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Abstract: The protection of water bodies requires the reduction of pollutant emissions from all major sources. 
In urbanized areas, these include: wastewater treatment plants (WWTPs) and (depending on the type of sewage 
system) combined sewer overflows (CSOs) and stormwater drainage outlets. WWTPs are usually monitored and 
emitted pollutant loads are known, but it is more difficult to assess the pollutant load discharged by CSOs and 
stormwater drainage systems. The article attempts to use the Stormwater Management Model (SWMM) to assess 
emissions of suspended solids from a large urban combined catchment. Suspended solids are the main pollutant of 
stormwater runoff in urban areas, and the dynamics of their emission from catchments is very diverse. The amount 
of suspended solids discharged by CSOs functioning in the given city was assessed in comparison with emissions 
from a wastewater treatment plant. The results show that CSOs discharge a pollutant load to the receiver which is 
comparable to WWTPs, but in a much shorter time and in a violent manner which can lead to the severe deteriora-
tion of receiving water quality. The modelling took into account the quality of dry weather sewage, the build-up of 
suspended solids, wash-off processes in the catchment area, and local precipitation characteristics. Factors affect-
ing the quality of the obtained model and the accuracy of the emission level assessment were analysed. 
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INTRODUCTION

The development of urban areas leads to an in-
crease in the emission of pollutants directed to 
water receivers (Blumensaat et  al. 2012, Fletch-
er et al. 2013, Liu et al. 2015). Depending on the 
solutions adopted by the sewage system, these 
pollutants can be discharged by the wastewater 
treatment plant (WWTP), combined sewer over-
flows (CSOs), stormwater drainage outlets or di-
rectly via surface runoff. Effective protection of 
water bodies requires an integrated approach, 
which means the control and reduction of pol-
lutant emissions from all sources. In general, the 

operative monitoring of wastewater quality is 
carried out in treatment plants, where pollutant 
emissions to receiving water is reduced to the re-
quired extent. In urban areas, WWTPs are most 
often the main source of pollutant emissions, but 
their proper functioning does not guarantee suf-
ficient water protection, especially in the case 
of combined sewage systems. In periods of wet 
weather, discharges from stormwater overflows 
and outlets from separate drainage can have a sig-
nificant share of the loads of pollutants discharged 
to water receivers (Benedetti et al. 2013, Keupers 
& Willems 2013, Sakson et al. 2017, Zawilski et al. 
2017). City centres in Central Europe usually are 
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equipped with such systems, and CSOs discharge 
a  mixture of untreated sanitary and industri-
al wastewater and stormwater to receiving water. 
The expansion of cities, catchment transforma-
tion, the increase in impervious surfaces, and cli-
mate change manifesting itself, among others, in 
an increase in rainfall intensity all cause the more 
frequent activation of CSOs and a greater pollut-
ant load being discharged into the receiving water. 
Stormwater drainage outlets are another import-
ant source of emissions through which pollutants 
washed-off from the catchment area are usually 
discharged into the receiving water without treat-
ment. CSO design criteria and regulations regard-
ing their operation in European countries have 
varied (Dirckx et al. 2011, Brzezińska 2019). The 
legal regulations currently in force in Poland con-
cerning CSOs only limit the maximum number of 
spillages per CSO to 10 per year, without limiting 
the volume and load of discharges (Rozporządze-
nie 2019). The method of calculating the frequen-
cy of CSO activity has not been specified either. 
However, it can be expected that, due to the need 
for more effective protection of water receivers, 
the regulations will be changed and it will be nec-
essary to limit the emitted pollutant load. Accord-
ing to a  new proposal for a  Directive of the Eu-
ropean Parliament and of the Council (Directive 
2022) concerning urban wastewater treatment, 
storm water overflows should not represent more 
than 1% of the annual load of urban wastewater, 
as calculated in dry weather conditions. This doc-
ument introduces the obligation to establish local-
ly integrated urban wastewater management plans 
to combat pollution from urban runoff and storm 
water overflow, and provides for stricter require-
ments for the emission of organic substances, sus-
pended solids, nutrients and micropollutants to 
surface waters.

The monitoring of CSOs and pollutant emis-
sion assessment is difficult (similarly as in the case 
of stormwater drainage outlets) due to the consid-
erable number of overflow activations, the irregu-
larity and unpredictability of rainfall phenomena 
and the high variability of wastewater composi-
tion. The analysis of the sewerage functioning can 
be carried out with the use of modelling, for ex-
ample according to Regulation of the Minister of 
Maritime Economy and Inland Navigation (Roz-
porządzenie 2019) in the case of sewage systems 

above 100,000 PE the number of CSOs should be 
determined on the basis of simulation models. Us-
ing modelling may limit quantitative and qualita-
tive research on the catchment, but the model cal-
ibration also requires data on the wastewater flow 
and quality. It is therefore necessary to simulta-
neously develop both monitoring and modelling 
methods and, due to the size of the sewage sys-
tems, a safe level of model simplification should be 
defined to guarantee the credibility of the results. 

