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Combined sewer system deterioration poses significant challenges, especially as it leads to substantial volumes of
Permanent Infiltration Inflow (PII) and Rain-Induced Infiltration (RII) to percolate into sewer pipes. This infil-
tration increases the risk of Combined Sewer Overflow (CSO) events and reduces the treatment plant’s efficiency
by diluting raw effluent. To effectively decrease CSO volumes, it is crucial to identify the various flow compo-
nents and their contribution to overflow volumes. In this study, a data-driven hydrological model was developed,
conceptualizing the surface hydrological processes as well as the interactions between soil water and the sewer
system, based on long-term monitoring. Four flow components at the outlet of the catchment were identified and
characterized: wastewater, surface runoff, PII, and RII. The model was applied and evaluated using monitored
data from the Ecully catchment in France. The model demonstrated its suitability in replicating the observed
hydrograph and estimating CSO volumes. Two sewer system scenarios were proposed, investigating the effect of
partial and complete reduction of PII and RII on CSO volumes. The results showed a reduction of the annual CSO
volume by 5 % to 7.5 %, and 12 % to 17 %, in the first and second scenario, respectively. To compare the
performance of these scenarios with stormwater management strategies, two other scenarios were considered
where source control measures allowed infiltration of the first 5 and 10 mm of rainfall. The results demonstrated
that these measures could, respectively, reduce CSO volumes by 13 % to 48 % and completely eliminate CSO for
half of the events. This study highlights the limitations of relying solely on PII and RII strategies to eliminate CSO
events and emphasizes the necessity of considering stormwater management strategies.
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Inflow (PII). Additionally, during and/or after a storm event, water can
percolate into the buried sewer pipes by infiltrating into the soil and

1. Introduction

The traditional drainage system with end-of-pipe solutions has been
proven ineffective to face the increasing urban sprawl (Marsalek and
Chocat, 2002) due to the numerous well-known negative effects caused
by the hydrological changes of the catchment area and the hydraulic
dysfunctions of the sewer system (Fletcher et al., 2013; Zhou, 2014).
Furthermore, its low capacity to cope with upcoming challenges such as
climate change and the need to provide long-term sustainability (Zhou
et al.,, 2019) have led to question the relevance of this system as the
dominant model for urban drainage.

In addition to usual hydraulic failures, inflow of water into the sewer
pipes can occur continuously through cracks, joints, or defects in the
pipes, or due to leakage from drinking water systems (Kidmose et al.,
2015) leading to what is usually referred to as Permanent Infiltration

then into the sewer pipes, which is commonly known as Rainfall-
Induced Infiltration (RII). As numerous European countries have an
asset renewal rate below 1 % (The European Federation of National
Water Services, 2017), sewer failures are inevitable and wastewater
treatment efficiency decreases (Ellis and Bertrand-Krajewski, 2010;
Schulz et al., 2005; Staufer et al., 2012). In addition to problems related
to the dilution of the effluents, the increasing volume due to PII and RII
in the sewer system leads to an increased risk of Combined Sewer
Overflows (CSO) characterized by discharges of untreated wastewater
into receiving waters (Dirckx et al., 2019).

As the volume of permanent infiltration inflow and rain-induced
infiltration depends on the local tightness of the pipes, the interaction
with the buried sewer system is still difficult to estimate without a
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measurement campaign. Their estimation could be carried out on
different time scales, from daily to hourly, using flow and/or water
quality monitoring methods (Bares et al., 2009; Kracht and Gujer, 2005;
Weil et al., 2002). Moreover, such approaches are only able to describe
the current state of the sewer system and do not allow for scenario
exploration. For this reason, in situ measurements are often used to feed
and build models. Those models are then used to understand the key
processes of the study system and explore different scenarios for urban
planning, among whose objectives is the reduction of CSO events and
volumes.

Recent research has focused on the modelling of source control
measures and the impact of their dissemination in the urban catchment.
Golden and Hoghooghi (2018) consider it as an emerging science,
indeed, current hydrological-hydraulic models often lack the holistic
approach to consider the interactions between surface, subsurface and
sewer systems. This oversight is understandable considering the
complexity to conceptualize these interactions which are influenced by
numerous natural and anthropogenic processes that interact with each
other across different spatio-temporal scales (Salvadore et al., 2015).
The difficulty increases when attempting to conceptualize the hydraulic
processes of CSO structures widespread in the sewer system. Further
scientific challenge is assessing the contribution of permanent and rain-
induced infiltration on CSO. These issues are probably interrelated, as
several authors raised questions about the potential increase of these
components if stormwater source control measures are disseminated in
the catchment area (Bonneau et al., 2017; Pophillat et al., 2021).

In previous studies, different approaches have been applied to
identify and quantify infiltration inflow components prior to their
integration in a model, such as: (i) assessing infiltration inflow based on
wastewater and stormwater conductivity at the event scale (Wang et al.,
2019; Zhang et al., 2018); (ii) statistical methods, derived from observed
infiltration data, correlating Infiltration Inflow to the site/sewer

0 100 200 km
[ |

b)

.

0 10 20km
[

i Legend
Catchment
Sewer system

Journal of Hydrology 632 (2024) 130834

characteristics such as material, size, shape, soil type, and water table
(Liu et al., 2021), or the dynamics to the sewer water composition
(Sowby and Jones, 2022); (iii) mechanistic models describing the loca-
tions where water may percolate into the buried sewer pipes (Zhang and
Parolari, 2022); (iv) coupling different modeling tools; for example,
MODFLOW (Harbaugh, 2005) is used to simulate variations in the water
table, thus providing data to feed hydrological and hydraulic models
(Fryd et al., 2013; Roldin et al., 2012); and (v) simplified representation
of Infiltration Inflow through constant flow injections in the sewer sys-
tem (Andrés-Doménech et al., 2010; Jean et al., 2021). Although most
existing models focus on event-based simulations, regulatory standards
for discharges from combined sewer systems generally apply on an
annual scale (Botturi et al., 2021). This raises the question of whether it
is worthwhile turning to models based on annual continuous simulation
rather than event-based simulations with simple methods, especially
when limited data is available.

