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ABSTRACT

Pollution from Combined Sewer Overflows (CSOs) cause diffuse environmental problems, which are still not
satisfactorily addressed by current management practices. In this study, a sensitivity analysis was conducted on
several CSO environmental impact indicators, with respect to parameters that characterise climate, urban
catchment and the CSO structure activation threshold. The sensitivity analysis was conducted by running 10000
simulations with the Storm Water Management Model, using a simplified modelling approach. The indicators
were calculated at yearly scale to evaluate overall potential effects on water bodies. The results could be used to
estimate pollution load ranges, known the values of the input parameters, and to investigate suitable strategies to
reduce pollution of the receiving water bodies. The percentage of impervious surface of the catchment was found
the most influent parameter on all the indicators, and its reduction can contain the discharged pollutant mass.
The activation threshold, instead, resulted the second least influent parameter on all the indicators, suggesting
that its regulation alone would not be a suitable strategy to reduce CSO pollution. However, along with the
reduction of the imperviousness, its increase could effectively decrease the concentration of pollutant in the
overflow. The results also indicate that neither adopting sustainable urban drainage practices, nor interventions
on the CSO device, significantly affect the frequency of the overflows. Therefore, restricting this latter was found
to be ineffective for the reduction of both the discharged pollutant mass and the concentration of pollutant in the

overflow.

1. Introduction

Combined Sewer Overflow (CSO) structures are hydraulic devices
vastly used in combined sewer systems in many countries (Butler et al.,
2018). Their presence in Urban Drainage Systems (UDSs) is fundamental
as they prevent flooding, and overload of Wastewater Treatment Plant
(WTP). Indeed, during heavy rainfall events, if the capacity of the sewers
is exceeded, the mix of wastewater and stormwater would flood into the
streets; also, an excessively diluted and highly variable influent would
disrupt the WTP biological treatment processes (Trancone et al., 2022).
CSO structures avoid these problems by diverting the overflow to water
bodies through partition devices, such as transverse weirs, leap weirs,
and side weirs. Ideally, an overflow occurs when Q > DQy, being Q the
incoming flow, Qy the mean wastewater discharge, and D a dilution
threshold.

However, CSOs may cause short- or long-term environmental prob-
lems to water bodies (Butler et al., 2018) and to public health (McGinnis
et al., 2022; Sojobi and Zayed, 2022), such as dissolved oxygen
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depletion, eutrophication, toxicity, and recreational sites interdiction.
These problems arise because the untreated overflow may contain high
levels of pollutants, due to the insufficient dilution of the sewage or the
washoff of sediments accumulated on the catchment surface (Tu and
Smith, 2018) or in the sewers (Seco et al., 2018). This issue occurs
especially in the early part of the runoff and the phenomenon is
commonly referred to as the first-flush (Barco et al., 2008; Gupta and
Saul, 1996; Mamun et al., 2020), although more complex site-specific
flush dynamics patterns are receiving increasing attention in recent
literature (e.g., Jensen et al., 2022). The transported pollutants may
origin from dirt, debris, or suspended solids (Ferraro et al., 2023), and
they can be organic matter (Seidl et al., 1998), heavy metals (Xu et al.,
2018), toxic compounds (Nickel and Fuchs, 2019), drugs (Munro et al.,
2019), microplastics (Di Nunno et al., 2021; Yaranal et al., 2023), or
emerging contaminants (Petrie, 2021).

In literature, the evaluation of pollution from CSOs is usually carried
out from a case study perspective (Botturi et al., 2021; Sandoval et al.,
2013), making the results hardly extendable to different CSO locations
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and different UDSs. Indeed, there is a lack of generalised methods to
assess pollutant loads from CSOs, which would be more widely appli-
cable to different UDSs. An example of such a method is presented in
Dirckx et al. (2022), for which, however, water quality measurements
from samples collected at the CSO structure are required, which are
rarely available.

Hence, given the uncertainty of water quality modelling in UDSs (Jia
et al., 2021), and the scarcity of reliable CSO water quality monitoring
data (Schellart et al., 2023), most studies focused on overflow volume
reduction (e.g., Dirckx et al., 2019; Eulogi et al., 2022; Joshi et al., 2021;
Lucas and Sample, 2015; Torres et al., 2022; Vezzaro, 2021; Zhang et al.,
2023). Nevertheless, the volume does not carry information on pollutant
concentration and mass. Few studies, instead, investigated other in-
dicators, like pollutant mass (e.g., Pistocchi, 2020; Romero et al., 2021)
or event duration (Quaranta et al., 2022), unfolding the necessity of
further research also in this direction.

CSO regulation also has some flaws. To ensure sufficient dilution in
the receiving water body, many European countries adopted standard
values for the dilution coefficient, D, nationwide (Zabel et al., 2001),
and to date, most of them enforce further limitations on simplistic in-
dicators, such as the number of overflows per year (Botturi et al., 2021).
However, evidence showed that CSO structure design criteria are more
linked to the WTP capacity (Dirckx et al., 2011), and to protect in-
frastructures under peak dry weather flow conditions (Giakoumis and
Voulvoulis, 2023), rather than to environmental protection. Addition-
ally, Engelhard et al., 2008 found that the number of overflows per year
has no influence on the receiving water body quality.