The article attempts to assess the amount of to-
tal suspended solids (TSS) emissions from CSOs 
in comparison with emissions from WWTPs for 
a  sewage system serving over 100,000 PE. TSS 
are the main contaminant of stormwater runoffs 
from impervious surfaces. They are build-up on 
the catchment during dry weather periods and 
wash-off during precipitations. The concentra-
tion of suspended solids in CSO discharges, due 
to the multitude of factors affecting them, may be 
comparable, higher or lower than in dry weather 
wastewater. The increased concentration of sus-
pended solids has a negative impact on the aquat-
ic environment, causing the deterioration of wa-
ter taste and smell, reduction of dissolved oxygen 
content, reduction of sunlight penetration, and 
consequently inhibition of the photosynthesis 
process, reduction of the aesthetic and recreation-
al value of watercourses and reservoirs, deteriora-
tion of the living conditions of aquatic organisms 
and the disappearance of vulnerable species (Kerr 
1995, Berry et  al. 2003). In addition, toxic sub-
stances, e.g. heavy metals, may be associated with 
them and suspended solid concentration is gen-
erally well correlated with indicators of organic 
pollutant content and nutrients (Brzezińska et al. 
2018, Silva et al. 2022). Therefore, this parameter 
can be one of the basic indicators of threats to sur-
face waters that are recipients of municipal sewage 
and stormwater runoff from urban areas.

MATERIAL AND METHODS

Study area
The analysis was carried out for the Lodz (in Pol-
ish: Łódź) catchment, which is equipped with 
a hybrid sewer system: it is combined in the cen-
tral part of the city and separate in other districts. 
The catchment area of the combined sewage sys-
tem is 4,240 ha. 
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The system is equipped with 18 CSOs that dis-
charge excess untreated wastewater and storm-
water into four small urban rivers during peri-
ods of wet weather (Fig. 1). The activation of most 
CSOs significantly exceeds the formally admissi-
ble number (10 per year). Permissible concentra-
tion or discharge load of suspended solids are not 
formally defined. Urban wastewater is treated in 
the group WWTP. Maximum sewage inflow to 
WWTP during dry weather for a  probability of 
85% is 166,000 m3 per day. The maximum concen-
tration of suspended solids in treated wastewater 
discharged to the receiving water should not ex-
ceed the limit according to Regulation of the Min-
ister of Maritime Economy and Inland Navigation 
(Rozporządzenie 2019): 35 mg/L. The sewer sys-
tem is equipped with devices for online measure-
ment of wastewater flow located near each CSO, 
flow measurement is also carried out at the inlet to 
the WWTP. The city has a municipal pluviometric 
network with 18 rain gauges.

Modelling data and tools
The analysis of emissions of suspended solids 
from the catchment area was carried out using 
US EPA software Stormwater Management Mod-
el (SWMM). SWMM is one of the most frequently 
used tools in sewage system modelling. It is a dy-
namic rainfall-runoff simulation model used for 
single event or long-term (continuous) simulation 
of runoff quantity and quality from primarily ur-
ban areas (Rossman 2015). Hydrodynamic flow 

modelling is based on the complete one-dimension-
al Saint-Venant flow equations and therefore pro-
duces the most theoretically accurate results. The 
quality of stormwater runoff is determined on the 
basis of the pollutant build-up model in the catch-
ment area and the wash-off model, but in-sewer pro-
cesses are not taken into account. In the pollutant 
build-up model, the exponential, power, or satura-
tion formula can be used, while, as indicated in the 
literature, the exponential function is most often 
used, and was also used in these analyses.

Build-up (B) follows an exponential growth 
curve that approaches a maximum limit asymp-
totically:

( )( )1 2    1   expB C C t= - - ⋅  (1)

where:
 C1 – maximum build-up possible [kg/ha], 
 C2 – build-up rate constant [1/d],
 t – antecedent dry weather period [d].

Pollutant wash-off from a  catchment occurs 
during wet weather periods and is described in the 
exponential function. The wash-off load (W) is pro-
portional to the product of runoff raised to some 
power and to the amount of build-up remaining:

4
3    CW C q B= ⋅ ⋅  (2)

where:
 C3 – wash-off coefficient, 
 q – runoff rate per unit area [mm/h],
 C4 – wash-off exponent. 

Fig. 1. Combined sewerage catchment in Lodz  – plan and scope of the SWMM, A–E  – sampling points
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Values of parameters in Formulas (1) and (2) ac-
cording to literature data are presented in Tables 1 
and 2. For the Lodz combined catchment, a model 
covering 9,137 subcatchments, 1,648 conduit links, 

Table 2
Parameter values in the suspended solids build-up and wash-off model according to literature data

Build-up Wash-off

Referencemaximum build-up 
possible [g/m2]

build-up rate 
constant [1/d]

wash-off 
coefficient

wash-off 
exponent

C1 C2 C3 C4

7.3 0.52 0.014 1.65 Gaume et al. (1998)
1.8a 0.3 0.13 1.2 Barco et al. (2005)
1.75 0.3 1.811 1.0 Temprano et al. (2006)