To our knowledge, while significant modelling efforts have been
devoted to the impact of stormwater management strategies on CSO
mitigation (Bonneau et al., 2023; Jean et al., 2022; Mahaut and Andrieu,
2019; Torres et al., 2022), limited studies account for the surface and the
subsurface processes and the sewer system at the urban catchment scale,
allowing to investigate the contribution of permanent and rain-induced
infiltration to CSO. Schulz et al. (2005) and Dirckx et al. (2019) high-
lighted the need for a direct method that can distinguish between
stormwater and the other components of the hydrograph arriving at the
CSO structure to determine whether the primary contributor is perma-
nent and rain-induced infiltration or other sewer system components. So
as to investigate this matter, the present study combines data analysis
with hydrological and hydraulic modelling. More specifically, the
originality lies in examining the contribution of permanent and rain-
induced infiltration on CSO using continuous flow data, and proposing
a parsimonious model adaptable to the available data. The model

Monitoring point
Raingauge

ML

Fig. 1. Ecully catchment location a) within France, b) within the Rhone department and c) within Ecully city. The catchment is delineated by a brown boundary. The
combined sewer system main pipes are represented by lines, the Combined Sewer Overflow structure (CSOs) is marked by a red point, the monitoring point (i.e.,
water level and velocity) is marked by a diamond and the rain gauge is marked by a triangle. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Dry and wet-weather data pre-treatment
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Fig. 2. Diagram of the methodology for dry and wet-weather data pre-treatment. Step 1 and Step 2 illustrate the dry weather flow components: wastewater and
permanent infiltration inflow. Step 3 and 4 illustrate wet-weather flow components: impervious surface runoff, permeable surface runoff and rain-induced

infiltration.

describes the key processes coupling surface and infiltration inflow
components at the urban catchment scale. The aim was to identify and
quantify the different flow components in a combined sewer system and
thus to develop a non-demanding but reliable modelling framework
enabling the assessment of water management strategies to reduce CSO
volumes. A particular attention was paid to the evaluation of the model’s
ability to provide event-based water balance and dynamics at the outlet
of the catchment and thus, estimate the CSO volumes and frequency.
The model was developed and evaluated in the context of a French
case study. The paper presents the following applications of the model:

- Assessing the significance of the permanent infiltration inflow and
rain-induced infiltration by identifying their potential contribution
to CSO volumes.

- Investigating if the model can assist, as part of a planning manage-
ment tool, for CSO volume reduction planning management by
decomposing the dynamic profile of all hydrological components
characterizing the outlet of urban catchment.

- Evaluating impacts of permanent infiltration inflow and rain-
induced infiltration reduction scenarios in reducing CSO volume,
CSO events frequency and duration; comparing the performance to
global disconnection scenarios.

2. Material and methods
2.1. Concepts and terminology

In this study, the focus is on a combined sewer system designed to
collect wastewater during dry weather conditions and stormwater
throughout rain events. Such systems are equipped with hydraulic
structures designed to prevent flooding of untreated water in case of
high flow rates, ensuring a rapid discharge of a fraction of this water to
the receiving environment (e.g., rivers and lakes). These hydraulic
structures are commonly referred to as “Combined Sewer Overflow
structures” (CSOs). The outflow rate from CSOs is typically designated as
the “CSO rate”. Integrating the CSO rate over time at the scale of a
rainfall event yields the discharged volume, subsequently referred to as
the “CSO volume”.

The system of interest in this study, which we aim to model, includes
the CSOs and its catchment, i.e., the surface that contributes to

wastewater production, stormwater runoff, and possibly PII and RII, all
of which converge in the pipe located immediately upstream of the
CSOs. The total flow is then subdivided into a conserved flow (towards
the Wastewater Treatment Plant) and possibly a CSO rate discharged
into the receiving environment (river, lake). The latter is not considered
in this study.

Sewage pipes might not always be watertight, leading to drainage of
water that infiltrates from the surrounding ground. Such drained water
is known as “infiltration inflow” (I/1). In this study, we further divide I/1
into two distinct components: Permanent Infiltration Inflow (PII), and
Rain-Induced Infiltration (RII). The former corresponds to the constant
base flow observed in the sewer regardless of the time of day; this
component may be due to water constantly infiltrating through the
buried pipes, possibly from groundwater or a drinking water leak. The
latter is the rainwater that infiltrates through the soil and reaches the
sewer due to its porosity; it is thus observable only during or after a
rainfall event. Our study encompasses the surface and the sewer system,
which only interacts with the environment through what enters the
pipes. Subsurface flows, which may constitute additional inputs to the
river, are not taken into account since the system’s downstream
boundary is the CSOs.

2.2. Description of study area and monitoring data

The residential catchment of Ecully is located in the northwest of
Lyon in the Rhone department, France (Fig. 1). The drainage area of 245
ha is partially urbanized with approx. 18,000 inhabitants in 2007 and
42 % of impervious surface. The catchment is drained by a combined
sewerage system with an average slope of 2 %. The longest water path in
the sewer system is 1.8 km. In case of a storm event, the excess flow is
discharged to the river through a CSOs referred as “Ecully Valvert” and
located at the outlet of the Ecully catchment (Fig. 1).

The CSOs was continuously monitored by a long-term monitoring
program in urban hydrology called OTHU (https://othu.graie.org). The
site was equipped with water level, flow velocity and rainfall sensors,
among other devices not relevant to this study. Reliable monitoring data
are available for the period 2007-2010.

Water levels were measured in duplicates by piezometer probes
(NIVUS-OCM Pro and Ultrason Siemens). Flow velocity was measured in
duplicates by doppler (Platon FLO-PRO) and radar (Flodar) sensors.


https://othu.graie.org
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Fig. 3. Schematic diagram of the structure of the conceptual model.

Measurements are taken on the ovoidal pipe located upstream and
downstream of the CSOs. Rainfall was measured with a weighing rain
sensor (PLUVIO OTT). Measurements were collected at 2-min intervals
for water level and flow velocity and 1-min intervals for rainfall
intensity.

A rainfall event can be defined as a period of time during which
measurable precipitation occurs. The amount of precipitation and the
duration of the event can vary. It was defined that a rainfall event is
different from another one only if the flow at the outlet returns to the dry
weather flow. In our case study, the minimum duration between two
consecutive rainfall events is 4 h. From 2007 to 2010, more than 288
rainfall events were monitored, of which 106 induced a CSO event.

