
assessed,  as Reasons for waterbodies Not Achieving Good 
Status  (RNAG) and Reasons For Deterioration (RFD), based on 
data collected by the Environment Agency  on the source, 
activity and sector involved in causing an element to be at less 
than good status during  Water Framework Directive (WFD) 
waterbody classifications. In fact, according to the Environment 
Agency36 , only 448 waterbodies in England had reasons 
attributed to the presence of CSOs (amongst other intermittent 

discharges), corresponding to 9.3% of all waterbodies that 
failed to meet good status. This was probably down to their 
occurrences assumed as minimal due to “their intermittent 
nature” (‘exceptional circumstances’), before data on the 
frequency and durations of these discharges became available 
with the introduction of EDM. 

Still, looking at the duration and frequency of discharges from 
individual CSOs alone provides limited insight to their ecological 
impacts37. In fact. operational and structural interventions to 
reduce CSO discharges are usually planned based on long-term 
simulations using rainfall-runoff models, that normally do not 
explicitly consider the pollution load of the discharges and the 
sensitivity of the receiving waters, increasingly evident as more 
data becomes available from the monitoring of CSOs 26. 

To address these challenges, this study is the first time the 
pollution loads of individual CSOs are estimated and the risks 
they pose to receiving waterbodies evaluated. Starting with an 
extensive investigation of the 2023 EDM data, considering the 
type and location of CSOs in each system, the waterbodies they 
discharge into, the sewerage networks they are connected to, 
and the permitted effluent limits for determinands discharged 
by their WWTWs, individual CSO pollution loads are estimated 
for up to 11 determinands. Then, calculating the ratio of the 
total annual load of all the CSOs per system discharging in each 
waterbody to the combined load from all CSOs and WWTWs 
discharging in the same waterbody, the relative contribution of 
each system to the waterbodies they discharge into is 
quantified. Considering also the ratio of the annual aggregated 
load of all CSOs per system to their WWTWs effluent load, the 
hazard element of each system per water body is characterised. 
Combined with an element capturing the severity of potential 
consequences of the discharges, considering key characteristics 
of each water body, a source-pathway-receptor model allows 
for classifying the risk of wastewater systems in the country in 
relation to their CSO discharges in a given year (2023). 
Operationalised as a risk-based screening tool, this approach 
provides a transparent basis for WaSCos to prioritise 
investment for reducing the risks posed by CSO discharges. 

2. Methodology
2.1. Conceptual Model and System Understanding

The Source-Pathway-Receptor (S-P-R) model offers a useful tool 
for understanding how environmental pollution from CSOs 
takes place and can impact receiving water bodies. It provides a 
structured framework for assessing environmental risk by 
determining pollution sources, the pathways through which 
contaminants spread, and can impact the receiving water 
bodies and their users (Figure 1). It is widely used for risk 
assessments in areas with limited data and makes clear that for 
a pollutant to have an impact on an identified receptor a 
complete S-P-R chain is required 38. Moreover, a major 
advantage of the S-P-R model is its simplicity, flexibility and 

Page 3 of 22 Environmental Science: Water Research & Technology

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:W

at
er

R
es

ea
rc

h
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
9:

55
:2

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EW00860C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00860c


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

ability to identify relations in complex systems 39. It also offers 
a useful framework for supporting the development of 
mitigation measures for reducing the risks associated with the 
operation of CSOs.

Sources: CSOs can be located anywhere on the CSS network (i.e., 
a branch sewer remote from the works), at storm tanks or the 
inlet of WWTWs, and at pumping stations 6. Their operation is 
triggered by different causes, their pollution loads vary, they 
can be discharging in different waterbodies, and therefore need 
to be understood at their local context. Their pollution load 
depends on the volume discharged as a fraction of the flow 
collected by the sewers for treatment in WWTWs based on their 
location in each system.
Pathway: CSOs at the inlet of WWTWs operate when the flow 
exceeds their Flow to Full Treatment (FFT), the maximum flow 
they are permitted to treat, typically three times their DWF or 6 
times their DWF for small systems, discharging the remainder 
flow to storm tanks, which normally start discharging after two 
to six hours depending on their capacity, or directly to the 
environment. On the other hand, CSOs at pumping stations 
operate when the inflows exceed the capacity of the pumps 
and/or the associated rising main, discharging the excess flow to 
prevent surcharging or pumping station overload. 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.
Receptors: The environmental impact of CSOs is dictated by the 
receiving waterbody’s sensitivity and value, and condition 35. 
Receiving waterbodies with a high number of designated sites (e.g., 
Eutrophic Sensitive areas, Conservation of Wild Birds; Habitats and 
Species, drinking water, shellfish, bathing) are considered highly 
sensitive and often subject to more stringent regulatory standards. 
Similarly, the ecological status of receiving waterbodies is a critical 

factor in determining the severity of impacts, as an “expression of 
the quality of the structure and functioning of surface water 
ecosystems” 40,41. As an indicator of the health of the ecosystem, it 
determines how resilient a waterbody is to impacts from CSO 
discharges.

2.2 Understanding the frequency, duration and source of CSO 
discharges
EDM data for 2023 were obtained from the Environment 
Agency for all nine WaSCos operating in England18. These data 
provided annual aggregated spill durations in hours (recorded 
across several incidents) for all monitored CSOs. Out of the 
14,403 CSOs listed in EDM 2023, 13,911 had spill duration data, 
and were included in our analysis (96.6% of all CSOs) 
(Supplementary Material Table S1). Following the methodology 
described in Giakoumis and Voulvoulis (2023) 13, these CSOs 
were examined in relation to their location and type (storm 
tanks at WWTWs, inlets at WWTWs, sewer network, and 
pumping stations), as well as linked to their CSSs based on the 
location and permit information of their WWTWs. Out of those 
CSOs, 13,791 (120 less, due to data issues) were connected to 
2,951 CSSs. The annual spill duration of each CSS (hereafter 
“spill duration per system”) was calculated based on the 
maximum spill duration recorded among all CSOs in that 
system, excluding those located at pumping stations 13. CSS 
were then classified into six categories according to their total 
annual spill duration: no spill; =/<1 day; 1 day-1 week; 1 week-
1 month; 1-6 months; and >6 months. 

The ratio of DWF to FFT per system sourced from the Consented 
Discharges to Controlled Waters with Conditions data available in 
4238, supplemented by CSO weir settings where necessary, was 
used as the indicator for the systems hydraulic capacity. Its role as 

Figure 1. Conceptual model for a Combined Sewer System and key variables related to Source Pathway and Receptor linkages for evaluating 
risks related to Combined Sewer Overflow (CSO) discharges.
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a driver of CSO spills was investigated separately for large and 
small CSSs in line with Giakoumis and Voulvoulis13 .  Large systems 
(with PE more than 2,000) were classified as under-capacity if 
their FFT was lower than three times their DWF, and small systems 
(with PE less than 2,000), if their FFT was lower than six times their 
DWF. 

2.3 Calculating the pollution load of individual CSOs
The annual pollutant load of each CSO from municipal 
wastewater sources was calculated for each of 11 determinands 
typically specified at their WWTW’s discharge consents. These 
included conventional indicators of organic and nutrient 
pollution -Biochemical Oxygen Demand (BOD), Suspended 
Solids, Ammoniacal Nitrogen, and Total Phosphorus- as well as 
metals regulated under environmental quality standards 
including Cadmium, Chromium, Copper, Lead, Mercury, Nickel, 
and Zinc. BOD values represent the total annual mass of 
biodegradable organic material discharged and provide an 
indication of the potential oxygen demand exerted on receiving 
water bodies. Effluent consent concentrations for these 
determinands for each WWTWs (Supplementary Material Table 
S2) were obtained from the Environment Agency42  and used to 
back-calculate their influent concentrations by applying 
determinand-specific removal efficiencies consistent with the 
treatment processes at each works (Table 1). The type of 
treatment at each WWTWs (based on the most advance process 
employed) was also sourced from the Environment Agency42; 
while typical removal rates for each type of treatment were 
sourced from the United States Environmental Protection 
Agency43. For ammoniacal nitrogen, WWTWs providing 
advanced treatment44 were assumed to achieve an 80% 
removal rate, in line with updated national estimates. For 
WWTWs with treatment type listed as “unspecified” or “NA”, it 
was assumed that no removal was achieved, consistent with 
categories such as “none”, “screening” and “maceration”, 
therefore the pollution load from CSOs linked to these WWTWs 
could be underestimated. These were used to calculate the 
pollution load of untreated wastewater over a year (influent 
load) that was then distributed across the individual CSOs in 
each CSS according to their relative annual spill durations, with 
the WWTWs also receiving part of the load during CSO 
operations. The pollution load of untreated wastewater per 
determinand was estimated by multiplying the back-calculated 
influent concentration of each determinand by the DWF of the 
WWTWs, which is the permit-defined, rainfall-independent 
design flow representative of household and trade sources. This 
approach likely underestimates CSO loads for storm-responsive 
determinands (e.g., suspended solids, some metals), but offers 
a consistent, permit-based baseline for the pollution load of CSOs 
from municipal wastewater sources on an annual basis for national 
comparisons. 