2.6–5.3b

0.85–1.2c
0.21–0.382
0.122–0.188

0.0015–0.0135
0.051–0.213

0.608–0.914
0.3333–0.603 Hossain et al. (2010)

0.276d

0.134e
0.2

0.23
0.24
0.24

1.0
1.0 Wicke et al. (2012b)

15.0f

6.0g

4.0h

0.5
0.5
0.5

0.012
0.07
0.04

1.8
1.8
1.2

Gong et al. (2016)

0.2–30.0 0.03–20.0 0.01–10.0 0.2–3.0 Bonhomme & Petrucci (2017)
3.0–10.0 0.7–0.8 0.2–0.6 1.2–1.5 Maharjan et al. (2017)

0.003–47.046 0.09–5.54 1.64–16.73 1.76–9.16 Tu & Smith (2018)
a for the impervious surface; b streets; c roofs; d concrete; e asphalt; f road; g roof; h green space. 

Table 3 
Suspended solids concentration [mg/L] in combined sewer system in Lodz (based on Sakson et al. 2022)

Sampling 
point Catchment characteristic Min. Max. Me-

dian
Standard 
deviation

Coefficient of 
variation [%]

A inflow to the GWWTP 78 2,240 390 332.2 71.58

B inflow from central and eastern parts of the city 
(domestic and industrial sewage, stormwater) 152 1,984 346 436.1 82.57

C inflow from central parts of the city (domestic and 
industrial sewage, stormwater) 114 556 214 108.0 28.88

D inflow from combined catchment (central districts) 80 5,004 420 974.8 135.67

E inflow from Pabianice city (domestic and industrial 
sewage, stormwater) 138 1,882 342 285.2 71.38

Table 1
Accumulation of suspended solids in an impervious area 

Build-up [mg/m2] Antecedent dry weather period [d] Surface type Reference

55–1,098 7 streets Mahbub et al. (2010)

123–272 13 concrete and asphalt coarse Wicke et al. (2012b)

18.2–29.2 per day concrete and asphalt coarse Wicke et al. (2012a)

1,631 junction nodes, and 19 outfall nodes (18 are 
CSOs and one is WWTP) was created with the use 
of SWWM. The general scheme of the model is pre-
sented in Figure 1.

https://journals.agh.edu.pl/geol
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3/4.10.2016; CSO; NSE = 0.73 3/4.10.2016; WWTP; NSE = 0.55

20/21.10.2016; CSO; NSE = 0.94 20/21.10.2016; WWTP NSE = 0.90

28.06.2017; CSO; NSE = 0.51 28.06.2017; WWTP; NSE = 0.67

11.05.2018; CSO; NSE = 0.61 11.05.2018; WWTP; NSE = 0.59

Fig. 2. Examples of model calibration effects for flow measurements at CSOs and at the inlet to the WWTP; NSE  – Nash–Sutcliffe  
efficiency

For the model quantitative calibration, rainfall 
data from seven rain gauges located in the catch-
ment area or in its vicinity were used, as well as 
data on flows from the CSOs and at the inlet to 
the WWTP of sixteen rainfall-runoff events from 
2012–2018. The calibration of the water quality 
model was carried out using data from the mon-
itoring campaign conducted in 2018–2022, e.g. 
at five combined sewer sampling points and at 
the inlet to WWTP (Sakson et al. 2022). The sus-
pended solids measurement results are presented 
in Table 3.

RESULTS

Examples of model calibration based on mea-
surements of CSOs spillage flow and at the in-
let to the WWTP are presented in Figure 2. The 
main parameters used in the calibration process 
were depth of depression storage on impervious 
and pervious area (D-store imp. = 0.5–1.5 mm, 
D-store per. = 20–40 mm). 

Other model parameters were adopted on 
the basis of previous studies (Zawilski & Sakson 
2010, 2011).
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The performance modelling was evaluated by 
applying a  widely used goodness-of-fit tests the 
Nash–Sutcliffe efficiency (NSE). According to the 
literature, the following criteria are usually used 
to assess the degree of fit (Table 4).

Table 4 
Model’s performance rating in terms of goodness-of-fit scores 
(Hossain et al. 2019)

Performance rating Goodness-of-fit test  
used in the rating

Very good NSE > 0.75
Good 0.65 < NSE < 0.75
Satisfactory 0.5 < NSE < 0.65
Unsatisfactory NSE < 0.5

Due to the limited database of concentrations of 
suspended solids in wet weather sewage, the mod-
elling parameters of the quality model were also 
based on previous results regarding the suspend-
ed solids build-up and wash-off on the catchment 
equipped with a separate stormwater drainage sys-
tem (Zawilski & Sakson 2013, 2014, Sakson-Sysiak 
2019). The adopted parameters are presented in Ta-
ble 5, and exemplary modelling results compared 
to the measurements in 2019 are shown in Figure 3.

Table 5 
Parameters of suspended solids catchment build-up and 
wash-off used in SWMM

Parameter Value Unit

Rain concentration 20 mg/L
Dry weather flow 
concentration 200 mg/L

Maximum build-up 
possible 10.0a; 3.5b g/m2

Build-up rate constant 0.1 1/d
Wash-off coefficient 0.3 –
Wash-off exponent 1 –

a heavily contaminated surfaces; b less contaminated surfaces.