Under this scenario, it would be useful to assess the CSO environ-
mental impact variability, by means of effective pollution indicators,
with the final aim of choosing which overflow events to permit. Indeed,
designing CSO structures with a highly precautionary approach avoids
the discharge of pollutants in the receiving water body, but makes the
WTP operation more difficult. Viceversa, protecting WTPs towards
heavy rainfall events requires a less stringent CSO structure design
approach, that leads to greater pollution load discharged. Also, an
effective study about the CSO damages on water bodies (Sojobi and
Zayed, 2022) requires to be conducted over long periods to evaluate
overall effects, and not only those related to single events.

This study presents a method to estimate the variability of CSO
quantity and quality, that allows to analyse the effects, at yearly scale, of
different parameters characterising the local rainfall, the urban catch-
ment, and the CSO structure, on overflows.

The proposed method was used to conduct a robust Sensitivity
Analysis (SA) on 10000 sets of the above-mentioned parameters.
Therefore, this approach is valid for a wide range of case studies and
could be valuable especially when accurate CSO quantity and quality
measurements are not available. The results of the SA allowed to find the
most significant parameters affecting CSOs, and they are suitable to plan
strategies to effectively reduce pollution loads. If the vulnerability of the
receiving water body is also known, this method could be used to assess
the impact of those strategies and reach target levels of pollution
reduction.

Also, to provide a practical example of application of the proposed
method, CSO pollutant loads were evaluated for a real case study in the
city of Portici (Italy).

Lastly, some finds of this study can be useful to support CSO regu-
lation improvement.

2. Materials and methods

An approach to evaluate the variability of CSO environmental impact
indicators (EIIs), at yearly scale, was developed to estimate overall
pollution effects, for UDSs with different characteristics. Therefore, a
large set of hypothetical UDSs (10000) were simulated, having different
sets of hydrological and geomorphological parameters of the urban
catchment (UC) and different features of the CSO structure. This analysis
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allows to evaluate the pollution load being discharged into water bodies.
The quantitative and qualitative variability of CSOs depends on

climate forcing, characteristics of the UDS, and pollution in sewer

discharge. In particular, the following aspects were investigated:

e The rainfall regime, which is correlated with CSO volume (Farina
et al., 2022; Sandoval et al., 2013; Schroeder et al., 2011).

o Different land-uses, which lead to different ratios between the runoff
generated by the rainfall and the water retained by the urban
catchment.

e The morphology of the UC, which leads to different hydrologic re-
sponses to the rainfall input.

e The water supply and use, and the population density, which
determine the wastewater discharge, Qw, in turn determining the
mass of pollutants deriving from sanitary flow during CSOs.

e Local regulations, which determine the CSO structure activation
threshold.

Four main steps were taken (Fig. 1), briefly presented below and
expanded in the next sub-sections:

1. A simplified hydrological and quality model was adopted for the
assessment of UDS response and of the CSO structure operation.

2. Parameters pertaining the rainfall, the UDS and the CSO structure,
with the highest expected influence on hydrograph and CSO volume,
were selected. Their ranges of variability were defined based on
typical characteristics of urban environments and current CSO
regulations.

3. Suitable EIls were identified. Besides the volume and the frequency
of the overflows, also the mass and concentration of pollutant in the
overflows were considered.

4. A sensitivity analysis was conducted, searching for meaningful re-
lationships between the parameters and the Ells: the Spearman
correlation coefficients were calculated for each pair of parameters
and EIls.

The SA involved a wide numerical investigation on the different
parameters, through analysing 10000 hypothetical UDSs: each model
run for a UDS consisted in the simulation of one year, sampled from the
available 20 years.

Finally, an application example of the use of the SA results was
developed for an actual UDS in the city of Portici (Italy).

2.1. Simplified modelling approach

A specific modelling approach for the robust estimation of quantity
and quality of CSOs was developed, and it consisted in two simplified
models: the UDS with the CSO structure, and the water quality. This
approach was used in this study to conduct the SA, but it could be used,
more generally, in planning studies which do not require a detailed
simulation of the hydraulics and the transport of pollutants in single
sewer conduits, but rather global estimations at the CSO structure
location. The robustness of the method comes from the few parameters
required by the simplified models.

2.1.1. UDS and CSO structure model

A hydrological lumped model of a hypothetical UDS with a CSO
structure (Fig. 2) was modelled in the Storm Water Management Model
(SWMM). SWMM was used for its flexibility and its ability to work with
Python interfaces, like swmm-api (Pichler, 2022), used in this study.

More precisely, SWMM uses a nonlinear reservoir conceptual model
(Chen and Shubinski, 1971) for the assessment of the runoff from the
pervious and the impervious surface, which is calculated as gA, where g
and A are the runoff per unit area, and the area, respectively for both the
surfaces (Equation 1). The total runoff is then the sum of the runoff from
both the surfaces.