The average daily influent pollution load (mg/day) per 
determinand i at the inlet of the WWTWs j was calculated as:

InfluentDETE𝑖
WWTWsj

=  
DWFWWTWsj ×  DETEi

WWTWsj
 × 1,000

1 ―  ReductionDETE𝑖
WWTWsj

  

Where DWFWWTWsj is the DWF (m3/day) of WWTWs j, 

𝐷𝐸𝑇𝐸𝑖
𝑊𝑊𝑇𝑊𝑠𝑗

 is the permitted concentration in the effluent for 

determinand i at WWTWsj (mg/l), and ReductionDETE𝑖
WWTWsj

 is the 

typical percentage reduction of determinand i during 
treatment, based on the type of treatment at WWTWsj (Table 
1). The factor 1,000 converts cubic metres to litres.

This allows for estimating the annual pollution load of each CSO 
per determinand (mg) based on:

InputDETE𝑖
CSOk

=
InfluentDETE𝑖

WWTWsj

24 ×
EDMCSOk 

∑n
h=1 EDMCSOh +  EDMCSS

 × EDMCSS

Where, InfluentDETE𝑖
WWTWsj

 (mg/day) is defined above, 𝐸𝐷𝑀𝐶𝑆𝑂𝑘  is 

the annual spill duration of CSO k (hours/year), ∑𝑛
ℎ=1 𝐸𝐷𝑀𝐶𝑆𝑂ℎ 

is the aggregated annual spill duration of all CSOs of the CSS, n 
is the number of CSOs per CSS, and 𝐸𝐷𝑀𝐶𝑆𝑆 is the annual spill 
duration of the CSS (h/year), defined as the maximum annual 
spill duration among all CSOs in the system.

The annual effluent pollution load (mg) per determinand i 
discharged by WWTWsj was calculated as:

Effluent DETE𝑖
WWTWsj

=  
DWFWWTWsj ×  DETEi

WWTWsj
 × 1,000

24

× (365 ×  24 ―  EDMCSS) +
DWFWWTWsj ×  DETEi

WWTWsj
 × 1,000

24  

 ×  
EDMCSS 

∑n
h=1 EDMCSOh +  EDMCSS

 ×  EDMCSS

where DWFWWTWsj is the DWF (m3/day) of WWTWs j, 

𝐷𝐸𝑇𝐸𝑖
𝑊𝑊𝑇𝑊𝑠𝑗

 is the permitted concentration in the effluent for 

determinand i at  WWTWsj (mg/l), factor 1,000 converts cubic 
metres to litres, factor 24 converts days to hours, 𝐸𝐷𝑀𝐶𝑆𝑆 is the 
annual spill duration of the CSS (h/year), and ∑n

h=1 EDMCSOh is 
the aggregated annual spill duration of all n CSOs in the CSS. 

To evaluate the significance of the pollution load of CSO 
discharges per system, the ratio of the annual aggregated CSO 
loads per system to the annual load from their WWTWs effluent 
was calculated per determinand as follows for i in a given CSSj: 

Ratio DETE𝑖, WWTWj
CSSj

=  
∑m

k=1 InputDETE𝑖
CSOk

InputDETE𝑖
WWTWsj
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where,  ∑m
k=1 InputDETE𝑖

CSOk
is the aggregated annual pollutant load 

for determinand i from all m CSOs in a CSSj, and  InputDETE𝑖
WWTWsj

 is 

the annual pollutant load of the system’s  WWTWsj for the 
same determinand i.

Annual aggregated loads per determinand were calculated for each 
waterbody receiving discharges from CSOs by adding the pollution 
loads from the CSOs and WWTWs discharging in each one. The total 
load for each waterbody (WBz) per determinand (DETE𝑖) was 
estimated separately for CSOs and WWTWs discharges, as follows:

CSO InputDETE𝑖
WBz

=  
m

k=1
InputDETE𝑖

CSOk

WWTWs InputDETE𝑖
WBz

=  
n

j=1
InputDETE𝑖

WWTWsj

where,  ∑m
k=1 InputDETE𝑖

CSOk
 is the aggregated annual input of 

determinand i from all m CSOs discharging into waterbody WBz, 
and  ∑n

j=1 InputDETE𝑖
WWTWsj

  is the aggregated annual input of 
determinand i from all n WWTWs discharging into WBz.

The relative contribution of each CSO to the total combined 
pollution load from all CSOs and WWTWs per determinand i in 
a given waterbody z was calculated as: 

Relative inputsDETE𝑖
CSOk, WBz

=  
InputDETE𝑖

CSOk, WBz

CSO InputDETE𝑖
WBz

+  WWTWs InputDETE𝑖
WBz

2.4. Risk Characterisation of CSSs
The S-P-R model developed in Section 2.1, was operationalised 
as a risk-screening tool for CSSs in relation to their CSO 
discharges to waterbodies. Two key elements were considered: 
the likelihood (or probability) of their CSOs discharges (Hazard) 

and the consequence (or severity) of their CSOs discharges to 
their receiving  waterbodies  as receptors (Table 2). 

Hazard characterisation: This was expressed considering two 
components (Table 2): the ratio (H1) of the CSS’s aggregated 
annual CSO loads per waterbody to the combined annual load 
of all CSOs and WWTWs in the same waterbody per 
determinand, and the ratio (H2) of the  CSS’s aggregated annual 
CSO loads to the annual load of its WWTWs per determinand. 
For H1, the CSS’s relative contribution to the total combined 
pollution load from both CSOs and WWTWs per waterbody its 
CSOs discharged into, was calculated per determinand as 
follows:  

Relative inputsDETE𝑖
CSSj, WBz

=  
𝑘∈𝑐(CSSj, WBz)

Relative inputsDETE𝑖
CSOk, WBz

where 𝑐(CSSj, WBz) is the set of CSOs which are part of CSSj 

that discharge at WBz and Relative inputsDETE𝑖
CSOk, WBz

 calculated 
as detailed in Section 2.3.  

Each numeric ratio of CSS per waterbody its CSOs discharged 
into for each of the 11 determinants was then mapped to a five-
level hazard class using fixed bands: Very Low [0-0.20], Low 
(0.20-0.40], Moderate (0.40-0.60], High (0.60-0.80], Very High 
(0.80-1]. For the second component of the Hazard element 
classification (H2), the ratio of the CSS’s aggregated annual CSOs 
loads to its WWTWs annual effluent load   per determinant  

Ratio DETE𝑖, WWTWj
CSSj   was calculated as detailed in Section 2.3. For 

each CSS, these ratios were then mapped to a five-level hazard 
class using fixed bands: Very Low [0-0.20], Low (0.20-0.40], 
Moderate (0.40-0.60], High (0.60-0.80], Very High (0.80-1] for 
each of the 11 determinands. 

Table 1. Typical reduction of determinands (%) by treatment type in consented WWTWs with CSOs in England. Data sources: US EPA and 
DEFRA43,44. Blank cells indicate cases where treatment type is not applicable or relevant to the determinand in the context of these WWTWs.

Treatment Type WWTWs 
(n) BOD Cadmium Chromium Copper Lead Mercury Nickel Ammoniacal

Nitrogen
Suspended

Solids
Total

Phosphorus Zinc

ACTIVATED CARBON 1 99% 25% 99%
ACTIVATED SLUDGE 137 93% 59% 64% 62% 65% 53% 39% 25%, 80% 92% 2% 42%
BIOLOGICAL FILTRATION 1,360 93% 59% 64% 62% 65% 53% 39% 25%, 80% 92% 2% 42%
CHEMICAL 16 99% 62% 25%, 80% 91% 80% 42%
CHEMICAL & BIOLOGICAL 24 99% 59% 62% 25% 91% 80%
CHEMICAL - PHOSPHATE STRIPPING 505 99% 59% 64% 62% 65% 39% 25%, 80% 91% 80% 42%
HIGH-RATE BIOLOGICAL 11 93% 64% 62% 65% 39% 25% 92% 42%
IRON CHEMICAL DOSING
FOR PHOSPHATE REMOVAL 2 99% 25% 91% 80%

LAGOON SETTLEMENT 10 93% 62% 25% 92% 2%
LAND IRRIGATION 7 98% 25% 91%
MEMBRANE FILTRATION 5 99% 92% 96%
OXIDATION DITCH 23 98% 62% 80% 91% 94%
PACKAGE TREATMENT PLANT 79 93% 25% 92% 2%
REEDBED 13 99% 80% 25%, 85% 96% 72%
SAND FILTRATION 22 99% 25% 96% 96%
TERTIARY BIOLOGICAL 44 97% 80% 92% 96% 98% 72%
UV DISINFECTION 125 93% 59% 62% 25%, 80% 92% 2% 42%

Page 6 of 22Environmental Science: Water Research & Technology

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:W

at
er

R
es

ea
rc

h
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
9:

55
:2

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EW00860C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00860c


ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Table 2. Source Pathway Receptor variables used in the risk assessment.