Using the prepared model, a simulation of the 
sewage system functioning in 2019 and 2020 was 
carried out (Table 6). Suspended solid loads dis-
charged by all CSOs was determined and com-
pared with the load emitted by the wastewater 
treatment plant. The load for WWTP was calcu-
lated on the basis of maximum sewage inflow to 
WWTP and the permissible suspended solid con-
centration in treated wastewater according to the 
water law permit (35 mg/L) and also based on the 
observed values of treated wastewater volume and 
TSS concentration. 

Fig. 3. Exemplary modelling results compared to the observed TSS concentration in 2019

https://journals.agh.edu.pl/geol
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Number of CSO spills: 17; Total load: 63,220 kg

Number of CSO spills: 27; Total load: 18,900 kg

Number of CSO spills: 12; Total load: 22,160 kg

Fig. 4. Examples of the operation of three different CSOs in 2019

Table 6 
Annual load of TSS discharged in 2019 and 2020 to the receiving water from WWTP (according to law permit and observed 
data) and CSOs (according to the model) 

Parameter Unit 2019 2020
Annual precipitation mm 470 559

WWTP
water law permit

wastewater flow m3/d 166,000 
TSS concentration mg/L 35
TSS annual load Mg 2,120

WWTP observed*
wastewater flow m3/d 164,930 163,269
TSS concentration mg/L 15.4 10.5
TSS annual load Mg 927.0 625.7

CSOs model TSS annual load Mg 730 688

* Data based on: http://www.gos.lodz.pl [access: 5.01.2023].

The data presented in Table 6 indicates that 
CSOs discharge very large loads of pollutants to 
water receivers. In Lodz, the annual load of sus-
pended solids emitted by CSOs was similar to 
that produced by WWTP. However, the emis-
sions from the WWTP take place relatively evenly 
throughout the year, while CSOs usually operate 
20–30 times a year. About 2.5 Mg TSS in 2019 and 

1.7 Mg in 2020 per day was emitted by WWTP, 
and the TSS load discharged during one phenom-
enon by CSOs can be up to several dozen mega-
grams. This is of great importance for the quality 
of the receiving water. Examples of CSO operation 
in 2019 (sewage flow and TSS load histograms) are 
shown in Figure 4. The number of discharges was 
established for a separation time of 6 hours.

http://www.gos.lodz.pl
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DISCUSSION

Protection of water reservoirs requires limiting 
pollutant emissions, e.g. from urbanized areas, 
where stormwater overflows are one of the main 
sources. Estimating the loads of emitted pollut-
ants is still problematic. This can be done based 
on outlet monitoring  – manual sampling and lab-
oratory testing or continuous monitoring using 
online sensors or using modelling. In this case, 
in order to calibrate the models, it is also neces-
sary to study the composition of wastewater, but 
to a much lesser extent. 

In this article, quality modelling was used to 
estimate pollutant fluxes emitted from CSOs. It 
should be emphasized that the presented analy-
sis is only a  preliminary recognition of the pos-
sibilities and conditions of using this modelling 
for such purposes, and the results are indicative. 
The main reason is the extensiveness of the sew-
age system and a  very limited database of TSS 
concentrations in wastewater. Model calibration 
should be based on a  measurement campaign 
planned for this purpose. The quality of stormwa-
ter runoff during a precipitation event undergoes 
a very rapid change and depends on many factors 
(Sakson-Sysiak 2019, Silva et  al. 2022). The so-
called first flush phenomenon is often observed, 
when 30% (or 40%) of the sewage volume contains 
70% (or 60%) of the pollutant load (Brzezińska 
2019). Samples for testing should therefore be tak-
en very often, and it is best to use online sensors 
for this purpose. Online monitoring is generally 
considered to be a good solution for evaluating the 
quality of stormwater and wastewater discharges 
(Brzezińska et al. 2016, Maruéjouls & Binet 2018).

The pollutant load emitted by CSO is the sum of 
the load contained in dry weather flow, washed-off 
from the catchment and derived from sewer depos-
its. Its level is also influenced by in-sewer process-
es  – pollutant transformations over the trans-
port of sewage. During the monitoring campaign 
carried out in Lodz in 2018–2021, the significant 
spatial and temporal differentiation of TSS con-
centrations in dry weather wastewater were ob-
served. This was related, among other things, to 
the characteristics of catchment development and 
location of industrial plants. However, typical dai-
ly or weekly variability that could be taken into 
account in the model was not found. Sometimes 

very high concentrations of TSS were observed, 
significantly exceeding the permissible concen-
trations for industrial sewage discharged into the 
sewer system according to the local regulations in 
Lodz (Sakson et al. 2022). It was probably related 
to illegal discharges of industrial sewage. It is diffi-
cult to include such cases in the model, but spatial 
and temporal differentiation of dry weather sew-
age quality in the case of such a large catchment 
area would certainly improve the model.