2.3. Data pretreatment: Identification of hydrograph components

This section details the different components of the hydrograph
observed during the data pretreatment phase. At first, dry weather data
was analyzed and the following permanent components were quantified:
wastewater varying at the hourly scale with a more or less similar daily
pattern during the week, and permanent infiltration inflow (PII), which
may vary seasonally. Then, wet weather data was analyzed to observe
the rainfall event-based components as: surface runoff, a fast component
observed in urban sewer system a few minutes after the beginning of the
rainfall event, and rain-induced infiltration (RII), a slow flow component
that may be observed up to a few days after a heavy rainfall event.

Dry weather days are defined as days without the influence of surface
runoff or RIL In general, there is a fairly regular cycle of daily flows that
allows the characterization of wastewater and PII. Complete dry
weather daily hydrographs are extracted from long data series (as
illustrated in Fig. 2, step 1) to identify the wastewater flow pattern
(WW(t)) and its characteristics as minimum/maximum flow rates.

Beheshti (2015) and De Bénédittis and Bertrand-Krajewski (2005)
have identified several methods to estimate PII based on two principles.
The first category of methods estimates the PII baseflow from the dif-
ference between the total dry weather flow and the wastewater flow
volumes, estimating the latter from drinking water consumption. The
second one is based on relating PII to the minimum night-time flow in
the daily hydrograph (Kracht and Gujer, 2005). PII is assumed to be
constant at the daily scale, and estimated when WW(t) flow should be

minimal (and ideally null). PII is therefore taken as the minimum night-
time flow in the hydrograph measured at the outlet of the sewer system
(generally between 2 and 3 and 4-5 am). Contrary to the first method
where two steps are necessary as well as water consumption data, the
second method was used in this study as it estimates the PII from one
single hypothesis and therefore may result in less uncertainty. After-
wards, PII was considered as a baseflow (Fig. 2, step 2).

The dynamics of the minimum night-time flow was also analyzed
over several days after rainfall events. As illustrated by Fig. 2, step 3, it
was observed that the minimum night-time flow in sewerage system
increases during or immediately after the rainfall event and may take a
few days to return to the dry weather flow (PII + WW(t)). This “ex-
ceedance” flow is attributed to RII water contribution from the soil
reservoir which is gradually released into the sewer system.

Subtracting WW(t) and PII from the observed flow at the catchment
outlet enables the identification of the wet weather-related flow com-
ponents (i.e., stormwater runoff and rain-induced infiltration). Their
total volume as a function of the total rainfall volume encovers different
runoff coefficients depending on the total rainfall. The runoff coefficient
being higher when the precipitated volume exceeds a certain threshold,
it suggests that impervious surface runoff was not the only surface flow
component. Therefore, the pervious surface runoff was also considered.
Consequently, as illustrated in Fig. 2, step 4, during a rainfall event, up
to three wet weather components were observed in addition to the two
permanent dry weather components: surface runoff from impervious
and permeable surfaces and RII water.

2.4. Data driven hydrological model description

The elaborated model aims to simulate the key processes of surface
runoff and infiltration inflow components at event scale, and evaluate
their contribution to combined sewer overflow (CSO) at annual scale.
This section presents the key assumptions, hydrological processes,
equations and data used.

2.4.1. Conceptual model

The model illustrated in Fig. 3, is a global model with a single spatial
entity corresponding to the catchment, conceptually separated into two
sub-entities according to the type of surface: impervious and permeable
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surfaces, with an area of Ay and Ay, respectively. To describe the
rainfall-runoff transformation, the rational method was used as pro-
duction function (Eq. (1)) since it is a simple method with the advantage
to have minimal data requirements (Wang and Wang, 2018). The net
precipitation flow rate subsequently converted into (1) runoff over
impervious surfaces (Qinp), (2) rain-induced infiltration (Qgy, where
present), and (3) runoff over permeable surfaces (Qp.r, Wwhere present), is
respectively calculated as:

Q[mp(t) = Aimp*cimp*P(t) (1'1)
Orii(t) = Apey* Cri*P(1) (1.2)
Qper(t) = Aper ¥ Cper *P(1) (1.3)

where Cinp, is the runoff coefficient for impervious surfaces, Cgy is the
rain-induced infiltration coefficient for permeable surfaces Cp is the
runoff coefficient for permeable surfaces and P(t) is the rainfall intensity
at time step t.

At the catchment scale, the equivalent depth of water originating
from process i (i.e., the water volume normalized by the total catchment
area, Ayy), is therefore given by:

1 Aimp 4
/ Qi(t)dt = == *C;*H = F*H 2

Amz Azm

where H is the total rainfall depth and F; = %*Ci corresponds to the

fraction of runoff that contributes to the flow rate at the global (i.e.,
catchment) scale, due to (1) runoff on impervious surfaces (Fiyp), (2)
rain-induced infiltration after a rain event (Fgy), and (3) runoff on
pervious surfaces (Fper). For the impervious surfaces, the first millime-
ters of rain are retained into depression storage which are represented in
the surface reservoir as a threshold named IL (for initial losses, Fig. 3).
When IL are satisfied, runoff from impervious surfaces begins and thus,
the surface reservoir discharge starts.

Permeable surfaces lead to other processes difficult to predict at large
scale (Boyd et al., 1993). In the present study, a simplified representa-
tion of permeable surfaces was used to conceptualize the hydrological
processes before infiltration and runoff. Due to the numerous unavail-
ability of data, evapotranspiration was not modelled in this study.

First, the soil is assimilated to a reservoir with a threshold effect
(Fig. 3). When the soil reservoir’s capacity exceeds the threshold called
Sinf, rain-induced infiltration begins, and the fraction Fgyy is drained by
the sewerage system. Once the soil reservoir reaches a second threshold,
called Ssi, permeable surfaces begin to generate runoff. This process
(with a fraction Fpe,) was thus conceptualized as an overflow from the
soil reservoir towards the surface reservoir. This study only considers PII
and RII contribution from permeable surfaces, even though some au-
thors (Ragab et al., 2003; Ramier et al., 2011) have reported a small
fraction of infiltration through impervious surfaces.