Elements Components Variables

H1: Ratio of CSS’s 
aggregated CSO loads 
to the combined load 

from all CSOs and 
WWTWs discharging 
per each waterbody 
they discharge into

BOD, Cadmium, Chromium, 
Copper, Lead, Mercury,

Nickel, Ammoniacal 
Nitrogen, Suspended Solids, 

Total Phosphorus, Zinc

Hazard
(CSS driven 
probability 

per receiving 
water body)

H2: Ratio of CSS’s 
aggregated CSO loads 

to its WWTW’s 
effluent load in a year

BOD, Cadmium, Chromium, 
Copper, Lead, Mercury,

Nickel, Ammoniacal 
Nitrogen, Suspended Solids, 

Total Phosphorus, Zinc
Nitrate Vulnerable Zones
Eutrophic Sensitive areas
Bathing Water Directive
Shellfish Water Directive
Drinking Water Protected 

Area / Safeguard Zones
Ramsar Site

Special Area of 
Conservation

C1: Receiving 
waterbody/ies 

Sensitivity & Value 
CSS’s CSOs discharge 

into

Special Protection Area

Consequence
(Receiving 

water 
body/ies 

driven 
magnitude of 

impact)
C2: Condition of 

receiving waterbody 
/ies CSS’s CSOs 
discharge into

Ecological Status of 
receiving waterbody

The worst-performing classification across the 11 
determinands, drove the classification for both H1 and H2, and 
the worst classification of these two determined the final 
hazard classification of each CSS in relation to each waterbody 
their CSOs  discharged into.

Consequence assessment: Each Receptor’s (receiving waterbodies) 
consequence class was derived based on its sensitivity & value 
and its condition (Table 2). More specifically, waterbodies with 
designated sites as Nitrate Vulnerable Zones (NVZs) under the 
Nitrates Directive (91/676/EEC) and those identified as 
eutrophic-sensitive under the Urban Waste Water Treatment 
Directive (91/271/EEC) were flagged as being of elevated 
sensitivity due to nutrient-related pressures. The value loss 
from CSO pollution was determined based on the presence of 
protective designations. These included Bathing waters as 
identified under the Bathing Water Directive (Directive 
2006/7/EC) and Shellfish waters, which are protected under the 
WFD, Drinking Water Protected Areas as identified under the 
Drinking Water Directive (Directive 2020/2184) and associated 
Drinking Water Safeguard Zones, Special Protection Areas 
under the Birds Directive (Directive 2009/147/EC), Special Areas 
of Conservation under the Conservation of Natural Habitats and 
of Wild Fauna and Flora Directive (Directive 92/43/EEC) and 
Ramsar Sites under the 1971 Convention on Wetlands of 
International Importance. Data on these designations were 

obtained from the Environment Agency45  and represented as 
binary data indicating the presence/absence of designation 
types per waterbody. We summed the binaries to obtain a 
designation count and classified it into five ordered classes 
using fixed thresholds (0 = Very Low; 1-2 = Low; 3-4 = Moderate; 
5-6 = High; ≥7 = Very High). The condition of each receiving water 
body was based on its ecological status for 2022 (bad, poor, 
moderate, good, high) reported under the WFD and obtained 
from the Environment Agency46 . Classifications were mapped to 
a five-level receptor-consequence class, with poorer status 
corresponding to higher consequence: (i.e., bad status → Very 
High; poor status → High; moderate status → Moderate; good 
status → Low; high status → Very Low). For 123 waterbodies, 
where 2022 data were missing, values from 2019 were used. 
The worst performing classification from the two components (C1 
and C2) was then used to classify each CSS‘s receiving 
waterbodies in terms of consequence. Twenty-three CSOs 
(from 22 CSSs) discharging to 18 waterbodies with unavailable 
or non-applicable ecological status data (i.e., groundwaters), 
were excluded from the analyses. This resulted in a final dataset 
of 2,548 waterbodies for consequence assessment receiving 
discharges from 13,768 CSOs from 2,940 CSSs.

Overall Risk: The final risk classification was assigned per CSS by 
applying the 5×5 risk matrix to each CSS-waterbody 
combination (hazard × consequence), with the worst 
performing CSS - waterbody combination per CSS driving its 
final risk classification.  

3 Results
3.1 System understanding 
In 2023, CSOs located at storm tanks of WWTWs (1,935) spilled 
on average a total of 833 hours and those at the inlet of WWTWs 
(1,107) on average 462 hours. CSOs located at pumping stations 
(2,720) spilled on average 216 hours and CSOs located on the 
sewer network (8,135) spilled on average 107 hours, all 
demonstrating an increase compared to 2021 (using the same 
metrics with the study by Giakoumis and Voulvoulis (2023)13) 
(Table 3). CSOs located at WWTWs (storm tanks and inlets) were 
disproportionately responsible for long-duration spills (1 month 
- 6 months) and had significantly higher average spill durations 
than those located at pumping stations and on other parts of 
the sewer network where most CSOs exhibited short to 
moderate duration (i.e., Wilcoxon Rank Sum Test, W = 
26261392, p-value < 2.2e-16, r=0.272). The median spill 
duration for CSOs located at WWTWs was 400 hours, while the 
median spill duration of the rest of the CSOs was 18.2 hours. The 
14 CSOs classified as “other storm discharge” type were excluded 
from this analyses. 
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A total of 11,093 CSOs (other than pumping stations) were 
connected to 2,764 CSSs with available data, of which 105 
systems did not spill in 2023 (Table 4). Out of the 2,659 CSSs 
that spilled, 11 (0.4%) spilled for more than six months each, 
showing a slight improvement compared to 2021, when that 
number was 15 (0.6% of the 2,405 CSSs that spilled). However, 
1,078 CSSs (40.5%) spilled between one and six months, a 
substantial increase from the 758 systems (31.5%) in 2021. 
Notably, the CSSs that spilled for durations between one week 
and one month decreased both in number and percentage to 
862 systems (32.4%) from 903 (37.5%) in 2021. The number of 
systems spilling between one day and one week also increased 
to 464 (17.5%) from 456 in 2021 (19.0%). In contrast, the 
number of CSSs spilling for less than one day decreased to 244 

(9.2%) from 273 in 2021 (11.4%). About 62% of CSOs with the 
maximum spill duration per system were located at storm tanks, 
an increase from 61% in 2021, while 26% were located at inlets, 
up from 21% in 2021 (Table 4). 

CSSs of WWTWs with insufficient treatment hydraulic capacity 
(i.e., when FFT was less than three times the DWF for large 
systems and six times the DWF for small systems) were shown 
to have again significantly higher CSO spill durations compared 
to those with WWTWs with sufficient hydraulic capacity (Table 
5). For large WWTWs, the median spill duration for systems 
with insufficient capacity was 769 hours (n = 984), compared to 
357 hours (n = 282) for systems with sufficient capacity (W = 
175731, p-value = 8.303e-12, r=0.219). Similarly, for small 
WWTWs, the median spill duration for systems with insufficient 
capacity was 471 hours (n = 580), compared to 193 hours (n = 
121) for systems with sufficient capacity (W = 43634, p-value = 
2.483e-05, r=0.177). 

These findings demonstrate a significant and consistent pattern 
between 2021 and 2023, where systems with insufficient 
capacity exhibit longer spill durations. In fact, the mean spill 
duration per system increased across most categories for both 
Large (≥ 2000 PE) and Small (< 2000 PE) systems compared to 
2021.

 
3.2 CSOs pollution load
The annual pollution load of every CSO per determinant was 
estimated for 2023 (Electronic Supplementary Information 1). 
The two most prevalent determinands were BOD and 
Suspended Solids, with total annual CSO loads of 419,951 
tonnes and 360,100 tonnes from 12,847 and 13,054 CSOs, 
distributed across 2,583 and 2,598 CSSs respectively (Table 6, 

Table 3. 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 (1d-1w); spilled between a week 
and 1 month (1w-1m); spilled between 1 and 6 months (1m-6m); and spilled more than 6 months (> 6m), based on data provided for 2023 by the Environment 
Agency. Shading indicates trends compared to 2021: yellow denotes deterioration, green represents improvement, and white signifies no change.

EDM CSO Type Mean spill 
duration (h)

No of 
CSOs

No of CSOs 
that spilled

% of CSOs that 
spilled No spill =/< 1d 1d-1w 1w-1m 1m-6m > 6m

Storm tank at 
WWTWs 832.98 1,935 1,855 96% 80 133 275 602 839 6

Inlet at WWTWs 462.11 1,107 1,019 92% 88 163 285 335 232 4

Sewer network 106.65 8,135 6,802 84% 1,333 3,337 2,201 1,010 253 1

Pumping station 216.43 2,720 2,286 84% 434 690 813 562 218 3

All   13,897 11,962 86% 1,935 4,323 3,574 2,509 1,542 14

Table 4. Classification of CSOs (other than pumping stations) and 
CSSs according to spill duration in 2023, as follows: did not spill (no 
spill); spilled up to a day (=/< 1d);   spilled between a day and a week 
(1d-1w); spilled between a week and 1 month (1w-1m);  spilled between 
1 and 6 months (1m-6m); and spilled more than 6 months ( > 6m), 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. 
Shading indicates trends compared to 2021: yellow denotes 
deterioration, green represents improvement, and white signifies no 
change.