The conducted analysis did not take into ac-
count in-sewer processes, which, due to the possi-
bility of TSS sedimentation at low flows and sewer 
deposits flushing by stormwater, may significant-
ly affect the TSS load discharged to the receiver. 
According to research conducted by Hannouche 
et al. (2014), the contribution of sewer system de-
posits can vary between 20 and even 80% of the 
TSS load observed at the outlet during a rain event.

Two common conceptual processes in sus-
pended solids modelling are the build-up on catch-
ment surfaces, and wash-off by rainfall (Morgan 
et al. 2020). 

Model’s goodness-of-fit depends on many fac-
tors:
– functions describing pollutants build-up and 

wash-off, 
– calibration processes for the methodology ad-

opted, 
– calibrated parameters. 

It is extremely important to collect a sufficient-
ly large measurement database, including such as-
pects as the qualitative characteristics of precip-
itation and dry weather flows, the accumulation 
of pollutants in the catchment area and their crit-
ical assessment. Collecting data on the build-up 
and wash-off pollutants in the catchment area is 
difficult, with experimental studies on artificial 
surfaces or very small catchments are often used. 
This can be a cause of uncertainty in the model-
ling of TSS build-up and wash-off processes, as 
can the size of pollutant particles, which chang-
es over time (Wijesiri et al. 2016). The creation of 
an appropriately large database of quantitative 
and qualitative monitoring of the network and 
catchment area for various precipitation phenom-
ena makes it possible to determine the parameters 
of build-up and wash-off in the process of model 
calibration, which is a  technically difficult, long-
term, and costly task. 

https://journals.agh.edu.pl/geol
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The calibration results will also be affected by 
factors such as:
– characteristics of the catchment area: surface 

development (residential, commercial, indus-
trial areas), existing sources of pollution, type 
of surface (roughness determining the ease of 
retaining pollutants), slope of the terrain,

– schedule and efficiency of street sweeping,
– type and amount of substances used for road 

and sidewalk maintenance in winter,
– climate characteristics: air humidity, wind di-

rection and speed, precipitation,
– local accidental/random pollution of the catch-

ment, e.g. as a result of failures and renovation 
works.
An important reason for the differences be-

tween the observed and modelled pollutograms 
may be, among others, the fact that the streets 
sweeping was not taken into account, which may 
significantly affect the current TSS build-up on 
the catchment area (Chang et  al. 2005). Sweep-
ing may be included in the SWMM: the frequency 
and effectiveness should be declared for the type 
of land use of the catchment. This would require 
the collection of accurate data on the efficiency of 
the sweeping equipment used, and the knowledge 
of the granulometric composition of the accu-
mulated solids. However, incorrect assumptions 
about the sweep schedule can cause additional 
modelling errors.

Nowadays, it is assumed that all strategies for 
mitigating the impact of stormwater runoff di-
rected towards receiving water should be based on 
the knowledge of the processes of build-up during 
dry weather and wash-off during precipitation. 
This results in the rapid development of model-
ling methods and tools (Bach et al. 2014). It should 
be remembered that in the case of water quality 
modelling there is a  much greater variability of 
calibrated parameters and measurement data re-
garding the quality of runoff than in the case of 
quantitative models. Qualitative models are char-
acterized by greater uncertainty, therefore a larger 
database is needed to calibrate them (Mannina & 
Viviani 2010). However, the models are not univer-
sal and even a well calibrated model in one catch-
ment cannot be directly applied to another. The 
use of modelling in the development of integrat-
ed urban wastewater management plans requires 
a lot of action in advance. Currently, many cities in  

Poland already have (or are currently working on 
the creation of) a hydraulic model of the sewage 
system with a system for monitoring precipitation 
and flows in the network. The next step should 
be to create a  system for monitoring the quality 
of wastewater in the sewage system and discharg-
ing it into the water receiver. A broad analysis of 
the available solutions is necessary here, but it can 
be assumed that the best solution will be the use 
of online sensors. The choice should concern the 
range of measured parameters, the location of sta-
tions, taking into account potential operational 
problems, purchase and operating costs. The ad-
ditional monitoring activities also may be helpful/
necessary: assessment of the sweeping effective-
ness, type and consumption of materials for win-
ter road maintenance, identification of pollution 
sources in the catchment, illegal discharges into 
the wastewater collecting system, assessment of 
the technical sewer condition and the level of sew-
er deposits.

Pollutant emission assessment from urban-
ized areas, possible thanks to the development of 
modern measurement techniques and modelling 
tools (Liu et  al. 2015, Bertrand-Krajewski et  al. 
2021), is only the first step in protecting water 
bodies. It should be the basis for determining the 
necessary degree of contaminant removal and the 
selection of optimal technical solutions, so there 
is also a  need to create digital models of devic-
es and facilities for wastewater/stormwater treat-
ment. Furthermore, it should be emphasized that 
the emission criterion should not always be ap-
plied in the protection of water bodies, especially 
in the case of small urban rivers like is the case in 
Lodz. In this case, the emission criterion is more 
effective, as discussed in a previous study (Sakson 
et al. 2017).