A. Farina et al.

Environmental Research 244 (2024) 117945

Parameters of the
Sensitivity Analysis

~

¢ N (2
( )
Hydrologic
model \_
§ J »
e A f3
Water quality
model
\_ J
\Z ~/

CSO Environmental
Impact Indicators

J » 4 Sensitivity
Analysis
~N y

J

Fig. 1. Flowchart of the sensitivity analysis approach.
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Fig. 2. Sketch of the model of the UDS and the CSO structure. The stormwater
runoff, Qg, and the outputs, were calculated running SWMM simulations.
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In Equation 1, W is the width of the catchment (Rossman and Huber,
2016a), s is the slope, n is the Manning roughness coefficient of the
pervious/impervious surfaces, d is the depth of the water accumulated
over the surface, resulting from the rainfall, and d; is the height of the
depression storages of the pervious/impervious surfaces. Equation 1 can
also be written as:

g=a(d—d)" )

where o = VZ—f is the nonlinear reservoir constant. Hence, the following
equation can be used for a:

W
nvA
where f¥ = ﬁA is a shape coefficient which expresses how the UC shape

differs from a square.

As in Farina et al. (2023), the UDS was schematised through a single
catchment, the parameters of which can be assigned from cartographic
information, and the hydraulics of the sewer network was not computed.
Thus, this approach directly estimates the discharge of the UC, through a
hydrological model. This approach had been tested against several real
UDSs and had been shown to provide reliable predictions of hydrograph

at the outlet (in terms of Nash-Sutcliffe Efficiency) and CSO volume
(Farina et al., 2023). The sketch of the hydrological model is represented
in Fig. 2.

The CSO structure operation is represented with an ideal cut-off
behaviour, so that overflows occur when Qg + Qw > DQw (see Fig. 2),
being Qg the stormwater runoff, Qy the wastewater discharge, and D the
dilution threshold, thus the overflow Qp is calculated as

Op=0r + Ow — Owrp @

and the flow conveyed to the WTP is a fixed value Qwrp = DQw.

The inputs of the SWMM model (Fig. 2) were Qy, the rainfall
timeseries, and the concentration of pollutant in the wastewater and in
the stormwater, respectively Cy and Cg. The outputs of the SWMM
model (Fig. 2) were the overflow, Qp, the pollutant concentration in the
overflow, Cp, and the pollutant concentration in the flow conveyed to
the WTP, Cyrp. The definition of Cy and Cg is presented in the next
section.

2.1.2. Water quality model

The Biochemical Oxygen Demand after five days, BODs, which is a
common index of organic water pollution (Sawyer et al., 2003), was
assumed as an example water quality parameter. The methodology can
also be extended to other pollution indices.

Typical values for the BODs concentration in wastewater, Cy, are
broadly available in literature (Butler et al., 2018; Inc. Metcalf & Eddy,
2013), and here, a plausible value Cyy = 250% was used.

The proposed model assumes the perfect mix between Qy and Qg,
hence the concentration of pollutant in the overflow, Cp, is the weighted
average between the concentration in the wastewater, Cy, and the
concentration in the stormwater, Cg.

To calculate Cg, the BODs dynamics were modelled through classical
build-up and wash-off functions (Butler et al., 2018; Rossman and
Huber, 2016b), assuming that the pollutant accumulation over the
ground surface, during dry periods, follows an exponential law:

b(ty) =C1(1 — ") 5)

where b(t) is the pollutant mass per unit area, t, represents the ante-
cedent dry weather duration (in days), C1 is the maximum mass of
pollutant per unit area of the urban surface, and C2 is a growing rate
constant. Then, during rainfall events, the pollutant is washed off the
surface with an exponential law:

w(t,) = boe @ ¢t 6

where w(t,) is the washed pollutant mass per unit area, t,, represents the
elapsed time (in days) from the beginning of the wash-off, by is the mass
of pollutant per unit area on the catchment surface at the beginning of
the wash-off, C3 and C4 are wash-off coefficient and exponent, and q is
the runoff per unit area.

In literature, estimations of C1, C2, C3, C4 are available for the Total
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Suspended Solids, TSS, (e.g., Hossain et al., 2010; Tu and Smith, 2018;
Wicke et al., 2012), which is the most analysed water quality parameter
(Maniquiz-Redillas et al., 2022). Here, average values were retrieved
from literature, thus C1 = 25 %, C2 = 0.25days ™!, C3 = 0.25mm™},
and C4 =0.9 were assumed. Since different pollutants are strictly
correlated to TSS (Mallin et al., 2009; Nasrabadi et al., 2016), the values
of the parameters C2, C3, and C4 were considered suitable also for the
simulation of the BODs; differently, assuming 0.4 as the average of the
B})sgs fraction values observed in UDSs in studies analysing stormwater
runoff (Fig. 3) (Barco et al., 2008; Luo et al., 2009; Nazahiyah et al.,

2007; Zeng et al., 2019), C1 = 0.4-25 & = 1018 was used for the BODs.

a

2.2. Parameters

The variability of CSOs in an UDS of fixed area A = 1km?, was
analysed towards the following independent parameters (summarised in
Table 1, along with their investigated ranges), through the sensitivity
analysis:

o Twenty years of rainfall depth timeseries, at 10 min resolution, were
used as the weather forcing. Since in Section 4.2 the results of the SA
are also applied to the example of a real case study in Portici, Italy
(Fig. 4), the rain gauge of Ercolano, the nearest to Portici, was used to
collect rain data (DPCN, 2023). The recorded timeseries (from 2003
to 2022) had < 1% of missing/incorrect data. The yearly cumulated
rain, Rp, varied in the range [676;1170] mm, the maximum daily
cumulated rain varied in the range [33;132] mm, the maximum in-
tensities were in the range [50;122]5%, with yearly rainy days
varying in the range [78; 149] days.