CSO type*
No of CSOs* No of

systems
Mean system

spill duration (h) ST I N
No Spill 1,490 105 0

< 1d 3,610 244 9.15 93 84 67
1d-1w 2,735 464 84.43 216 171 77
1w-1m 1,932 862 411.38 529 243 90
1m-6m 1,315 1,078 1,566.49 798 192 88
> 6m 11 11 5,140.78 6 4 1

Total spilled 9,603 2,659 1,642 694 323
Total 11,093 2,764

805.28
62% 26% 12% 

*Other than Pumping stations
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Figure 2) In comparison, the total annual loads for BOD and 
Suspended Solids from WWTWs were 210,203 tonnes and 
285,146 tonnes respectively (Table 6). Median per-CSO loads 
for both determinands exceeded 1 t, while mean values were 
approximately 30-fold higher (32,689 kg for BOD; 27,585 kg for 

Suspended Solids), reflecting highly skewed distributions in 
which a small proportion of CSOs contribute disproportionately 
to total loads. BOD loads were widely distributed across 
England, with particularly high concentrations in the Midlands, 
northern river catchments, reflecting both the density of CSOs 
and the scale of discharges. 

The total annual CSO load for Ammoniacal Nitrogen in 2023, 
was 3,931 tonnes from 9,960 CSOs, distributed across 1,936 
CSSs.  For Total Phosphorus, total annual CSO loads were 
smaller (170 t), originating from1,938 CSOs connected to the 
517 CSSs permitted to discharge this determinand. Heavy 
metals and trace elements (i.e., Cadmium, Chromium, Copper, 
Lead, Mercury, Nickel, Zinc) had much lower annual loads 
discharged from much fewer CSOs and CSSs, with most total 
values less than one tonne.  Notable exceptions were Zinc and 
Copper, with total annual loads of 16.18 tonnes and 11.66 
tonnes from 725 CSOs connected to 54 CSSs, and 598 CSOs 
connected to 60 CSSs permitted to discharge these respectively. 

Figure 2. Location and distribution of CSOs BOD loads across England.
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When aggregated, loads from CSOs often matched or exceeded 
those from their WWTWs for key determinands (Table 6, the 
complete data can be found in Electronic Supplementary 
Information 2). The greatest ratios were observed for BOD and 
Suspended Solids, with mean ratios of 155% and 71%. In total, 
982 CSSs had CSO BOD loads exceeding those of their associated 
WWTWs, while 625 CSSs showed the same pattern for 
Suspended Solids. A further 136 and 177 CSSs had CSO loads 
contributing 80-100% of their WWTW effluent equivalent for 
BOD and Suspended Solids, respectively, highlighting the 
widespread scale at which CSO discharges match treated 
effluent for these determinands. Nutrients showed more 
modest but still significant ratios. Total Phosphorus had a 
median CSO:WWTW ratio of 10% and mean of 29%, with 21 
CSSs exceeding WWTW loads and a further 12 contributing 80-
100%. Ammoniacal Nitrogen exhibited a median of 6% and 
mean of 11% across 1,936 CSSs, with 14 exceeding and five 
matching their corresponding WWTWs. Heavy metals and trace 
elements had median CSO:WWTW ratios generally below 10% 
and mean ratios below 20%, with the sole exception of Mercury 
(median 7%; mean 22% across 6 CSSs). These patterns are 
driven by differences in influent concentrations, treatment 
removal efficiencies, catchment size, and spill duration, and 
indicate that targeting a relatively small subset of 
disproportionately high-load CSOs could yield substantial 

reductions in total pollutant discharges. 

 CSOs connected to larger WWTWs, are associated with 
substantially higher loads across almost all determinants (Table 
7). Median and mean CSO loads per CSS increased sharply with 
WWTWs size (DWF), peaking in systems serving >74,900 m³/day. 
Mean BOD loads rose from 1.20 tonnes/year in CSSs with DWF 
<286 m³/day to around 6,728 tonnes/year in CSSs with DWF 

>74,900 m³/day, with similar trends for Suspended Solids (1.24 to 
5,886 tonnes/year) and Ammoniacal Nitrogen (0.04 to 53.13 
tonnes/year). Total Phosphorus, Zinc and Copper also scaled 
steeply with WWTWs size, while Cadmium, Chromium, and 
Nickel remained low but followed the same gradient. Higher CSO 
loads of BOD, Ammoniacal Nitrogen, and Suspended Solids were 
associated with insufficient treatment hydraulic capacity for both 
small and large systems, while for Total Phosphorus this was the 
case only for large (Supplementary Material Tables S3-4).

Table 7. Summary statistics of annual aggregated CSO pollutant loads 
(tonnes/year) per CSS, grouped by WWTW size category (DWF - m³/day).

Median (tonnes)

DWF

BO
D
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en
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de

d
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s

To
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or
us

Zi
nc

Ca
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iu
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Co
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Le
ad

Ch
ro

m
iu

m

N
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ke
l

<286 0.34 0.00 0.02 0.45 0.00 0.00

286-1489 2.72 0.10 3.01 0.02 0.000.000.000.00

1489-4546 16.71 0.36 13.81 0.09 0.000.000.010.010.000.00

4546-11539 57.07 0.00 0.77 38.65 0.16 0.010.000.010.000.000.00

11539-74900 268.96 0.00 4.00 216.05 0.89 0.050.010.040.030.020.01

>74900 2,412.080.00 33.86 2,175.63 1.74 1.780.021.96 0.33
Mean (tonnes)

<286 1.20 0.00 0.04 1.24 0.02 0.00

286-1489 7.95 0.21 6.64 0.09 0.000.000.010.00

1489-4546 40.03 0.82 27.94 0.29 0.010.000.010.010.000.00

4546-11539 134.93 0.00 2.40 97.08 1.21 0.030.000.030.010.010.02

11539-74900 770.34 0.00 9.76 620.48 1.77 0.370.020.140.030.040.01

>74900 6,727.570.00 53.13 5,886.41 1.74 3.510.052.09 0.33
CSSs (n)

<286 906 1 573 910 106 2

286-1489 798 629 798 219 8 1 7 1

1489-4546 409 345 411 113 14 2 9 2 1 2

4546-11539 237 3 201 236 44 13 7 23 7 7 10

11539-74900 202 1 161 211 33 14 9 17 4 5 7

>74900 31 1 27 32 2 3 4 4 1

Table 6. Summary statistics of relative annual CSO pollution load (in kg), the aggregated CSO load (kg) per CSS, WWTWs load (kg), and ratio of 
aggregated annual CSO to WWTW effluent load per CSS, all for different determinand categories (DETEs) in 2023.

CSO load (kg) Aggregated CSO load (kg) per CSS WWTWs load (kg)

Ratio of annual 
aggregated

CSOs to WWTWs 
load per CSS (%)

DETE Median* Mean* Sum n Median† Mean† Sum Median† Mean† Sum n Median† Mean† 80-100 >100

CSS
(n)

BOD 1,097.75 32,688.67 419,951,399.39 12,847 2,620.55 162,582.81 419,951,399.39 4,720.14 81,345.00 210,114,140.79 2,583 59.5% 154.6% 136 982 2,583

Cadmium 0.02 0.73 389.29 535 2.03 16.93 389.29 47.06 174.64 4,016.76 23 7.9% 16.6% 0 1 23

Chromium 0.24 3.01 259.08 86 8.64 19.93 259.08 248.39 629.32 8,181.16 13 3.7% 6.4% 0 0 13

Copper 0.83 19.49 11,656.80 598 16.52 194.28 11,656.80 227.98 590.72 35,443.34 60 8.9% 18.1% 1 1 60

Lead 0.28 2.07 182.00 88 6.24 13.00 182.00 99.29 310.62 4,348.67 14 5.2% 8.0% 0 0 14

Mercury 0.02 0.09 9.01 97 0.11 1.50 9.01 6.11 6.13 36.76 6 7.1% 22.1% 1 0 6

Nickel 0.14 1.56 626.98 403 7.00 31.35 626.98 253.65 523.81 10,476.29 20 2.7% 7.3% 0 0 20

Ammoniacal
Nitrogen 27.71 394.73 3,931,539.71 9,960 106.63 2,030.75 3,931,539.71 2,099.41 16,452.95 31,852,911.55 1,936 5.6% 10.6% 5 14 1,936

Suspended
Solids 1,088.71 27,585.45 360,100,474.65 13,054 2,888.00 138,606.80 360,100,474.65 8,431.29 109,843.62 285,373,729.73 2,598 36.4% 71.3% 177 625 2,598

Total
Phosphorus 4.64 87.56 169,697.85 1,938 31.01 328.24 169,697.85 313.09 1,086.97 561,963.38 517 10.2% 29.1% 12 21 517

Zinc 0.80 22.33 16,186.79 725 8.12 299.76 16,186.79 134.06 1,494.94 80,726.84 54 6.7% 10.5% 0 0 54

* Computed for CSOs linked to a CSS whose WWTW holds a permit for the DETE. † Computed only for CSS whose associated WWTW holds a permit for the DETE.
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The relative contribution of the load of individual CSOs to the 
aggregated CSO and WWTW load per receiving waterbody was 
generally small, with median shares less than 3% for all 
determinands and less than 1% for most (Table 8). However, 
several determinands displayed highly skewed distributions, 
where a minority of CSOs dominated inputs. For example, mean 
contributions for Chromium (18.2%), Lead (18.0%), and 
Mercury (17.1%) are an order of magnitude higher than their 
medians, reflecting the influence of a few dominant 
dischargers. Similarly, nutrients and bulk pollutants such as 
Total Phosphorus (mean 14.4%), BOD (11.6%), and Suspended 
Solids (10.2%) are often driven by a small subset of CSOs. This is 
confirmed by the number of CSOs that individually account for 
than 50% of the aggregated loads in their receiving waterbodies -
most notably for BOD (1,070 CSOs ≈8% of all CSOs), Suspended 
Solids (881 CSOs ≈7%), and Ammoniacal Nitrogen (580 CSOs ≈6%). 
Metals show the same pattern at smaller scales i.e., Copper (70 
CSOs ≈12%), Zinc (64 CSOs ≈9%), and Cadmium (37 CSOs ≈7%) - the 
number of CSOs that contribute more than 50% of the aggregated 
load in their receiving waterbody. 