CONCLUSIONS

1. The result of the analysis carried out is the esti-
mation of suspended solids emission from the 
Lodz catchment area by CSOs, which made 
it possible to compare it with the emission 
from the wastewater treatment plant. The re-
sults show that CSOs discharge to the receiver 
have a pollutant load comparable to WWTP, 
but in a much shorter time, and more violent 
manner.
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2. Computer modelling can be used in the as-
sessment of pollutant emissions from an ur-
ban catchment, reducing the scope of costly 
and cumbersome continuous monitoring. The 
condition for obtaining reliable modelling re-
sults is the calibration of the model based on 
a wide database of wastewater quality, precipi-
tation, and flows in sewers. These requirements 
stem from the high variability of the calibrat-
ed parameters and measurement data used for 
modelling. 

3. Qualitative modelling can be used as a  basis 
for wastewater system optimization and reduc-
ing the emissions of pollutants into receiving 
water, provided that a monitoring system is set 
up early enough, and the data necessary to cre-
ate the model and its calibration are collected.

REFERENCES

Bach P.M., Rauch W., Mikkelsen P.S., McCarthy D.T. & De-
letic A., 2014. A critical review of integrated urban wa-
ter modelling  – Urban drainage and beyond. Environ-
mental Modelling & Software, 54, 88–107. https://doi.
org/10.1016/j.envsoft.2013.12.018.

Barco O.J., Ciaponi C. & Papiri S., 2005. Pollution in storm 
water runoff. Two cases: an urban catchment and a high-
way toll gate area. [in:] Brelot E., Chocat B. & Desbor-
des M. (eds.), Sustainable techniques and strategies in ur-
ban water management: selected proceedings of Novatech 
2004, the 5th International Conference on Sustainable 
Techniques and Strategies in Urban Water Management, 
held in Lyon, France, 6–10 June 2004, IWA Publishing, 
London.

Benedetti L., Langeveld J., Comeau A., Corominas L., Daig-
ger G., Martin C., Mikkelsen P.S., Vezzaro L., Weijers W. 
& Vanrolleghem A., 2013. Modelling and monitoring of 
integrated urban wastewater systems: review of status 
and perspectives. Water Science and Technology, 68(6), 
1203–1215. https://doi.org/10.2166/wst.2013.397.

Berry W., Rubinstein N., Melzian B. & Hill B., 2003. The Bio-
logical Effects of Suspended and Bedded Sediment (SABS) 
in Aquatic Systems: A Review. Internal Report, U.S. En-
vironmental Protection Agency.

Bertrand-Krajewski J.-L., Clemens-Meyer F. & Lepot M. 
(eds.), 2021. Metrology in Urban Drainage and Stormwa-
ter Management: Plug and Pray. IWA Publishing, Lon-
don. https://doi.org/10.2166/9781789060119.

Blumensaat F., Staufer P., Heusch S., Reußner F., Schütze M., 
Seiffert S., Gruber G., Zawilski M. & Rieckermann  J., 
2012. Water quality-based assessment of urban drainage 
impacts in Europe  – where do we stand today? Water 
Science and Technology, 66(2), 304–313. https://doi.org/ 
10.2166/wst.2012.178.

Bonhomme C. & Petrucci G., 2017. Should we trust build-
up/wash-off water quality models at the scale of urban 

catchments? Water Research, 108, 422–437. https://doi. 
org/10.1016/j.watres.2016.11.027.

Brzezińska A., 2019. Emisja zanieczyszczeń z przelewów bu-
rzowych kanalizacji ogólnospławnej. Wydawnictwo Poli-
techniki Łódzkiej, Łódź.

Brzezińska A., Zawilski M. & Sakson G., 2016. Assessment of 
pollutant load emission from combined sewer overflows 
based on the online monitoring. Environmental Moni-
toring and Assessment, 188, 502. https://doi.org/10.1007/
s10661-016-5461-6.

Brzezińska A., Sakson G. & Zawilski M., 2018. Predic-
tive model of pollutant loads discharged by combined 
sewer overflows. Water Science and Technology, 77(7), 
1819–1828. https://doi.org/10.2166/wst.2018.050.

Chang Y.-M., Chou C.-M., Su K.-T. & Tseng C.-H., 2005. 
Effectiveness of street sweeping and washing for con-
trolling ambient TSP. Atmospheric Environment, 39(10),  
1891–1902. https://doi.org/10.1016/j.atmosenv.2004.12.010.

Dirckx G., Thoeye C., de Gueldre G. & van de Steene B., 
2011. CSO management from an operator’s perspective: 
A step-wise action plan. Water Science and Technology, 
63(5), 1044–1052. https://doi.org/10.2166/wst.2011.288.

Directive, 2022. Proposal for a Directive of the European Par-
liament and of the Council concerning urban wastewater 
treatment (recast). COM/2022/541, 26.10.2022. https://
eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX-
:52022PC0541.

Fletcher T.D., Andrieu H. & Hamel P., 2013. Understanding, 
management and modelling of urban hydrology and its 
consequences for receiving waters: A  state of the art. 
Advances in Water Resources, 51, 261–279. https://doi.
org/10.1016/j.advwatres.2012.09.001.