The description of the WW(t) flow pattern has been modelled as a
constant pattern from one day to another. In the same way, PII is
considered as a constant base flow. Dynamic processes are described by
two components, both of which are modelled as a linear reservoir: a fast
one (surface runoff) characterized by a lag time Kg, and a slow one
(rainfall-induced infiltration) with a lag time named Kgy;. The sum of the
previously mentioned components provides the flow rate upstream the
CSOs.

Given the variety of CSOs geometries and flow configurations, there
are different ways of representing their hydraulic functioning. Several
studies, including Andrés-Doménech et al. (2010), Hernes et al., (2020)
and Joshi et al. (2021), have determined the CSO rate based on the
following condition: if the catchment outflow exceeds the maximum
downstream capacity, the CSO rate is equal to excess flow rate. On the
other hand, Sitzenfrei et al. (2013) neglected flow dynamics and esti-
mated the CSO volume using a volume balance equation on the

Table 1

Parameter estimation methods.
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Parameter
description

Abbreviated
name

Method of
estimation

Dry weather
parameters

Wet weather
parameters

Empirical
parameters

Catchment and
sewer system

Permanent
infiltration inflow
[L/s]

Wastewater flow
pattern [L/h]

Permeable surface
storage capacity
before runoff [mm]

Soil storage
capacity [mm]

Repartition factor of
impervious surface
[dimensionless]

Repartition factor of
rainfall-induced
infiltration
[dimensionless]

Repartition factor of
permeable surface
[dimensionless]

Initial losses [mm]

Lag time of the soil
infiltration inflow
reservoir [days]

Lag time of the
surface reservoir
[min]

Population
[habitants]

PII

Sinf

Ssoil

FR_II

Fper

KRH

Pop

Extraction and
statistical analysis of
dry weather
minimum night-time
flow

Extraction and
statistical analysis of
dry weather days
patterns

Estimated from the
correlation between
the precipitation
depth and the
equivalent wet-
weather
component’s depth,
is the value
separating the
impervious surface
runoff and beginning
of the rain-induced
infiltration
contribution
Estimated from the
correlation between
the precipitation
depth and the
equivalent wet-
weather
component’s depth,
is the value that
defines the
beginning of
permeable surface
runoff

Linear regression
coefficient of the
group considered
small rainfalls
Linear regression
coefficient of the
group considered
medium rainfall
minus Fi

Linear regression
coefficient of the
group considered
medium rainfall
minus Fryy + Fper

Is the maximum
rainfall precipitation
until there is no
runoff volume
observed at the
outlet

Fitted parameter
from the Eq. (5) and
the depletion curve
observed for one
rainfall event. The
mean Kgy is
retained.

Empirical value from

Desbordes (1974)
using the pipe
length, and pipe
slope, in addition to
physical and
practical
considerations
Municipality data

(continued on next page)
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Table 1 (continued)

Parameter Abbreviated Method of
description name estimation
characteristics WW production per  EH Municipality data
parameters capita [L/hab/day]
Catchment area Ac Geographic
[ha] information system:
aerial images
treatment
Impervious area Amp Geographic
[ha] information system:
aerial images
treatment
Main drain slope I Sewer system plans
[%]
Length of the L Sewer system plans

longest water route

[m]

maximum wastewater treatment plant volume capacity and the sewer
volume produced in the catchment. In this case study, the CSOs is not
frontal or lateral which represents a modelling challenge. None of the
previously mentioned approaches could be employed. A prior study by
(Momplot, 2014) utilized a 3D model to analyze the hydraulic behavior
of the CSOs. Through numerical simulations, the CSO threshold was
identified (Eq. (3)). Additionally, the CSO rate was ascertained as a
non-linear function of the upstream flow rate (Eq. (4)). The CSO volume
was then estimated by integrating Eq. (4) over the time.

Journal of Hydrology 632 (2024) 130834

where Q(#) [m®.s71] is the flow rate upstream the CSO and Qcso (t) [m3.
s71] is the CSO rate at the time step t.

2.4.2. Parameter calibration

The model requires ten input data to be estimated (described above
and shown in red in Fig. 3). For nine of them, this is achieved through
the analysis of observed data and the last one (Kg) is estimated via an
empirical equation. In addition, six other parameters describe the
characteristics of the catchment. The detailed list of all parameters used
in the model is presented in Table 1. The following section describes in
detail the methods used for each parameter calibration with observed
data.

Three years of observation (2007 and 2009-2010) were taken in
order to have enough data to calibrate the parameters. For the model
evaluation, an intermediate year (2008) was reserved to avoid any in-
fluence on the simulations due to changes in the territory.

The daily wastewater flow patterns (WW(t)) were derived from the
observed data collected during the selected period of 2007, 2009 and
2010. All the patterns obtained during the study period were examined
and the median hourly flow rate was retained to reconstruct a median
daily wastewater flow pattern (WW(t)) with hourly time step. In the
same way, permanent inflow infiltration (PII) has been identified
through the observations of the minimum night time flow during all dry
periods. An inter-seasonal minimum night-time flow comparison, cor-
responding to the four typical European weather seasons, was carried
out to observe a potential seasonal variation of PIL, i.e., due to differ-
ences in the groundwater level or in the soil moisture, but there was no

t) = 0, wh 1) <04m’ s 3
Qesolt) when O(7) e ® significant difference between the estimated PII between seasons (Ap-
0 cso(t) = O(f) — 0.33*In(Q(r) ) — 0.69, when Q(r) > 0.4m? .5~ 4 pendix 1), thus, the base flow was considered to be the same throughout
, the year.
ﬂ Schematic rainfall-runoff relationship Schematic rainfall-runoff processes

’_

/
Fimp + Friy + Fper /i

= 1 [
1 >

Ssoil Rainfall
depth

Equivalent depth of wet-weather components

Regression coefficient
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Fig. 4. Schematic rainfall-runoff relationship (left) and conceptualization of the rainfall-runoff processes (right).
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Uncertainty propagation: from input to outputs
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Fig. 5. Methodology used for propagating uncertainties from input data to model outputs.