Wastewater production per unit area, Vyy. Its range was calculated
considering values of population (p) density in the range

[3000; 8000] £, 250% of water per capita, and 0.8 as the ratio of

the delivered water being conveyed to the sewer system after use.
The resulting range for the yearly Vi was [200; 600] mm.
Percentage of impervious surface, I. In urban areas, I can vary
broadly, depending on the surface characteristics. Hence, I was
analysed in the range [30; 90]%.

Nonlinear reservoir constant, @ (defined in Section 2.1.1), varied (for

the impervious surfaces) in the range [5;700]‘10’4%2/3, resulting

from the assumed ranges of f*, [%; 4], s, [0.5;5.0]%, and n, [45; &] =35
this latter range was used for the impervious surfaces, while a

1.0
[ ]

0.8 ¢ J

[ ]
BODs 064 e . .
TSS ° . ® o © o
° e e e [ ] [ J
04 4~—===="~ &~ @-mmmmmo B Il I daly
[ ]

o e o. o o% o o o

[ ]
° [ ]
0.0 T T T T T
0 10 20 30 40
Data points

Fig. 3. B%%" fraction during storm runoff in urban areas, from Barco et al.

(2008); Luo et al. (2009); Nazahiyah et al. (2007); Zeng et al. (2019). The
average value of 0.4 was assumed in this study.
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constant value of 11—0 —7 was used for the Manning coefficient of the
pervious surfaces.

e Threshold dilution coefficient, D. Its values, adopted by European
Countries, can be found in Zabel et al. (2001). In this study, D varied
in the range [3; 9].

The variability of CSOs was also analysed towards the derived hy-
drological parameter 5—3, varying in the range [1.13;5.85].

2.3. CSO environmental impact indicators

The potential environmental damages of CSOs depend on their
characteristics, and on the vulnerability of the water bodies. In this
study, we explored only the former, by defining suitable environmental
impact indicators, Ells, listed below:

The frequency of activation, F, expressed as the number of overflows.
The discharged volume, V, expressed as volume per unit area A of the
urban catchment.

The discharged pollutant mass, M, calculated as the product between
the concentration of pollutant in the overflow and the discharged
volume.

e The average concentration of pollutant, Cp, in the overflow, Qp.

The Ells were evaluated at yearly scale, from the model outputs,
running extended period simulations of the proposed model (see Section
2.1). For the computations, a CSO starts when Qp, = 0 and Qp,,, > 0, and
ends when Qp becomes again zero, followed by the establishment of dry
weather flow conditions in the conduit, namely when Qg > 0 and
Qr,,, =0 (Fig. 5). As illustrated in Fig. 5, the choice of the time reso-
lution of the simulations may affect the estimated duration of CSOs, as
well as the corresponding discharged volumes and pollutant mass. In
this study, a time step At = 10 min has been adopted, as it allows to
contain the error in the evaluation of CSOs.

F is the number of CSOs in a year, while the other EIls were calcu-
lated as follows:

N
V—ZQD,.AZ/A )
i=1

N
M= CD(QD,AI (8)
i=1
F
C
C :E ’ with Cp, = e 9
PTF T Vo

being N = AT/At, where AT =1 year, and At is the resolution of the
model output timeseries. In this study At = 10 min was adopted, corre-
sponding to N = 52560 time steps per year. As anticipated in Section
2.1.2, M and C;, were evaluated for the BODs.

2.4. Sensitivity analysis

A Sensitivity Analysis, SA, allows studying the variability of output
variables upon variations of different input parameters, finding the in-
puts mostly affecting each output (Saltelli et al., 2008, 2010).
Commonly, a SA includes:

e Sampling the space of the SA input parameters.

e Running model simulations associated with the sampled sets of
values.

e Analysing the dependence of the SA outputs upon the SA inputs.

Here, the SA inputs are the parameters (Table 1), and the SA outputs
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Fig. 4. Location of Portici (Italy) and the rain gauge of Ercolano. An example of use of the sensitivity analysis was developed in Section 4.2, for the catchment
highlighted in blue, with A = 1 km?2, for which the geo-morphological characteristics of the urban catchment were known.

Table 1
Parameters used for the Sensitivity Analysis.
Sensitivity Analysis parameter ~ Description Range
Rp [mm)] Yearly rainfall depth [676;1170]
Vw [mm] Yearly wastewater production [200; 600]
I[%)] Percentage of impervious surface  [30;90]
2 Nonlinear reservoir constant [5;700]-10~*
W "V [m3
T nvA | s
D[-] Dilution threshold [3;9]
Qr Total CSO volume V = 3, V;
4 B . — Actual CSO
— Discretised CSO
® =Dy [ --- .
|
| |
I I |
I | |
| | |
I | |
I | |
r L 1 | >t
—
0 CSO start At €SO end
]

r 1

Single CSO event

Fig. 5. CSO definition: an overflow starts when Qp, = 0 and Qp,,, > 0, and ends
when Qp becomes again zero, followed by the establishment of dry weather
flow conditions in the conduit, namely when Qg, > 0 and Qg,,, = 0. The time
resolution of the simulations was At = 10 min.

i1

are the environmental impact indicators, Ells (F and Equations 7-9)).
Specifically, 10000 values were randomly generated from each range of
the independent parameters (i.e., Rp, Vw, I, a, D), therefore a 10000 x 5
matrix was obtained. For the generation, a uniform distribution of the
values in each range was assumed, in absence of further knowledge on
their frequency distribution. Thus, each row of the matrix is a set of
input parameters of the hydrological model.