CSSs contributions (aggregated CSO loads per CSS discharging in 
the same waterbody) to combined loads in each waterbody are 
generally modest, with median shares close to zero for most 
determinands and only BOD (11.4%) and Suspended Solids 
(8.8%) exceeding 5% (Table 9). However, distributions are highly 
skewed, with mean contributions reaching 32.1% for BOD, 
28.7%, for Suspended Solids, and 17.4% for Ammoniacal 
Nitrogen. These averages reflect the influence of a relatively 
small subset of CSSs that dominate loads in specific 
waterbodies. 

Table 9. Median and mean relative contribution of CSSs to the aggregated 
CSO and WWTW load per receiving waterbody (WB) across different 
determinand categories (DETEs) in 2023. The table also reports, the 
number of CSSs with loads over 50% of the aggregated determinand loads 
in their respective waterbodies, broken down by ratio groups (50-60%, 70-
80%, 80-90%, and 90-100%). 

Indeed, 1,355 CSSs contribute BOD loads more than 50% of the 
aggregated CSOs and WWTWs load per receiving water body, 
while for Suspended Solids, Ammoniacal Nitrogen and Total 
Phosphorus, these reach 1,120, 688 and 233 CSSs respectively. 
By contrast, trace elements and metals contribute little overall, 
with medians near zero and only a few cases where they 
contribute more than 50% of aggregated loads in receiving 
waterbodies (e.g., 77 for Zinc, 76 for Copper, 53 for Cadmium, 
37 for Nickel).

3.3 Risk Characterisation of CSSs
The 2,940 CSSs that were risk assessed in the study, had a total 
of 13,768 CSOs discharging in 2,548 waterbodies, resulting in 
4,578 hazard rankings based on each of the waterbodies their 
CSOs discharge into. To classify each CSS in term of component 
H1 for that hazard element (see table 2), five-band hazard 
metrics per determinant were used according to the ratio of 
each CSS’s aggregated CSO loads to the combined load from all 
CSOs and WWTWs per receiving waterbody (Table 10), with  the 
worst performing determinant used to assign these rankings for 
each combination of CSS and receiving waterbody as follows: 
Very High 1,095 (23.9%), High 302 (6.6%), Moderate 346 (7.6%), 
Low 463 (10.1%), and Very Low 2,372 (51.8%). Very High hazard 
CSS classifications were dominated by BOD (879), Suspended 
Solids (781), and Ammoniacal Nitrogen (634), with smaller but 
notable contributions from Total Phosphorus (210) (Table 11). 
High hazard cases followed a similar pattern, concentrated in 
BOD (299) and Suspended Solids (188). In contrast, trace and 
heavy metals were almost exclusively classified as Very Low 
hazard (>4,200 combinations each).

CSSs’ loads 
relative

Contribution 
per water body

No of CSSs that contribute more than 50% of 
the aggregate load per waterbody

DETE Median Mean 50-60% 60-
70%

70-
80%

80-
90%

90-
100%

>100
%

BOD 11.4% 32.1% 177 140 159 122 755 2
Cadmium 0.0% 1.2% 1 0 0 0 52 0
Chromium 0.0% 0.3% 0 1 0 0 14 0

Copper 0.0% 1.8% 0 0 1 0 74 1
Lead 0.0% 0.3% 1 0 0 0 14 0

Mercury 0.0% 0.4% 0 0 0 0 16 0
Nickel 0.0% 0.8% 0 0 1 1 35 0

Ammoniacal
Nitrogen 0.8% 17.4% 14 21 19 18 615 1

Suspended
Solids 8.8% 28.7% 151 104 84 61 716 4

Total 
Phosphorus 0.0% 6.0% 10 10 3 3 206 1

Zinc 0.0% 1.8% 0 0 1 0 75 1

Table 8. Median and mean relative contribution of individual CSOs to the 
aggregated CSO and WWTW load per receiving waterbody (WB) across 
different determinand categories (DETEs) in 2023. The table also 
reports, the number of CSOs contributing more than 50% of the 
determinand load in their respective waterbodies, broken down by ratio 
groups (50-0%, 70-80%, 80-90%, and 90-100%).

Individual CSO 
relative

contribution per 
water body

No of CSOs that contribute more than 50% 
of the aggregated load per water body

DETE Median Mean 50-60% 60-
70% 70-80% 80-90% 90-100%

BOD 0.9% 11.6% 207 168 146 125 424
Cadmium 0.7% 10.2% 1 4 2 4 26
Chromium 1.9% 18.2% 2 2 0 3 7

Copper 0.6% 13.7% 6 5 6 14 39
Lead 2.8% 18.0% 3 1 0 3 7

Mercury 0.9% 17.1% 1 0 2 1 9
Nickel 0.5% 9.4% 3 3 2 5 16

Ammoniacal
Nitrogen 0.4% 8.1% 60 53 58 48 361

Suspended
Solids 0.8% 10.2% 187 110 104 77 403

Total
Phosphorus 1.2% 14.4% 17 21 14 11 149

Zinc 0.6% 11.1% 8 6 9 6 35
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For the second component of the hazard element classification 
(H2), the ratio of the aggregated CSO loads per CSS (2,608) to 
effluent loads from their corresponding WWTWs, were 
distributed into five hazard bands. Overall, 1,125 CSSs (43.1%) 
were classified as Very High hazard, 170 (6.5%) as High, and 219 
(8.4%) as Moderate. A total of 272 (10.4%) were Low, and 822 
(31.5%) were Very Low (Table 11). Very High cases were 
dominated by BOD (1,118) and Suspended Solids (802), with 
additional contributions from Ammoniacal Nitrogen (19) and 
Total Phosphorus (33). High hazard CSSs followed a similar 
pattern: BOD (166) and Suspended Solids (190). In contrast, 
metals and trace elements were almost entirely classified as 
Very Low hazard (>2,600 CSSs each).  

The worst classification of the two hazard components (H1) and 
(H2) resulted in CSS-waterbody classifications as follows: 2,500 
(54.6%) as Very High hazard, 230 (5.0%) as High, 259 (5.7%) as 
Moderate, 334 (7.3%) as Low, and 1,255 (27.4%) as Very Low 
Hazard classification.

In terms of consequence, out of the 2,548 waterbodies, 94 
(3.7%) were classified as Very High, 562 (22.1%) as High, 1,687 
(66.3%) as Moderate, 205 (8.0%) as Low, with no WBs classified 
as Very Low, due to the absence of waterbodies classified as 
“high” ecological status under the WFD (Table 12).  The receptor 
consequence was driven mainly by ecological status: bad/poor 
= 595 (23.3%), moderate = 1,698 (66.7%), good = 255 (10.0%). 
In contrast, the presence of multiple designations per 
waterbody was uncommon: only 74 (2.9%) waterbodies have 
more than 5 designations (Very High = 5; High = 69), while most 
have 1 to 2 designations (1,695; 66.5%) or none (457; 17.9%). 

Table 12. Number of waterbodies classified by consequence level across 
Designations and Ecological Status components

Consequence
Level

Designations
(n)

Ecological Status
(n)

Waterbody
Consequence (n)

Very High 5 89 94

High 69 506 562

Moderate 322 1,698 1,687

Low 1,695 255 205

Very Low 457 0 0

The final risk classification was assigned per CSS by applying the 
5×5 risk matrix to each CSS–waterbody combination (hazard × 
consequence), with the highest risk classification amongst a CSS 
water bodies combinations driving the final score per CSS.   Out 
of the 2,940 CSSs, 516 were classified  as Very High risk (17.6%), 
800 as  High (27.2%), 427 as Moderate (14.5%), 1,122 as Low 
(38.2%), and 75 as Very Low (2.6%) (Figure 3) (Electronic 
Supplementary Information 3). 

Overall, about 44.7% of CSSs (1,316) were classified as High or 
Very High risk, indicating CSSs where, in at least one receiving 
waterbody, their CSOs contributed more than  ≥60% (High) or 
≥80% (Very High) of their total load in sensitive receiving water 
bodies (poor or  bad ecological status and/or multiple 
overlapping designations) (Table 13).

Table 10. Number of CSS–waterbody combinations classified by hazard level based on the relative contribution of each CSS’s CSOs to the 
combined load from all CSOs and WWTWs discharging into the same waterbody. 

Number of CSS’s-waterbody combinations classified across hazard level classes
Hazard
Level BOD Cadmium Chromium Copper Lead Mercury Nickel Ammoniacal

Nitrogen
Suspended

Solids
Total

Phosphorus Zinc

CSS’s-
waterbody

Hazard
Very High 879 52 14 75 14 16 36 634 781 210 76 1,095

High 299 0 1 1 0 0 1 40 188 13 1 302
Moderate 367 2 0 0 2 0 0 42 335 25 1 346

Low 453 1 1 8 0 0 2 131 491 85 3 463
Very Low 2,580 4,523 4,562 4,494 4,562 4,562 4,539 3,731 2,783 4,245 4,497 2,372

Table 11. Number of CSS–waterbody combinations classified by hazard level based on the relative contribution of each CSS’s CSOs to the 
effluent loads from their corresponding WWTWs.