For all the events in the 2007, 2009 and 2010, the equivalent depth
of wet-weather flow was calculated and plotted against the rainfall
depth as shown in Fig. 4. The resulting scatterplot shows three distinct
groups of points, each having its own slope. This differentiation supports
the assumption that depending on the rainfall depth, different hydro-
logical processes are present based on the rainfall depth (i.e., runoff on
impervious surfaces, rain-induced infiltration after a rain event, and
runoff on permeable surfaces). According to Eq. (2) there is a linear
relationship between the total volume observed at the catchment’s
outlet and the rainfall depth. This can be observed in Fig. 4 by three
different slopes, respectively, Fimp, Fimp + Fri and Fimp + Frip + Fper.

Three linear regressions were implemented, whose slopes directly
provide the values of fractions Fimp, Fri1, Fper- The intersection of the first
line with the x-axis corresponds to the initial losses (IL). The abscissas of
the slope changes define the thresholds Sipr and Ssoj (Fig. 4).

The rainfall-runoff relationship provides information on the fraction
of impervious surface runoff, rain-induced infiltration and permeable
surface runoff. The physical processes associated with each fraction and
their order of arrival in the sewer system is illustrated in the schematic
rainfall-runoff processes for a a) small, b) medium and c) heavy rainfall
event (Fig. 4).

In order to estimate the lag time Kgy;, the observed depletion curves



V.A. Montoya-Coronado et al.

of the infiltration inflow, discharged from the soil after heavy rainfall
events, were used to describe the gradual release of the soil reservoir. If
the infiltration from the soil to the sewer system is represented by a
linear reservoir model, with a lag time Kgy;, then the depletion curve
after a rain event should follow an exponential decrease towards the
baseflow (Eq. (5)).

t

Ouigit (t) = (Onigni(0) — PI)*e T + PII ®)

where t is the t day after the rainfall event, Quigh:(t) is the average flow
between 3 and 4 am observed on day t, Qugn(0) is the value observed
between 3 and 4 am immediately after the rainfall event, PII is the
permanent infiltration inflow, and Kgyj the lag time of the soil reservoir.
The value of the three parameters, Qugr(0), PII, and Kgy, was opti-
mized for each heavy rainfall for which the decrease of Qugn(t) (the
observed depletion curve) was visible during several days after the
beginning of the rainfall event. Optimization was carried out through
non-linear regression with a classical least squares objective, applying
Eq. (5) to the observed data. The inter-event variability of the parameter
of interest, Kgy, was subsequently analyzed via descriptive statistics.
To describe the response of impervious and permeable surfaces to
rainfall events, the surface runoff lag time (Kg) was calculated from the
catchment characteristics using the empirical formula of Desbordes
(1974) (Eq. (5)). There appears to be some variability between the es-
timations made with other empirical equations (Appendix 2). Therefore,
the values provided by each of these equations were compared and the
min-max range value were extracted to define the range of Ky interval.

A —0.45
K = S.S*AC0'3* (%) 3 =038 0.61 6)

C

Aimp
Ac
the catchment, I is the average slope (%) and L the length of the longest
water route (main drain, m). The exponents were determined through
optimization method in Desbordes (1974) fitting experimental data
from 146 rainfall events in 13 French and American catchments.

where A¢ is the catchment area (ha), is the impervious fraction of

2.5. Uncertainties propagation: From observed data to model simulation

Being a data-driven approach, this model and most of its parameters
are based on observations (rainfall and flow rate) which are themselves
determined with some uncertainties.

Several parameters used in the simulation were derived from depth,
velocity, and rainfall measurements with uncertainties. These un-
certainties come from many factors, such as measurement errors (pre-
cision and accuracy inherent to the sensors itself), environmental
uncertainty (this refers to uncertainty due to temperature or pressure
changes that can affect sensors reading), human error and random noise
(random fluctuations in the sensor data). They were accounted for the
law of propagation of uncertainty (Bertrand-Krajewski et al., 2021).
Each measured flow rate was described as a random variable following a
normal distribution centered on the measured value (Fig. 5, step 1).

Then, the stochastic Monte Carlo Method (MCM) was used to prop-
agate these uncertainties to each model parameter determined from
flow rate measurement. The previous estimation procedure was applied
to 10* sets of random data sampled from the respective distribution
leading to 10* possible values for each parameter (Fig. 5, step 2).
Applying a similar method, 10* hydrological simulations were per-
formed to calculate the resulting uncertainty on the model outputs
(Fig. 5, step 3).

2.6. Model accuracy evaluation

A series of twenty events that occurred in 2008 with CSO events were
randomly selected (listed in Appendix 3). The model’s accuracy was
evaluated in three steps. First, the Kling-Gupta Efficiency (KGE, Eq. (7))
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was used as a goodness of fit criteria (Gupta et al., 2009) to assess the
model’s ability to simulate the observed flow rate at the sewer system
outlet.

KGE=1-/(r— 17+ (a— 1)’ + (5 1) @)

where r is the Pearson product-moment correlation coefficient between
simulations and observations, @ = = is a measure of the flow variability
o

error between the observed (6,) and simulated (o) standard deviations,
and g = ,‘f is a measure of the flow error between the observed (u,) and

simulated (ps) flow means over the selected events. The KGE ranges from
1, as a perfect simulation, to minus infinity. Kouchi et al., (2017) pro-
posed that the KGE can be considered indicative of a well-performing
model if it is equal or greater than 0.75. For a model to be considered
with an acceptable level of performance, the KGE values must be at least
0.5.

Second, the difference between observed and simulated CSO volume
was considered to evaluate the model’s performance for the selected
twenty rainfall events. Third, the model’s ability to replicate the CSO
frequency was assessed.

2.7. Scenario elaboration

The contribution of Permanent Infiltration Inflow (PII) and Rain-
Induced Infiltration (RII) on CSO has been assessed by modelling two
scenarios: i) a reduction of 50 % of PII and RII; ii) a completely of PII and
RIL Achieving these outcomes through a strategic approach necessitates
a comprehensive understanding of the origin of the infiltration inflow
and the study site (i.e., targeted pipeline renewal). Scenario analysis was
studied at a yearly scale over four years (2007, 2008, 2009 and 2010)
and on an event-based scale through 3 heavy rainfall events with a 1-min
resolution. To determine the contribution of PII and RII on CSO in the
long and short term, two points of the sewer system were analyzed: the
upstream and downstream pipe of the CSOs. For both temporal scales, a
first distinction was made between the different components in the
outflow to quantify the impact of PII and RIIL. Then, the contribution of
PII and RII to CSO was assessed through the total CSO volume, CSO
duration, CSO frequency and CSO rate. The three indicators’ results
were compared to the results obtained through the simulation of the
status quo. The difference is attribute to the contribution of infiltration
inflow component. The results are presented as rates of change for both
scenarios.