For each set, a model simulation with the corresponding parameters
was run, and the outputs were stored and used to calculate the EIIs.

The Spearman rank (r) correlation coefficient, Sxy, was used to

measure the influence of a parameter (X) on each EII (Y):

_ cov(r(X),r(Y))

Or(X)0r(y)

Sx.y (10)

Sxy is more suitable than the Pearson correlation coefficient to assess
non-linear relationships, as it measures the linear correlation between
the ranks of the variables. To check if any of the studied Ells were
redundant, the Sy y were also calculated among all the ElIs.

3. Results

The environmental impact indicator, Ells, showed different sensi-
tivity to the parameters considered in this study, suggesting that some of
them are more influent than others in evaluating the CSO environmental
impact on water bodies. Different correlations emerged among the EIIs:
in Fig. 6, the matrix of the Spearman correlation coefficients, Syy
(Equation 10), for all the EIIs, is represented.

For example, the pollutant concentration in the overflow, Cp, de-
creases when the discharged volume, V, increases (Sc,v = — 0.77),
while the discharged pollutant mass, M, increases when V increases

1.0

- 0.5

- 0.0

- —0.5

-1.0

F Vv M Cp

Fig. 6. Spearman correlation coefficients, Syy, of the environmental impact
indicators, ElIs.
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(Sm,y = 0.81). It would be expectable that also M and Cj are correlated,
but this was not entirely confirmed by the results, since Sy ¢, = —0.46
indicates only a moderate correlation. This suggests that, when M is
known, it is not straightforward to derive Cp, and vice versa, and also
that the dilution effect due to the increased discharged volume tends to
prevail on the increase of discharged pollutant mass. Finally, the fre-
quency of the CSOs, F, resulted only moderately correlated with M
(Smr = 0.49), and totally uncorrelated with Cp (S¢,r = — 0.10), and
with V (Syr = 0.17), suggesting that it is not possible to assess any of the
CSO characteristics through F alone.

3.1. Sensitivity of the Ells

In Fig. 7, the Ells are plotted against the parameters, to visually
investigate the existence of meaningful relationships: each plot has
10000 points, corresponding to all the simulations.

For a given pair of X, Y variables, the relevant scatter plot represents
the variability of an EII associated to a parameter: if the points are highly
dispersed and do not show a clear trend, the considered EII is sensitive to
other parameters, and, equivalently, that parameter is not the primary
source of its variability. The red lines fit the scatter plots of the X, Y pairs
through a power-law curve, Y = aX?, and their thickness is proportional
to |SX1Y|: if the red line is barely visible, the }SX,Y| value is low. This is the
case, for example, of the plot of the wastewater production, Vi, versus
the overflow pollutant concentration, Cp, which relationship has the
lowest |Sy,.c,| = 0.04, showing that those two variables were definitely
not correlated. In Fig. 8, the matrix of the correlation coefficients, Sy,
for each pair of X, Y variables, is represented.

Instead, if the points are dense and clearly exhibit a positive or
negative trend, the variability of the considered EII is highly due to that
parameter, and, equivalently, that parameter is the primary source of
variability of the EIL In this case, the red line is thick and clearly visible.
This is the case, for example, of the plot of the percentage of impervious
surface, I, versus the discharged volume, V, which relationship had the
highest |Syy| = 0.83. Therefore, the plots having high density of points,
and thick fitting lines, show the most significant relationships between
the parameters and the Ells. In Table 2, EII statistics are given.

Environmental Research 244 (2024) 117945

1.0
F4 037 -0.14 028 -0.16 -0.16
0.5
v+ 045 -0.14 033 0.16 -0.17
0.0
M4 037 -025 038 056 035 -044
- —0.5
Cp 4 -045 -0.05 -0.15 -0.16 -0.23
T T T T T
Rp Vw Rp 1 a D -1.0
Vw

Fig. 8. Spearman rank correlation coefficients, Sxy, of each pair of parameter
and EIL

Table 2
EII statistics, evaluated for 10000 one-year simulations, each with a different set
of parameter values sampled in the assumed ranges.

Environmental Impact Indicator Minimum Maximum Mean

F[-] 17 192 89

V [mm] 37 905 393

M [kg] 3794 31309 19156
mg 55 154 97

G [ ]

For a given parameter, the sum of the ‘Sx‘y| of all the EIIs can be an
indicator of its overall influence on all the ElIs. On this basis, I resulted
the most influent (3°|S;y| = 2.25), while V was the least influent

Y

(Z|va_y\ = 0.58). The same summations, for all the parameters, are
Y

given in Table 3.
Likewise, for a given EII, the sum of the ‘SX‘y| of all the parameters,

Mlkg]

%
S
S
S
|

"

T

\

Fig. 7. Scatter plots of each pair of parameters (on the X axis) and EII (on the Y axis). The thickness of the red lines, that fit the X, Y points, is proportional to the

absolute value of the Spearman correlation coefficients, |Sx,y‘, of Fig. 8.
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Table 3

On the first two columns, the sum of the ‘Sx_y‘ of all the EIls are shown, repre-
senting the overall influence of each parameter; the parameters are sorted by
decreasing influence on the EIls. On the last two columns, the sum of the |SX_Y\ of
all the parameters are shown, representing the sensitivity of each EII; the EIls are
sorted by decreasing sensitivity.