Gaume E., Villeneuve J.-P. & Desbordes M., 1998. Uncertain-
ty assessment and analysis of the calibrated parameter 
values of an urban storm water quality model. Journal 
of Hydrology, 210(1–4), 38–50. https://doi.org/10.1016/
S0022-1694(98)00171-1.

Gong Y., Liang X., Li X., Li J., Fang X., Song R., 2016. Influ-
ence of rainfall characteristics on total suspended solids 
in urban runoff: A case study in Beijing, China. Water, 8, 
278. http://doi:10.3390/w8070278.

Group Wastewater Treatment Plant in Lodz. http://www.
gos.lodz.pl.

Hannouche A., Chebbo G. & Joannis C., 2014. Assessment 
of the contribution of sewer deposits to suspended sol-
ids loads in combined sewer systems during rain events. 
Environmental Science and Pollution Research, 21(8). 
https://doi.org/10.1007/s11356-013-2395-1.

Hossain I., Imteaz M., Gato-Trinidad S. & Shanableh A., 
2010. Development of a  catchment water quality mod-
el for continuous simulations of pollutants build-up and 
wash-off. International Journal of Civil and Environmen-
tal Engineering, 2(4), 210–217. 

Hossain S., Hewa G.A. & Wella-Hewage S., 2019. A  com-
parison of continuous and event-based Rainfall–Runoff 
(RR) modelling using EPA-SWMM. Water, 11(3), 611. 
https://doi.org/10.3390/w11030611.

Kerr S.J., 1995. Silt, Turbidity and Suspended Sediments in 
the Aquatic Environment: An Annotated Bibliography 
and Literature Review. Ontario Ministry of Natura Re-
sources, Southern Region Science & Technology Trans-
fer Unit Technical Report TR-008. 

https://journals.agh.edu.pl/geol
https://doi.org/10.1016/j.envsoft.2013.12.018
https://doi.org/10.1016/j.envsoft.2013.12.018
https://doi.org/10.2166/wst.2013.397
https://doi.org/10.2166/9781789060119
http://wst.iwaponline.com/content/66/2/304
http://wst.iwaponline.com/content/66/2/304
https://doi.org/10.2166/wst.2012.178
https://doi.org/10.2166/wst.2012.178
https://doi.org/10.1016/j.watres.2016.11.027
https://doi.org/10.1016/j.watres.2016.11.027
https://doi.org/10.1007/s10661-016-5461-6
https://doi.org/10.1007/s10661-016-5461-6
https://doi.org/10.2166/wst.2018.050
https://doi.org/10.1016/j.atmosenv.2004.12.010
https://doi.org/10.2166/wst.2011.288
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52022PC0541
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52022PC0541
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52022PC0541
https://doi.org/10.1016/j.advwatres.2012.09.001
https://doi.org/10.1016/j.advwatres.2012.09.001
https://doi.org/10.1016/S0022-1694(98)00171-1
https://doi.org/10.1016/S0022-1694(98)00171-1
http://www.gos.lodz.pl
http://www.gos.lodz.pl
https://doi.org/10.1007/s11356-013-2395-1
https://doi.org/10.3390/w11030611


399

Geology, Geophysics and Environment, 2023, 49 (4): 389–399

Analysis of suspended solids emissions from a combined sewage systemusing the Stormwater Management Model (SWMM)

Keupers I. & Willems P., 2013. Impact of urban WWTP 
and CSO fluxes on river peak flow extremes under cur-
rent and future climate conditions. Water Science and 
Technology, 67(12), 2670–2676. https://doi.org/10.2166/
wst.2013.147.

Liu A., Goonetilleke A. & Egodawatta P., 2015. Role of Rain-
fall and Catchment Characteristics on Urban Stormwater 
Quality. Springer, Singapore. 

Maharjan B., Pachel K. & Loigu E., 2017. Modelling storm-
water runoff, quality, and pollutant loads in a large urban 
catchment. Proceedings of the Estonian Academy of Scienc-
es, 66(3), 225–242. https://doi.org/10.3176/proc.2017.3.02.

Mahbub P., Ayoko G.A., Goonetilleke A., Egodawatta P. & 
Kokot S., 2010. Impacts of traffic and rainfall character-
istics on heavy metals build-up and wash-off from urban 
roads. Environmental Science and Technology, 44(23), 
8904–8910. https://doi.org/10.1021/es1012565.

Mannina G. & Viviani G., 2010. An urban drainage stormwa-
ter quality model: Model development and uncertainty 
quantification. Journal of Hydrology, 381(3–4), 248–265. 
https://doi.org/10.1016/j.jhydrol.2009.11.047.

Maruéjouls T. & Binet G., 2018. Impact of two pollutant flux-
es calculation methods along with uncertainties on esti-
mation of combined sewer overflow contribution to envi-
ronmental pollution at the whole urban catchment scale. 
Urban Water Journal, 15(8), 741–749. https://doi.org/ 
10.1080/1573062X.2018.1540710.

Morgan D., Johnston P., Osei K. & Gill L., 2020. A  modi-
fied wash-off function for stormwater suspended solids 
modelling. Journal of Hydrology, 584, 124672. https://
doi.org/10.1016/j.jhydrol.2020.124672.