Number of CSSs classified across hazard level classes
Hazard
Level BOD Cadmium Chromium Copper Lead Mercury Nickel Ammoniacal

Nitrogen
Suspended

Solids
Total

Phosphorus Zinc
CSS

Hazard

Very High 1,118 1 0 2 0 1 0 19 802 33 0 1,125

High 166 0 0 1 0 0 0 17 190 19 1 170

Moderate 217 0 0 5 0 0 1 33 251 42 1 219

Low 270 5 1 9 1 1 0 190 351 77 4 272

Very Low 812 17 12 43 13 4 19 1,677 1,004 346 48 822
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Table 13. Cross-classification of CSSs by hazard (rows) and consequence 
(columns) based on the Source–Pathway–Receptor risk matrix. Numbers in 
cells indicate the count of CSSs in each hazard–consequence combination, 
while the cell colour reflects the overall CSSs’ risk class.

Consequence

Very Low Low Moderate High Very High

Very High Moderate
0

Moderate
64

High
735

Very High
448

Very High
62

High Low
0

Moderate
5

Moderate
82

High
58

Very High
6

Moderate Low
0

Low
13

Moderate
120

Moderate
52

High
7

Low Very Low
0

Low
16

Low
142

Moderate
57

Moderate
8

Ha
za

rd

Very Low Very Low
0

Very Low
75

Low
717

Low
234

Moderate
39

Figure 3. Location and distribution of CSSs across England by overall risk.

Overall, CSSs classified as High and Very High risk are larger 
systems (median DWF 1,201-2,177 m³/d compared with 60-180 
m³/d in Low/Very Low classes), have more CSOs per system 
(medians 3-4 vs 1), and longer CSS spill durations (≈1,083-1,087 
hours vs ≈96-115 hours) (Table 14).  

Table 14. System-scale characteristics based on CSSs risk classification 
(Very Low to Very High), including, median and mean values for CSS’s spill 
duration in 2023 number of CSOs per system, and WWTW’s DWF (m³/d), 
as well as the number of CSSs per risk class. 

Overall CSSs CSS duration (h) CSOs per CSS (n) DWF (m3/d)

CSS Risk (n) Median Mean Median Mean Median Mean

Very High 516 1,083.61 1,278.74 4.00 10.40 2,177.00 14,611.00

High 800 1,087.13 1,228.61 3.00 6.36 1,201.00 7,757.81

Moderate 427 508.82 642.19 2.00 2.70 420.00 2,123.71

Low 1,122 114.64 342.07 1.00 1.85 180.00 1,010.02

Very Low 75 96.13 304.24 1.00 1.28 60.00 167.40

4. Discussion
The results demonstrate that CSOs in England continue to 
exhibit widespread and, in several cases, increasing spill 
durations in 2023 compared to 2021. Despite a small reduction 
in the proportion of CSSs spilling for more than six months, the 
substantial increase in systems spilling between one and six 
months indicates a shift toward prolonged but not necessarily 
extreme spill durations. This pattern suggests that while the 
most egregious cases may be declining, chronic operational 
stress across the sewerage network is becoming more 
prevalent.

The disproportionate contribution of CSOs located at WWTWs 
(i.e., storm tanks and inlets) to long-duration spills is particularly 
significant. Median spill durations at WWTWs were more than 
an order of magnitude higher than those elsewhere on the 
sewer network, underscoring that spill persistence is not merely 
a function of increases in wet conditions, but is strongly 
associated with treatment system design and reduced hydraulic 
capacity. 

A key contribution of this analysis is the clear and consistent 
relationship between insufficient treatment hydraulic capacity 
and extended spill durations across both large and small 
WWTWs. Systems operating with insufficient FFT thresholds 
exhibit significantly longer median spill durations, with effect 
sizes indicating a meaningful structural influence rather than 
marginal operational variability. The increase in mean spill 
duration across most categories between 2021 and 2023 
suggests that capacity constraints are becoming more acute, 
potentially reflecting a combination of increased rainfall 
intensity, population growth, network ageing, or delayed 
infrastructure investment. 

The pollutant load analysis highlights the scale at which CSO 
discharges contribute to, and in many cases exceed, treated 
effluent loads from WWTWs for key determinands (Table 7). 
Such findings were also observed by Dirckx et al. (2022), who 
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reported similar trends in the Kortenberg catchment47.  For bulk 
pollutants such as BOD and Suspended Solids, aggregated CSO 
loads frequently surpassed WWTW loads at the CSS level, with 
mean CSO:WWTW ratios exceeding 100% for BOD and 
approaching 75% for Suspended Solids. This finding, challenges 
conventional assumptions that CSOs represent a minor or 
episodic contribution relative to continuous discharges from 
treatment works. Instead, the data indicate that for a 
substantial proportion of systems, CSOs constitute a dominant 
pathway for organic and particulate pollution. Although 
nutrient loads are comparatively lower, the fact that some CSO 
discharges equal or exceed loads from treated effluents reveals 
a critical gap. Strategies focused only on wastewater treatment 
plants risk neglecting this significant source.

Across all determinand categories, pollutant loads exhibit highly 
skewed distributions, with a relatively small subset of CSOs and 
CSSs responsible for a disproportionate share of total 
discharges. This pattern is evident both at the national scale and 
within individual receiving waterbodies, where median 
contributions are typically low but mean values are elevated by 
dominant discharges. For bulk pollutants, several hundred CSOs 
individually account for more than half of the combined CSO 
and WWTW load in their receiving waters, while a similar 
concentration is observed at the CSS level. These results suggest 
that targeted interventions, focused on high-duration, high-
load CSOs associated with large or hydraulically constrained 
WWTWs, could deliver substantial water quality benefits 
without requiring uniform upgrades across the entire network. 
This has important implications for regulatory prioritisation, 
investment planning, and cost-effectiveness analyses.

The strong scaling of aggregated CSO loads with WWTW size 
further emphasises the role of system scale in shaping pollution 
outcomes. CSSs associated with the largest WWTWs contribute 
orders of magnitude higher loads for BOD, Suspended Solids, 
and nutrients than smaller systems, reflecting both larger 
contributing populations and higher absolute spill volumes. 
While smaller systems are more numerous and collectively 
important, the dominance of large WWTWs in national 
pollutant loads suggests that strategic upgrades at a limited 
number of high-capacity sites could yield disproportionate 
benefits. However, this must be balanced against the localised 
ecological impacts of smaller systems, particularly where 
receiving waterbodies have limited dilution capacity.

A source-pathway-receptor model formed the basis of a tool for 
screening risks related to CSO discharges at the CSS level, 
considering the pollution load of CSOs in the context of the 
waterbodies they discharge into. To accurately assess risk and 
inform effective interventions, elements related to both the 
probability (CSS driven) and the magnitude of the consequence 
(waterbody driven) were used to classify CSS risk based on 
evidence from publicly available datasets. 

While several elements were used in the risk evaluation of the 
CSO discharges to waterbodies, it was the worst-performing 
ones that drove the overall classification, adopting a 
precautionary approach.  Such an approach prioritizes the worst 
performing elements, ensuring that safety controls are built 
around the highest risks to prevent catastrophic harm, even 
when probabilities are low or uncertain. In fact, there were only 
a few cases with diverge performing elements, as the highest 
risk CSSs had most elements at the same level.

Assessing risks related to CSO discharges at the CSS level 
accounts for the entire journey of pollutants, from collection in 
combined sewers to treatment capacity at the WWTWs, and 
considers how the sewer network itself influences overflow 
events and their impacts on receiving waterbodies. This holistic 
systems approach48 using data on spill frequencies, pollutant 
loads, and the impact on specific waterbodies, enables more 
accurate risk assessment and can deliver more targeted 
mitigation strategies that consider the complex interplay of 
rainfall, urbanization, and infrastructure.

The risk classification of CSSs highlights a clear stratification of 
risk across systems. The approach supports a shift from 
duration-led compliance to load-aware, receptor-aware 
prioritisation. Quantifying pollutant loads and situating them 
within ecological status/designations enables targeted schemes 
with a clearer connection to measurable benefit. It also exposes 
a weakness of duration-only metrics, which can miss systems 
with high load contributions but moderate spill hours.

Taken together, these findings indicate the limitations of the 
current compliance and monitoring system based on the 
Environmental Permitting (England and Wales) Regulations 
2016, where WWTWs are the primary, constant point of 
regulation, with their Environmental Permits setting the strict, 
numeric limits for pollutant concentrations in treated effluent 
as the baseline for protecting water quality. The permit system's 
foundation is built on regulating WWTWs discharges, and the 
focus historically has been on technical compliance. Regulators 
ensure treatment works are operating correctly and being upgraded 
(e.g., to remove more nutrients) via the Water Industry National 
Environment Programme (WINEP). WWTWs are about treating 
sewage to a high standard all the time, and breaches are taken 
seriously but are often seen as failures of process or infrastructure. 
CSOs are about the system's failure to cope with volume, so the 
persistence of long-duration spills, their strong association with 
insufficient hydraulic capacity, and their substantial 
contribution to pollutant loads collectively argue for a more 
integrated regulatory approach.