Parameter (X) Environmental Impact Indicator (Y)

>ISxy >ISxy
Y X
1 2.25 M 2.35
Rp 1.64 14 2.07
5 1.42 F 1.85
a =
fli\/x
Rop 115 G 1.75
Vw
D 1.00
Vw 0.58

can be an indicator of its overall sensitivity to all the parameters. On this
basis, M was the most sensitive (3 |Sxu| = 2.35), while Cp was the least
X

sensitive (Z}SX‘CD| = 1.75). The same summations, for all the Ells, are
X

also given in Table 3.

3.2. Most significant relationships

Among the twenty-four calculated correlations between the param-
eters and the indicators, Ells, (Figs. 7 and 8), seven of them showed
|Sx,y| > 0.40 (they are listed in Table 4), while only three of them
showed |Sxy| > 0.70.

With the aim of mitigating the CSO impact on water bodies, it is
interesting to explore which parameters of the UDS or of the CSO
structure can be adjustable through design choices that could lead to
significant reduction of CSOs, i.e., inducing valuable variations of the
Ells. Hereafter, those parameters are defined as controllable, while the
other ones are called non-controllable.

Indeed, for an UDS with fixed area (in this study A =1 km? was
assumed), not all the parameters are controllable. The yearly rainfall
depth, Rp, the wastewater production, Vi, and their ratio %’V, are non-
controllable, as Rp depends on the climate, and Vi depends on the
population density. The nonlinear reservoir constant, @ (Equation 3) is
non-controllable as well, as it depends on the morphologic characteristics
of the urban catchment, UC: its shape (through ), its mean slope s, its
area A, and the Manning coefficient, n. Only n could be controlled in the
formula of «, by changing the roughness of the paved surfaces
throughout the catchment: however, n conceptually encompasses the
hydraulic resistance encountered by draining water along its path, not
only above the ground surface but also through secondary elements of
the drainage system. Hence, even diffuse interventions on the pave-
ments would not significantly affect its value.

Thus, it is worth looking at the most significant relationships
regarding the controllable parameters, namely the percentage of imper-
vious surface, I, and the dilution coefficient, D. Those relationships and

Table 4

Most significant correlations between parame-
ters and Ells, and their Sx y value. The table is
sorted in decreasing order of |Sxy|.

Correlation Sxy
IvsV 0.82
avsF 0.75
IvsCp -0.71
IvsM 0.56
RpvsV 0.45
Rp vs Cp —0.45
DvsM — 0.44
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their relevant Sy y coefficients are listed in Table 5, in which the equa-
tions of their fitting lines (Fig. 7) are also given. In particular:

e I can be reduced by increasing green areas in urban environments,
for example substituting impervious pavements with permeable ones
(e.g., in parking lots), or implementing other sustainable urban
drainage strategies (for example installing green roofs, planting
shrubs and trees, or building rain gardens).

e D can be set as a design parameter of the CSO structure. For example,
for side weirs, it is possible to modify the height of the weir crest, or,
for leap weirs, it is possible to change the width and the shape of the
orifice.

4. Discussion

The Ells, which express the potential environmental impact of CSOs
on water bodies, showed different dependence with respect to control-
lable and non-controllable parameters. In particular, the discharged vol-
ume, V, the overflow pollutant concentration, Cp, and the discharged
pollutant mass, M, could be reduced, if strategies to adjust the per-
centage of impervious surface, I, or the dilution threshold, D, are
designed, as described below; instead, the frequency of overflows, F, is
hardly controllable as it depends mostly on the nonlinear reservoir con-
stant, a, as described in Section 4.1.

Fig. 9 shows the influence of I and D, on M and Cp. M can be reduced
by decreasing I (Equation 13), and this would also reduce V (Equation
11), but at the same time it would increase Cp (Equation 12) and the
volume conveyed to the WTP, Vy1p, due to the reduction of V. M can be
also reduced by increasing D (Equation 14). Both M and Cp tend to
decrease with the increase of D, but their dependences on D are weaker
than their dependences on I, which leads to opposite effects: M tends to
increase with I (Equation 13), while Cp decreases with I (Equation 12).

Equations 11and 12 show a strong correlation between the EIIs and
the parameter I (high values of the Sx y), suggesting that they could be a
suitable means for a rapid estimation of V and Cp, based only on I.
Equations 13 and 14, instead, show a weaker correlation between M and
the parameters I and D, suggesting that they would allow obtaining only
a preliminary estimation of M, which is also affected by other
parameters.

Given the conflicting effects that the modification of the degree of
imperviousness of the catchment and the dilution coefficient of the CSO
structure would have on the Ells and the WTP operation, the choice of
interventions aiming at reducing CSO pollution should consider both the
sensitivity of the receiving water body and WTP operation issues. For
instance, the WTP biological processes may be disrupted by higher (and
more diluted) volumes conveyed, and additional costs would be
required to process those additional volumes. So, the choice of modifi-
cations of I and D must be a trade-off between short-term and long-term
environmental impacts on water bodies, and WTP operation efficiency
and costs.