A recurring question in urban water management is whether to
continue with centralized systems by rehabilitating sewer systems, and
thus reduce infiltration-inflow, or to pursue decentralization (Arora
et al., 2015; Libralato et al., 2012). To compare the effectiveness of
stormwater disconnection in reducing CSO volumes, two complemen-
tary scenarios were developed in addition to the previous ones. These
scenarios aim to disconnect stormwater from the combined sewer sys-
tem by implementing source control structures for stormwater man-
agement such as green roofs, rain gardens and swales that collect water
from nearby roofs and pavements. These structures capture and infil-
trate rainwater, reducing a fraction of surface runoff. To model storm-
water disconnection scenarios, the initial loss values of the surfaces on
which these structures could be implemented were increased to
conceptualize the capacity of the structures to store and infiltrate the
first millimeters of rainfall. There is a possibility that water infiltrating
through the SUDS could reach the sewer system. However, in the
absence of experimental data to parameterize this phenomenon, it will
not be considered. Two scenarios were conducted, increasing initial
losses by 5 and 10 mm. The CSO volume reduction was used to compare
the infiltration inflow reduction and the disconnection scenarios
through four years of simulations.
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Fig. 6. Daily variation of wastewater pattern 2007, 2009 and 2010 in Ecully Catchment.

Table 2
Estimated value and range for each model parameter.

Parameter description Abbreviated Estimated Lower bound Upper bound Type of Number of events used for parameter
name value 5 %) (95 %) distribution estimation
Permanent Infiltration Inflow [L/s] PII 19 14 24 Uniform 178 dry weather days
Initial losses [mm] 1L 1.75 0.5 3 Uniform 95 rainfall events and literature data
Vegetation coverage and soil storage Sing 15 13 17 Uniform 95 rainfall events
capacity [mm]
Maximum soil storage capacity [mm] Ssoil 35 30 40 Uniform 95 rainfall events
Repartition factor of impervious surface Finp 0.135 0.13 0.14 Normal 76 rainfall events
[dimensionless]
Repartition factor of rainfall induced- Frir 0.095 0.05 0.14 Normal 11 rainfall events
infiltration [dimensionless]
Repartition factor of permeable surface Fper 0.115 0.09 0.14 Normal 8 rainfall events
[dimensionless]
Lag time of the soil infiltration inflow Kru 1.2 0.5 1.9 Uniform 13 depletion curves coming from 13
reservoir [days] different rainfall events
Lag time of the surface reservoir [min] Kr 10 10 37 Uniform Empirical formula from Desbordes
(1974).
3. Results Initial losses for impervious surfaces were estimated taking into

3.1. Identification of parameters ranges

Dry weather days from 2007, 2009 and 2010, were extracted to
identify the median annual wastewater flow pattern. Fig. 6 shows the
superposition of 178 complete flow patterns measured in dry weather,
with maximum peaks in the morning and evening and a minimum peak
late-night. Minimum flow occurs during the night, around 3 and 4 am,
which is identified as PII as presented in the Materials and Methods
section. Statistics about PII values are extracted from all monitored dry
days: the median PII of 19 L/s was retained with a variability between
[14 L/s; 24 L/s] as shown in Table 2.

The linear correlation between precipitation volume and runoff
volume was calculated for 95 rainfall events observed in 2007, 2009 and
2010 (Fig. 6). Three groups with, respectively, 76, 11 and 8 rainfall
events were observed and categorized in accordance with the theoretical
part (section 2.4.2 Parameter calibration). The respective repartition
fractions of Fimp, Fimp + Frir, and Fimp + Frir + Fper Were associated to the
regression coefficient of each group (Fig. 7). Thus, median values of
0.135, 0.095 and 0.115 with an interval of confidence (Table 2) were
assigned to the respective fractions of Finp, Frir and Fper. The boundary
between the three groups was estimated graphically from Fig. 6, which
showed ranges of 13 — 17 mm and 30 — 40 mm. Respectively, the pa-
rameters Siyr and Sgoj) Were associated to these ranges.

consideration the catchment slope and surface (Boyd et al., 1993; Kidd,
1978; Rammal and Berthier, 2020). Typical values of initial losses in
similar urban catchments were already observed (Leopold, 1991; Rao
and Delleur, 1974) leading to an extended range between 0.5 and 3 mm
(Table 2). Likewise, the surface lag time (Kg) was estimated to be 10 min
using the empirical formula of Desbordes (1974). This value was
compared with those calculated using the other empirical equations (i.
e., Chocat, (2013) and Desbordes and Ramperez (1977) provided in
Appendix 2). From this comparison, the min-max range of values (10
and 37 min respectively) were used to construct the uniform distribution
(Table 2).

To determine Kgyj, the depletion curves of rainfall events bigger than
Sinf Were analyzed, between them, 11 events were retained over the
years 2007, 2009 and 2010. Equation (5) was fitted to the data corre-
sponding to the observed minimum flows between 3 and 4 am using a
nonlinear regression approach as shown in Fig. 8. For the depletion
curves retained, values ranging from 0.45 and 2.6 days were obtained.
The median Kgy was retained with a confidence interval of [0.5-1.9]
days as shown in Table 2.