Relating hazard classification of CSSs and their overall risk 
profile to their capacity, showed those classifications aligning 
well particularly when CSS systems were split into 2 groups 
based on their size (Table 15). 
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Table 15. Hazard classification of CSSs stratified by system size and 
WWTW hydraulic capacity.

Large Small
CSOs: 

WWTWs
Insufficient 

capacity
Sufficient 
capacity

Insufficient 
capacity

Sufficient 
capacity

Very High 582 121 190 27

High 70 20 41 5

Moderate 74 29 55 7

Low 86 35 69 11

Very Low 172 76 173 52

Findings confirm the study’s risk classification results, with more 
than half of the waterbodies impacted by CSOs receiving more 
BOD load from CSOs rather than the WWTWs discharging in 
them.  In fact, across all water bodies in England CSOs 
contribute more to BOD and Suspended Solids loads than 
WWTWs, with more than half of the waterbodies receiving 
higher pollution loads from CSOs for these determinands (Table 
16). 

In the context of increasingly variable rainfall and ageing 
infrastructure, the results underscore the need for adaptive 
capacity standards, improved stormwater management 
upstream, and prioritised intervention at high-impact CSSs.  
More importantly the approach allows for managing risks 
considering the severity of consequences at the waterbody 
level. By calculating the aggregated load of determinands from 
all CSOs and WWTWs discharges at each waterbody over a year, 
the relative contribution of each CSO and CSS to the pollution 
load of a waterbody and its overall status can be established 
(Supplementary Material Table S5).

Table 16. The number of waterbodies (WBs) that receive discharges from 
CSOs, grouped based on the relative contribution of CSOs to WWTWs load 
per WB across different determinand categories (DETEs) in England 2023.

WB (n)
DETE

CSOs & 
WWTWs
Load (kg) All CSOs/

WWTWs
CSOs>

WWTWs
CSOs<

WWTWs

BOD 630,154,588 2,439 200% 1,502 881

Cadmium 4,280 75 10% 53 19

Chromium 7,993 28 3% 15 12

Copper 46,738 137 33% 76 55

Lead 4,233 29 4% 15 13

Mercury 46 23 25% 16 5

Nickel 10,649 55 6% 37 17

Ammoniacal
Nitrogen 35,762,496 2,092 12% 707 1,337

Suspended
Solids 645,246,798 2,454 126% 1,237 1,160

Total
Phosphorus 720,797 642 31% 236 392

Zinc 95,741 129 20% 77 49

By linking EDM data to consented determinands and receptor 
conditions, this study delivered a transparent framework for 
translating spill durations into estimated pollutant loads and 
their relative contributions to the pollution of the country’s 
waterbodies. Findings also confirmed that the Environment 
Agency was potentially underestimating the presence and role 
of CSOs in waterbodies as Reasons for them Not Achieving Good 
Status (RNAG) and Reasons For Deterioration (RFD), with a total 
of only 448 waterbodies falling in this category (based on 2015 
data). Interestingly, for 371 of these waterbodies that were 
included in our analysis (mainly due to available data), most had 
indeed pollution loads from CSOs higher than those from 
WWTWs effluents. Also, relating CSSs ranked as very high in our 
risk classification, to their receiving waterbodies, found those to 
be dominated by CSO annual pollution loads. 

With CSOs featuring overwhelmingly at the centre of political, 
media, and public outrage, the increasing frequency and 
duration of CSO spills has been viewed not just as a technical 
issue, but as a "licence to pollute", raising questions about 
infrastructure underinvestment and company accountability. 
However, the increased reliance on CSOs observed over the 
past few years is a complex, systemic issue that cannot be 
attributed solely to WaSCos. Ofwat, as the economic regulator, 
and the Environment Agency, as the environmental regulator, 
also play central roles within a fragmented regulatory system 
that lacks clear lines of accountability. WaSCos bear direct 
responsibility for maintaining infrastructure; Ofwat determines 
the scale of investment through funding decisions; and the 
Environment Agency monitors compliance and oversees CSO 
use. The persistence of frequent CSO discharges reflects not just 
inadequate investment, but also weak enforcement and limited 
transparency of data, pointing to the need for systemic reform. 

Our analyses of the 2023 EDM data confirmed findings from 
previous studies, indicating that the problem with CSO 
discharges is persistent, deep-rooted, and structural, stemming 
from many years of underinvestment in wastewater 
infrastructure, which has led to inadequate capacity to handle 
current rainfall and wastewater flows.

Ofwat and the Environment Agency have only recently 
intensified their efforts to penalize and prosecute WaSCos for 
environmental damage in relation to CSOs 49, with the Office for 
Environmental Protection (OEP) further concluding that there 
have been failures to comply with environmental law by Defra, 
the Environment Agency and Ofwat following an investigation 
into the regulation of network CSOs, issuing decision notices 
aimed at strengthening regulatory oversight 50–52 .

Still, reducing the frequency of CSOs should not be seen as an 
end goal in itself41. Instead, it is essential to address the 
underlying causes of CSOs, such as inadequate infrastructure 
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capacity, mismanaged stormwater, or urban planning issues. 
CSOs do not operate in isolation, their use depends on how the 
upstream sewer network collects and conveys flows, and how 
the downstream WWTWs can handle peak inputs. A single CSO 
may spill more or less depending on network storage, pumping, 
inflow, and treatment headroom. Evaluating them individually 
ignores these interactions. Moreover, waterbodies are affected 
by the combined discharge from all CSOs (plus treated effluent) 
in the catchment, and a “whole system” approach allows 
assessment of cumulative pollutant loads, and the ecological 
stress they can cause in the receiving water53. Regulators and 
utilities need to know which systems as a whole contribute the 
greatest risks, so interventions can be targeted where they 
deliver the most benefit. Focusing only on individual outfalls 
risks mis-prioritising investment (e.g., fixing a small CSO while a 
bigger driver of pollution remains elsewhere in the system). Spill 
frequency and volume vary depending on rainfall patterns, 
season, and catchment hydraulics. Modern risk assessment 
frameworks (e.g., WFD, “source-pathway-receptor” models) 
emphasise integrated catchment management. Considering the 
sewerage system and WWTWs together ensures risk is assessed 
in terms of real environmental outcomes, not just infrastructure 
performance.

Modernising wastewater infrastructure to either eliminate or 
substantially reduce CSO discharges is a technically complex and 
financially demanding task, with costs ultimately passed on to 
consumers. Water bills are already forecast to rise at the fastest 
pace in two decades, while public trust in the sector is at an all-
time low.  Defra carries ultimate the responsibility for the 
sector’s planning and regulatory framework, yet it has failed 
both to compel companies to maintain critical infrastructure 
and to set out a comprehensive strategy to address the 
country’s growing water infrastructure deficit. 

In response to mounting criticism over weak environmental 
protections, inadequate enforcement, and lack of corporate 
accountability, the government introduced the Storm 
Overflows Discharge Reduction Plan under the Environment Act 
2021. This plan sets legally binding targets for regulators and 
WaSCos to focus on water quality improvements. By 2035, all 
CSOs affecting designated bathing waters must be upgraded, 
and 75% of CSOs at high-priority sites must be improved. By 
2050, no overflow will be allowed to operate except during 
extreme rainfall events, and none may cause ecological harm. 
Section 81 of the Act further requires WaSCos to implement 
Continuous Water Quality Monitoring (CWQM), both upstream 
and downstream of storm CSOs, alongside mandatory 
reporting, but with specific milestones and deadlines for 
delivery plans and data submissions falling within the 2025-
2035 period (i.e., numbers of CWQM installations for AMP8 
(2025-2030) providing 25% coverage, with the remaining 75% 
delivered in AMP9 (2030-2035), as reported by one of the 
companies54 .

Reducing CSO spills on the scale planned, is a huge challenge for 
the water industry, that requires an estimated £56bn of capital 
investment over the next 25 years. On top of wider water sector 
commitments, these represent an unprecedented challenge for 
the industry and could push average household water bills to 
over £2,000 a year by 205055.  Ofwat has already approved £104 
billion in funding over a period of five years, aimed at reducing 
sewage pollution by 45% by 2030. Responding to further 
criticism, the government published in April 2023 its ‘Plan for 
water’, which it said was intended to “address sources of 
pollution, boost water supplies through more investment, 
tighter regulation, and more effective enforcement”. Similar 
pressures in Europe, also saw the revised EU Urban Wastewater 
Treatment Directive (Directive (EU) 2024/3019) that came into 
effect from January 1, 2025, aiming to reduce pollution from 
CSOs by setting targets for monitoring CSOs and requiring 
wastewater plans, with the goal of limiting overflows to no 
more than 2% of annual collected urban wastewater load, 
calculated in DWF conditions, by 2039 or 2045 depending on 
the size of each city56.

In practice, however, not much has been changing, with the 
Environment Agency regulating intermittent discharges from 
CSOs and WWTWs through environmental permits, taking 
enforcement action against those sites in breach of their permit 
or when specific CSOs are classed as unsatisfactory.  This means 
that while the use of CSOs has become increasingly routine, 
with CSOs triggered even at times of low or no rainfall, as 
pressures on the sewerage network grow by the day, overflows 
are continued to be treated as intended to be used infrequently 
and under exceptional conditions, as reflected in the permit 
conditions stipulated by the Environment Agency. 