To verify the suitability of the proposed approach to real case studies,

Table 5

Equations of the fitting lines (see Fig. 7) of the most significant
relationships linking controllable parameters and the EIIs, sorted
by their ‘Sx_y‘ value.

Relationship Sxy value

Sy = 0.82
V=4.701"% (11)

Sic, = — 0.71
Cp =460 1% (12)
M = 38351°%° (13) Sim = 0.56
M = 31857 D31 (14) Spm = — 0.44
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Fig. 9. Influence of the percentage of impervious surface, I, and the dilution coefficient, D, on the discharged pollutant mass, M, and the overflow pollutant con-

centration, Cp.

in Section 4.2 an application of the sensitivity analysis results to a real
catchment in Portici (Fig. 4) is presented.

4.1. Considerations about CSO regulation

Many European Countries enforce regulations on the dilution coef-
ficient, D (Zabel et al., 2001), and/or on the frequency of overflows, F
(Botturi et al., 2021). However, this study showed that D, although being
a controllable variable along with the percentage of impervious surface,
I, does not strongly affect any of the indicators, Ells. Indeed, D showed a
moderate influence only on the discharged pollutant mass, M (Spyy = —
0.44) (Equation 14), comparable (but opposite) to the influence of I on
M (S;m = 0.56) (Equation 13). This suggests that increasing D could be
useful, but decreasing I is more important to reduce M. However, the
reduction of I also leads to an increase of Cp (Equation 12), due to the
reduction of the discharged volume, V (Equation 11). Thus, the choice of
the most suitable values of the percentage of imperviousness and the
dilution coefficient, must be a compromise between the containment of
long-term pollution, related to the cumulated pollutant mass discharged,
and the containment of short-term pollution, related to the concentra-
tion of pollutant in the overflow.

The scatter plots of the first row of Fig. 7 show that F is sensitive
mostly to the nonlinear reservoir constant, @, which is a hardly
controllable parameter, and secondarily to the yearly rainfall depth, Rp,
which is a non-controllable parameter. A possible way to reduce a, and
then F, not explored in this study, could be the installation of detention
basins, that would smoothen the hydrograph at the outlet of the urban
catchment, UC. Anyway, among all the ElIs, F resulted only moderately
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Fig. 10. Correlation between the frequency of CSOs, F, and the discharged
pollutant mass, M. The red line is a power-law fitting curve.

correlated with M (Fig. 6). The scatter plot of F and M (Fig. 10) shows
that most of the dots gather in the range of F between 70 and 110 CSOs
per year, thus reducing even further the significance of this relationship.
Even if F was controllable, its regulation does not seem to be an effective
strategy to address CSO pollution reduction.
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4.2. CSO reduction strategies and case study application

The non-controllable parameters (Section 3.2) could be useful as
initial information to estimate site-specific CSO variability. To provide a
practical example, the variability of V, M, and Cp, towards I, was esti-
mated for an UC belonging to the UDS of Portici, with A = 1 km?
(Fig. 4). Known characteristics of the UC were: the population density

5500 L, leading to a wastewater production per unit area Vy =

400 mm; the nonlinear reservoir constant @ = 0.035 ’"T%, obtained by
estimating the width, W, and the average slope, s, based on topographic
maps, and the Manning coefficient, n, from technical literature (Farina
et al., 2023). The considered one-year rainfall time series had Rp =
976 mm (corresponding to the median yearly rainfall of the time series
of the rain gauge of Ercolano), a maximum daily rainfall of 53 mm, a
maximum intensity of 6557, and 115 rainy days.

Fig. 11 shows the variability of V, M, and Cp, plotted against varia-
tions of I between 30% and 90%. It resulted:

e V varying in the range [153;700] mm (S;y = 0.98).
e M varying in the range [11151;24815] kg (S;m = 0.76).
e Cp varying in the range [68;114] %2 (S, = — 0.98).

If also an estimation of I for the UC was available, then V, M, and Cp
could be estimated through the red lines of Fig. 11, that fit the X, Y
points of the relationships with I, respectively in panels a), b), and c).
The remaining variability (the scatter of the dots around the fitting lines)
is attributable to possible different choices of D.

Minimising M, and/or Cp could be an effective strategy to reduce the
CSO impact, rather than targeting F, D, or V. Indeed, as shown before:

e F does not seem to be a good indicator of CSO environmental impact.

e Dislessimportant than I, in terms of influence on the Ells, and it also
has a conflicting effect on M and the volume conveyed to the WTP,
Vwrp, decreasing the former but increasing the latter.

e V does not carry information about pollution, even if it remains an
important EII for the assessment of Vyp for WTP design and eval-
uation of its operational costs.

M can be limited by reducing I, and/or increasing D. For example
(see Fig. 12), if the initial I and D were I = 70%, and D = 5, a 20%
reduction of I would reduce M by 9%, from 20600 kg to 18700 kg, while
a simultaneous increase of D from 5 to 8 would additionally reduce M by
16.5%, from 18700 kg to 15600 kg, for a total reduction of 24%.
Additionally, while the 20% reduction of I alone, would increase Cp by
14%, from 79% to 90 %, the simultaneous increase of D from 5 to 8,
would reduce Cp by 2%, from 9072 to 887E, so to contain the total
increment to 11.5%.