3.2. Model accuracy evaluation

A set of twenty rainfall events from 2008 (Appendix 3) was used to
evaluate the model by incorporating parameter values calibrated using
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data from 2007, 2009 and 2010. The model’s evaluation resulted in KGE
values greater than 0.6 for 90 % of the ensemble of parameter sets
(Appendix 4), the other 10 % range from 0.45 to 0.60. To illustrate the
hydrographs simulated upstream the CSOs, Fig. 9, presents six examples
of rainfall events where events 5 and 6 are small rainfall events, events
11 and 13 are medium rainfall events and events 18 and 19 are big

10

rainfall events. The twenty rainfall events simulated are present in Ap-
pendix 5, 6, 7. The model shows the capability to provide a satisfactory
flow variation with a good simulation of the peak values and the
depletion curve for almost all events. It may happen that some events are
not well reproduced by the model. First, some modelled peak values
were underestimated when the precipitated depth increases very quickly
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as shown by event n° 5 at 10 am and event n° 11 at 3 pm. Second, some
events as event n° 3 and event n°4 in Appendix 5 are not well repro-
duced. This could be due to local rainfalls that are not register in the rain
gauge or hydraulic processes that are not represented as the back water
curve variation in the main sewer pipe. However, even if some events
are not well reproduced, the set of events gives satisfactory KGE value
and for almost all the events the upstream CSO hydrograph gives a
satisfactory shape for the objectives of the model.

The simulated and observed CSO volumes were compared in Fig. 10.
The most frequent situation corresponds to an underestimation of the
CSO volume by a few tens to a few hundred m®. For several rainfall
events, however, the model was found to either underestimate or
overestimate the CSO volume by 10% m® or more (Fig. 10).

Overall, if these values are considered from an annual perspective,
the total simulated CSO volume matches the observed value relatively
well (Fig. 10), but this is partly the result of compensation between cases
of under- and over-estimation. By consequence, the relative error for the
CSO volume is minimal, at 4.9 % (Table 3). In addition, out of the 20
CSO events observed, 19 were simulated (Event4, Appendix 5, was not
simulated even considering uncertainties).

This reflects the good capacity of the model to reproduce the total
CSO volume and CSO frequency over the ensemble of events and
therefore concludes that the model is suitable to evaluate possible

11

planning scenarios in an annual perspective. Assessing the contribution
of PII and RII to CSO volume.

The results of the annual simulation aim to evaluate the influence of
Permanent Infiltration Inflow (PII) and Rain-induced Infiltration (RII)
flow components on CSO in the study area. The contribution of urban
components in the annual outflow volume of the sewer system (volume
upstream the CSOs) was compared in the PII and RII reduction scenarios
(i.e., reduction of 0, 50 and 100 % of PII and RII). The annual water
balance for all years studied (from 2007 to 2010) shows that the
component contributing the most to the annual scale volume produced
is wastewater, followed by PII and RII and surface runoff with a mean
contribution of ~53, ~37 and ~10 %, respectively (Appendix 8).
Regarding the effect of a partial reduction of PII and RII, a decrease of
~24 % of PII and RII could be achieved (Appendix 8).

The CSO duration and CSO rate of all CSO events that occurred from
2007 to 2010 were also compared. Whatever the PII and RII reduction
scenarios considered, no significant differences were found in the
changes in the CSO duration or the CSO rate. This can be attributed to
the fact that 60 % of CSO event were triggered by small rainfall events
(rainfall depth < 15 mm), which is not expected to generate RIIL Indeed,
the CSO rate is attributed to fast surface flows such as runoff from
permeable and impervious surfaces.

The reduction of the annual CSO volume for the four years (from
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Fig. 10. Comparison between simulated and observed CSO volumes for 20 rainfall events in 2008.

Table 3
Comparison of CSO volumes over the 20 rainfall events selected in
2008.

Observed CSO volume (m®)
Simulated CSO volume (m>)
Error (%)

44 400 £+ 3 900
42200 £+ 6 100
5%

2007 to 2010) was studied and shows that PII and RII have a clear effect
on the CSO volume. For a PII and RII reduction of 50 %, simulations
show that the annual CSO volume may decrease between 5 and 7.5 %
(Appendix 9). On the other hand, the total reduction of PII and RII shows
that the maximum possible contribution of this component in the CSO
volume could represent from 11 to 16 % (Appendix 9). However, despite
the partial or total removal of these two components, the CSO frequency
is the same in both scenarios and the baseline one for all years except
20009. In that year, due to the rainfall characteristics (long event with a
low peak flow), the CSO frequency decreased by one and two days,
respectively, for a reduction of 50 and 100 % of PII and RII.

The effect of PII and RII reduction for 3 heavy rainfall events has
been simulated and illustrated in Fig. 11. At the event scale, PII and RII
could represent almost 24 % of the volume at the outlet of the system.
Considering a 100 % PII and RII reduction, 18 to 24 % of the volume at
the outlet is reduced and the CSO volumes was reduced from 13 to 18 %
(Fig. 11). A qualitative hydrograph analysis shows that PII and RII
reduction slightly decreases the peak flow which confirms that this in-
dicator does not seem relevant for this component.

3.3. Comparison of PII and RII reduction and disconnection scenarios
impact on CSO volumes

Fig. 12 illustrates the reduction in CSO volume for the four scenarios
(i.e., the PII and RII reduction of 50 and 100 % and disconnecting the
first 5 and 10 mm of the rainfall event) over all the rainfall events that
occurred between 2007 and 2010. Results indicate that disconnecting
the first 5 mm of rain could lead to a reduction from 13 to 48 % of CSO
volume for half of the CSO events. Furthermore, disconnecting the first

12

10 mm of rainfall could lead to suppressing half of the CSO events.

Concerning the reduction of PII and RII scenarios (Fig. 12), a partial
reduction of PII and RII would lead to a reduction of CSO volume over 4
years by 5 to 10 % for half of the CSO events. For a total reduction
scenario, the CSO volume would be reduced by 10 to 18 % for half of the
events. These results seem to be consistent with the annual results of
Appendix 9.

4. Discussion
4.1. Consistency between calibrated parameters and physical values

The model is characterized by its integration of monitoring data and
empirical equations, reflecting a parsimonious approach despite the
complexity of the urban catchment and its sewer system. It provides an
accurate simulation of the quantity and dynamics of different water
components within the catchment. The method used to calibrate the
model from observed data at the catchment outlet has resulted in reli-
able parameter estimates, providing reasonable physical intervals for all
parameters.