In 2023, English WaSCos apologized for the increased sewage 
spills and committed to investing at least £10 billion by 2030 to 
modernize infrastructure, and reduce overflow frequency by up 
to 140,000 times per year compared to 2020 levels57. While 
some critics argue that their response is not enough to address 
the fundamental issues, it is not even clear how the promised 
investment will take place and how evidence will be used to 
prioritise interventions.  According to a number of statements 
by the Environment Agency, “EDM provides a robust way of 
monitoring the frequency and duration of spills”…. “It is only 
through EDM that we can accurately see what is happening and 
take action to reduce the impact of storm overflows on the 
environment. EDM data underpins our planning, compliance, 
and enforcement work”. “It provides the necessary intelligence 
we need to inform permit compliance”, “The evidence from EDM 
clearly shows where water companies need to improve and 
where they should focus their investment to carry out 
improvements”, when all that the EDM provides is data on the 
frequency and duration of CSO discharges over a year58.  As the 
costs of all interventions are high, Environment Agency’s plans 
suggest prioritising improvement schemes at approximately 
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5,500 CSOs that are considered as ‘high priority’ based on EDM 
and potential impacts on conservation goals. 

However, the frequency and duration of CSOs were found to be 
poor indicators of pollution load and risk in this study 
(Supplementary Material Tables S6-7). Factors like the volume 
of sewage discharged and the concentration of pollutants 
within these discharges are more important than how often 
CSOs occur or how long they last. Moreover, in proposed 
prioritisations, true transparency remains elusive59, as 
companies claim unaware of any optimized technologies that 
could measure volumes of CSO spills. Most importantly though, 
a prioritisation based on the duration and frequency of 
individual assets irrespective of the CSSs they belong to is 
neglecting the fact that the impacts from CSO discharges 
depend on what is discharged, how much, and into which 
receptor.

In this study, we addressed this gap through an innovative 
approach. Integrating EDM data with WWTWs hydraulic 
parameters and permitted effluent limits for eleven 
determinands, and knowing (or assuming) how well a WWTWs 
removes a pollutant, the allowable influent concentration that 
drives the pollution load of the CSOs was estimated through 
simple mass balance equations. Discharge consents specify 
effluent quality and volume limits, which, combined with 
WWTWs removal efficiencies, were used to estimate influent 
concentrations and CSO pollution loads per determinant. 

These calculations are of course, subject to uncertainty arising 
from methodological assumptions and data availability, 
inherent to national-scale analyses that combine reporting data 
on assets owned by multiple companies and distributed across 
repositories serving different policy requirements. For example, 
it was assumed that consent limits are broadly representative 
of wastewater strength and that treatment performance is 
stable over time. Similarly, influent quality and CSO composition 
can vary substantially in response to rainfall intensity, 
antecedent drought conditions, and sediment mobilisation 
within sewer networks (particularly for storm-responsive 
determinands such as suspended solids, nutrients, and some 
metals), and these processes can play an important role at the 
scale of individual spill events. In this study, however, 
determinand loads from both CSOs and WWTWs were 
estimated on an annual basis, which necessarily smooths short-
term variability and supports consistent comparison across 
systems at the national scale. In the absence of nationally 
consistent, event-scale data for CSO EDM and sewer-catchment 
conditions, it is not feasible to capture intra-event variability 
that may be important for local ecological impacts. With 
increased data granularity, future studies could integrate 
dynamic processes within receiving water bodies, including flow 
variability, dilution, in-stream transformation, and cumulative 
or time-varying impacts. Uncertainty is also introduced through 
the use of generic, treatment-type removal efficiencies derived 

from the literature to infer influent concentrations, as actual 
treatment performance varies between WWTWs and under 
different environmental conditions. Incompleteness in data 
coverage across the parameters required for pollution load 
estimation further contributes to this uncertainty.

 Of the 13,791 CSOs (across 2,951 CSSs) that could be 
successfully linked to WWTWs and formed the core analytical 
dataset, pollution loads for at least one of the 11 determinands 
were calculated for 13,091 CSOs across 2,608 CSSs and included 
in the load-based analysis presented in Section 3.2 (Table 6). For 
the remaining 700 CSOs (across 343 CSSs), load estimates could 
not be derived due to missing hydraulic data or determinand 
consents at their associated WWTWs. Of these, 436 CSOs in 117 
CSSs were linked to WWTWs without reported DWF data, 
despite partial determinand reporting at some works, while the 
remaining 264 CSOs in 226 CSSs were associated with WWTWs 
that reported DWFs but had no consent limits for any of the 11 
determinands.

Despite these limitations, the approach presented here offers 
valuable insights and provides a framework to (i) characterise 
the operational performance of CSOs within CSSs, (ii) quantify 
pollutant loads attributable to CSO discharges, and (iii) evaluate 
the relative contribution of CSOs to the total pollution load in 
their receiving waterbodies, considering inputs from all CSOs 
and WWTWs discharging in them. However, we should 
recognise that during CSO events, a primary concern for human 
health is the discharge of untreated sewage, which contains 
microbial pathogens, viruses, and protozoa associated with 
waterborne disease and the potential spread of antimicrobial 
resistance 32,60–62. High BOD levels indicate high levels of organic 
waste that provides a rich environment for the survival and 
growth of waterborne pathogens like E. coli. Microbial 
pathogens often pose a higher risk to human health than 
chemical pollution in recreational waters. As with ecological 
impacts, they need to be further assessed at waterbodies, as 
the framework presented here offers only a method for 
screening such risks. 

The ongoing deployment of CWQM offers a pathway to refine 
this framework. Integrating event-scale flow and quality 
indicators (e.g., DO, ammonia, turbidity) with rainfall and 
operational data would enable validation of mass 
apportionment and support calibration of the risk matrix 
against observed ecological responses. In the interim, the use 
of a load- and receptor-informed, system-scale lens provides a 
practical means of focusing effort on those CSSs most likely to 
yield timely and defensible environmental improvements. It 
also facilitates ‘integrated river basin management’ and informs 
the ‘catchment-based approach’ adapted by Defra and required 
by the WFD. In the European context, this methodology can 
support Member States in achieving the 2% storm overflow load 
cap and the integrated management plan requirements under 
Directive (EU) 2024/3019. In the United States, embedding 
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load-and-receptor outcomes alongside traditional frequency-
based metrics into NPDES CSO long-term control plans under 
the Clean Water Act would bring US practice into closer 
alignment with EPA’s CSO Control Policy.

CSOs are highly visible to the public (pollution events, beach 
closures), and offer an opportunity for public debate that can 
drive designs that prioritise transparency and co-benefits 
(recreation, biodiversity). While the extent of the challenge 
might feel overwelming, the discourse around CSO discharges 
helps shift water infrastructure design from reactive fixes to 
proactive, integrated systems that combine engineering, digital 
tools, nature-based solutions and citizen engagement 63. The 
water industry’s rapidly evolving landscape demands innovative 
solutions and collaborative expertise. While there is no one-
size-fits-all roadmap, there is also no reason for delaying 
response. The study demonstrates how a systems approach 
using all available data, can support policy making, and enable 
water companies to prioritise investment that can deliver 
measurable environmental improvements.

Conclusions
This study undertook the first national estimation of pollution 
loads of individual CSOs and the risks they pose to the waters 
they discharge into. Through an extensive investigation of EDM 
data, considering the type and location of CSOs, the receiving 
water bodies, and the sewerage networks they are connected 
to, this work aimed to advance the debate and allow available 
evidence beyond the frequency and duration of CSO events to 
support decision making.  Calculating the pollution loads of CSSs 
through the discharges of determinands (their WWTWs were 
permitted to discharge) reaching water bodies through their 
CSOs, the impacts of the increased frequency and duration of 
CSO event observed over the last years can be put into context 
in terms of real impacts. 

The findings of this study  challenge the Environment Agency’s 
view of CSOs as a reason for failing water body status, 
suggesting their ecological impacts might be underestimated. 
Aggregated CSO loads in 2023 frequently surpassed WWTWs 
loads at the CSS level, with mean CSO:WWTW ratios exceeding 
100% for BOD and approaching 75% for Suspended Solids. 
While nutrient loads exhibit lower relative contributions, the 
presence of CSSs where CSO loads equal or exceed treated 
effluent loads demonstrates that nutrient management 
strategies focusing solely on WWTWs risk overlooking a critical 
source. 

A source–pathway–receptor model enabled risk classification of  
wastewater systems in the country in relation to their CSO 
discharges and their impacts. Overall, 44.7% of 2,940 
wastewater systems are at High/ Very High risk. 

CSO discharges  have become a major topic in public and 
political debate in the UK and several other parts of the world 
where lack of investment in public infrustructure, has led to 

increased calls for monitoring, transparency, and regulatory 
action. CSO discharges are symptoms of an outdated and 
overloaded system that needs significant reform, and a 
refocusing of priorities towards protecting public health and the 
environment. The long-term neglect of the sewerage systems, 
the failure of regulators to adequately monitor and enforce 
rules, and the detrimental impact on rivers and public health, is 
a wake up call for recognising the value of public infrastructure, 
and in particular how vital water is to human prosperity. 
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