As a result, the choice of reducing I and increasing D should consider

700 A 25000 A
600 - 22500 A
g 500 ED 20000 A
= 400 - E 17500 :
300 15000
200 - 12500
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the sensitivity of the water body in which CSOs are discharged: pollutant
mass accumulation over time, or discharges with high pollutant con-
centration, may harm water bodies differently. Also, those choices may
affect the WTP: changes in conveyed volumes, pollutant concentration
and mass may alter the WTP operation, if opportune decisions are not
adopted.

For example (Fig. 13), the 20% reduction of I, alone, would decrease
Vwrp, by 2.5%, from 504 mm to 491 mm, while parallelly increasing D
from 5 to 8 would increase Viyyrp by 8.5%, from 491 mm to 533 mm, so
that the combined effect would be a 5.5% increment.

To summarise, a hypothetical intervention consisting in a 20%
reduction of the impervious surfaces, and a CSO structure modification
to increase the dilution threshold from 5 to 8, would result in a 24%
reduction of the yearly discharged mass, also leading to a 11.5% in-
crease of the concentration of pollutant in the overflow, and a 5.5%
increase of the volume conveyed to the WTP.

It is worth noting, again, that the 24% reduction of M, also comes
with a 11.5% increase of Cp. Also, the balance between environmental
benefits and required costs needs to be considered. In fact, the re-setting
of the CSO structure activation threshold is a rapid and low-cost work,
and it allows reducing Cp, but it also increases Vyp. Additional energy
costs would also be required if pumping stations are needed at the WTP.
Differently, reducing I may have higher costs and work execution times
(to remove impervious pavements and install porous ones), but this does
not require additional capacity (and so adaptation costs) at the WTP,
because they imply a reduction of both conveyed volume and pollutant
mass.

5. Conclusions

This study investigates the variability of Combined Sewer Overflows
(CSOs), described by environmental impact indicators (EIIs), through a
Sensitivity Analysis (SA). The EIls were analysed towards parameters
characterising the local rainfall, the urban catchment, and the dilution
activation threshold, D, of the CSO structure. A large sample of param-
eter sets (10000 examples) was investigated, therefore this study aimed
at covering wide ranges of case studies. Also, a real case study was
investigated.

A simplified approached to model the Urban Drainage System (UDS),
the CSO structure and the water quality was implemented in the Storm
Water Management Model (SWMM). This approach is suitable to obtain
estimates of the overall pollution caused by CSOs over long periods of
time (i.e., at yearly scale). Then, parameters and EIIs of relevance were
identified, for which the SA was conducted: relationships were identi-
fied between the input parameters and the output parameters (EIIs).

The parameters were the rainfall depth, Rp; the wastewater pro-
duction, Vy; the percentage of impervious surface of the urban catch-
ment, I; the nonlinear reservoir constant of the urban catchment, «; the
dilution threshold for the CSO structure, D. The EIls were the frequency
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Fig. 11. V (a), M (b), and Cp (c), for an UC in Portici (Italy) with density of population 5500 k’#, a =0.035 "‘TB, and Rp = 966 mm. The scatter of the dots around the

fitting lines is due to the variability of D.
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Fig. 12. Influence of the percentage of impervious surface, I, and the dilution coefficient, D (represented through different colors), on the discharged pollutant mass,

M (a) and the overflow pollutant concentration, Cp (b), at yearly scale.
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Fig. 13. Influence of I and D (represented through different colors), on Vyp, at
yearly scale.

of CSOs, F; the discharged volume, V; the discharged pollutant mass, M;
the average pollutant concentration, Cp.

The results show that the percentage of impervious surface was the
most influent parameter: in fact, the variability of the EIls mostly
depended on I. Also D showed some influence on the Ells, although its
effects were smaller than those of I.

More precisely, reducing the imperviousness can lead to a significant
reduction of discharged pollutant mass and volume, but also to an
increment of the pollutant concentration in the overflows. For this
reason, aiming at pollutant load reduction, it is useful to reduce the
impervious surfaces, but this should be made considering the condition
of the water body and the desired target of environmental remediation.
However, to contain Cp, an increment of D may be of help: on the other
hand, this leads to increased wastewater treatment plant (WTP) influent
volume, Vyrp, with growing costs of WTP operation. Hence, the trade-
off between environmental benefits and increased costs, should also
be considered when designing CSO reduction strategies.

The wide range of the investigated parameters supported these

10

considerations, and it allowed to identify four significant relationships
between parameters and Ells, which equations may be useful to: esti-
mate the indicators in urban environments with known characteristics;
design CSO pollution reduction strategies, based on target values of M
and/or Cp.

Current CSO regulations in Europe often pose limits on F: however,
in this study, F was found to be barely controllable, and uncorrelated to
any of the other Ells, indicating that its regulation is not an effective
strategy to reduce CSOs. Regulations also enforce fixed values for D,
which, however, was found to be less important than I in reducing CSO
pollution.

The results of this study can thus support the improvement of CSO
regulation, by shifting focus from fixed criteria to indicator-based
criteria. It needs to be noted that, since simplified hypotheses on
water quality modelling were adopted, the relationships do not claim to
be accurate, rather they are useful to guide the design of interventions
when no accurate CSO quantity and quality measurements are available.
The methodology presented is suitable to be applied to any pollutant,
adjusting the water quality model parameters accordingly.
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