In this case study, the available data used to calibrate the heavy
rainfall event parameters and their uncertainties were relatively limited.
Despite this, the values found for the threshold before the beginning of
the rain induced infiltration, S, are similar to values found in experi-
mental studies of urban vegetation surfaces such as Asadian and Weiler
(2009) who estimated an interception of 70 % for rainfalls of ~25 mm
and ~15 h, or Armson et al. (2013) in the United Kingdom who showed
that for rainfalls of 10 mm, a single tree can reduce pavement runoff by
25 % and a lawn can completely eliminate surface runoff.

For the single empirical parameter (surface lag time, Kg) we decided
to explore the validity of the estimated values. For this purpose, the
empirical formulas modified by Chocat (2013), Desbordes (1974),
Desbordes and Ramperez (1977) were compared with a sensitivity
analysis of Kg. Firstly, the values obtained with the selected empirical
formulas ranged from 10 to 37 min (Appendix 2). Secondly, for the Kg
sensitivity analysis, the optimum parameter set from the MCM simula-
tions during the model accuracy evaluation (section 1.2 Model accuracy
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years were simulated (from 2007 to 2010). The CSO volume reduction is represented by violin plots displaying the distribution and density of the data at different
values. The data represent all rainfall events that occurred during the study years which resulted in a CSO event.
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evaluation) was retained and only the Ky parameter was modified with
values ranging from 5 to 100 min. A sensitivity analysis was carried out
to assess the reliability of these extended ranges of values on the indi-
cator used for model evaluation (KGE coefficient applied to 25 rainfall
events). Variations in KGE resulting from the changes in Kz when
applying different empirical formula were found to be smaller than the
variations due to the other uncertain parameters and especially the
runoff coefficients (Appendix 10).

4.2. Feasibility and consequences of evaluated scenarios

Regarding the modelling scenarios, as permanent infiltration inflow
information is rarely available with a high spatial resolution, modelling
a targeted reduction of PII and RII is not possible. In those cases, the
model has been shown to be promising as it helps to quantify the initial
situation and to simulate scenarios, before investing large efforts in
targeted studies.

In the present study, PII and RII components were estimated as the
second major component of the sewer system at the annual scale (~38 %
of the total volume). In addition, the results of the PII and RII scenarios
implemented in this study suggest that PII and RII could contribute from
13 to 24 % of the annual CSO volume, which could reduce additional
costs due to water infiltration into the sewer system (Dirckx et al., 2019).
In previous studies, RII and PII accounted for 24-47 % of the total water
volume in combined sewer (Bentes et al., 2022; Pangle et al., 2022; Weil}
etal., 2002) and up to 35 % of the CSO volume (Dirckx et al., 2019). The
proportion of the flow volume seems to be similar to the observation in
existing literature despite the highly variable characteristics of each case
study.

Removing PII and RII may reduce the CSO volume but does not seem
to have a significant impact on CSO frequency, which is consistent with
findings from Schulz et al. (2005). This limitation may be problematic
for the receiving environment because reducing volume alone may not
guarantee improvements in river quality, and therefore could be a non-
optimal strategy (Lau et al., 2002). Therefore, before undertaking costly
rehabilitation projects to reduce inflow infiltration, it is crucial to
emphasize the need for a comprehensive analysis of malfunctions in
ageing sewers (Su et al., 2020). Despite the effort represented by the
reduction of infiltration inflow, it does not seem to be sufficient and
should be supported by other actions.

Stormwater disconnection scenarios could have a higher efficiency
for CSO mitigation. In the present study, simulations shown that almost
half of the CSO volume could be suppressed by disconnecting the first
10 mm of rain on impervious surfaces. Montoya-Coronado et al. (2022)
found similar results when modelling the same stormwater disconnec-
tion scenarios. Additionally, D’Ambrosio et al. (2022), Joshi et al.
(2021) and Riechel et al. (2020) also obtained comparable findings
when modelling stormwater disconnection scenarios with a more
detailed description of the type and location of source-control devices.
They found that disconnecting 20 % of impervious surfaces could result
in a reduction from 30 to 75 % of the CSO volume.

5. Conclusion

A parsimonious model has been developed to evaluate and quantify
the contribution of permanent infiltration inflow and rainfall-induced
infiltration to CSO in a typical urban catchment. The present method-
ology shows how to identify and simulate the following flow compo-
nents in the hydrograph observed at the catchment outlet: wastewater,
impervious and permeable surface runoff, permanent infiltration inflow
and rain-induced infiltration inflow. The observations of each flow
component’s behaviors guided the construction of a simplified model
that could conceptually represent the surface, subsurface and sewer
processes. To describe the fraction and dynamic of those flow compo-
nents, nine parameters have been calibrated from data pretreatment.

The comparison between observed data and simulation showed the
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model’s capacity to provide a satisfactory simulation of the hydrograph,
notably most of the peak values and the depletion curves. However,
some peaks were not well reproduced, which may result in large dif-
ferences with the observed CSO volume. The error on the total CSO
volume was acceptable for practical purposes, along with a good
reproduction of the CSO frequency over long periods. Model application
included the determination of the proportion of each flow component
that reached the CSO structure. Results showed that, at annual scale,
~53 % of the outlet volume corresponds to wastewater, ~10 % to runoff
water and ~37 % to sub-surface infiltrated water. The latter, which is
expected to increase over the years due to pipe ageing, has been
analyzed under permanent infiltration inflow and rain induced infil-
tration reduction scenarios. Eliminating infiltration inflow could
represent between 11 and 17 % of annual CSO volume reduction.
However, this strategy is of limited interest for reducing the CSO fre-
quency and CSO duration. On the other hand, the implementation of
source-control stormwater management strategies shows promising
perspective that could complement rehabilitation scenarios. For
example, by disconnecting the first 10 mm of rainfall, it is possible to
completely eliminate the CSO volume for half of the CSO events.

The use of these assessment methods can support the decision-
makers on the degree of effort required to reduce CSO volumes and
frequency. Further work should extend the analysis to other study areas
(by discretizing into sub-catchments), test the limitations of the
approach, and integrate global change scenarios. Further research could
consider additional sources of rainfall-induced infiltration (RII), such as
the seasonal impact of the water table during rainy periods and potential
rainwater infiltration from stormwater management source control in-
frastructures. Additionally, the growing frequency of extreme weather
events resulting from climate change must not be disregarded, and the
impact of RII on CSO should be investigated.
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