Rossman L., 2015. Storm Water Management Model User’s 
Manual Version 5.1  – manual. U.S. EPA Office of Re-
search and Development, Washington, DC, EPA/600/ 
R-14/413 (NTIS EPA/600/R-14/413b). http://nepis.epa.
gov/Exe/ZyPDF.cgi?Dockey=P100N3J6.TXT.

Rozporządzenie, 2019. Rozporządzenie Ministra Gospodar-
ki Morskiej i Żeglugi Śródlądowej z dnia 12 lipca 2019 r. 
w  sprawie substancji szczególnie szkodliwych dla środo-
wiska wodnego oraz warunków, jakie należy spełnić przy 
wprowadzaniu do wód lub do ziemi ścieków, a także przy 
odprowadzaniu wód opadowych lub roztopowych do wód 
lub do urządzeń wodnych. Dz.U. 2019 poz. 1311 [Regula-
tion of the Minister of Maritime Economy and Inland Nav-
igation of 12 July 2019 on substances particularly harmful 
to the aquatic environment and the conditions to be met 
when introducing sewage into waters or into the ground, as 
well as when discharging rainwater or meltwater into wa-
ters or to water facilities. Journal of Laws 2019, item 1311].

Sakson G., Brzezińska A. & Zawilski M., 2017. Możliwości 
ograniczenia wpływu ścieków deszczowych odprowa-
dzanych z  obszarów zurbanizowanych na jakość wód 
powierzchniowych w  aspekcie uregulowań prawnych. 
Ochrona Środowiska, 39(2), 27–38.

Sakson G., Brzezinska A., Bandzierz D., Olejnik D., Jedrzej-
czak J., Gryglik D. & Badowska E., 2022. Monitoring of 
wastewater quality in Lodz sewage system (Poland)  – do 
the current solutions enable the protection of WWTP 
and receiving water? International Journal of Energy 
and Environmental Engineering, 13, 713–727. https://doi.
org/10.1007/s40095-021-00455-4.

Sakson-Sysiak G., 2019. Emisja metali ciężkich zawartych 
w  wodach opadowych odprowadzanych z  terenów zur-
banizowanych. Monografie Politechniki Łódzkiej, Wy-
dawnictwo Politechniki Łódzkiej, Łódź.

Silva T.F.D.G., Beltrán D., Nascimento N.O., Rodríguez J.P. & 
Mancipe-Muñoz N.P., 2022. Assessing major drivers of 
runoff water quality using principal component analy-
sis: a case study from a Colombian and a Brazilian catch-
ments. Urban Water Journal, https://doi.org/10.1080/ 
1573062X.2022.2029913.

Temprano J., Arango Ó., Cagiao J., Suárez J.& Tejero I., 2006. 
Stormwater quality calibration by SWMM: A case study 
in Northern Spain. Water SA, 32(1), 55–63. https://doi.
org/10.4314/wsa.v32i1.5240.

Tu M.-Ch. & Smith P., 2018. Modeling pollutant buildup and 
washoff parameters for SWMM based on land use in 
a semiarid urban watershed. Water Air and Soil Pollution, 
229(4), 121. https://doi.org/10.1007/s11270-018-3777-2.

Wicke D., Cochrane T.A. & O’Sullivan A., 2012a. Atmo-
spheric deposition and storm induced runoff of heavy 
metals from different impermeable urban surfaces. Jour-
nal of Environmental Monitoring, 14, 209–216. https://
doi.org/10.1039/C1EM10643K.

Wicke D., Cochrane T.A. & O’Sullivan A., 2012b. Build-up 
dynamics of heavy metals deposited on impermeable ur-
ban surfaces. Journal of Environmental Management, 113, 
347–354. https://doi.org/10.1016/j.jenvman.2012.09.005.

Wijesiri B., Egodawatta P., McGree J. & Goonetilleke A., 
2016. Understanding the uncertainty associated with 
particle-bound pollutant build-up and wash-off: A crit-
ical review. Water Research, 101, 582–596. https://doi.
org/10.1016/j.watres.2016.06.013.

Zawilski M. & Sakson G., 2010. Modelowanie spływu ście-
ków opadowych ze zlewni miejskiej przy wykorzystaniu 
programu SWMM. Cz. I. Kalibracja modelu [Modelling 
of precipitation sewage flow from communal catchment 
area SWMM software. Part I. Model calibration]. Gaz, 
Woda i Technika Sanitarna, 11, 32–36.

Zawilski M. & Sakson G., 2011, Modelowanie spływu ście-
ków opadowych ze zlewni miejskiej przy wykorzystaniu 
programu SWMM. Cz. II. Weryfikacja modelu [Mode-
ling storm water runoff from urban catchments using 
SWMM program. Part II. Verification of the model]. 
Gaz, Woda i Technika Sanitarna, 9, 321–323.

Zawilski M. & Sakson G., 2013. Ocena emisji zawiesin od-
prowadzanych kanalizacją deszczową z terenów zurba-
nizowanych [Assessment of total suspended solid emis-
sion discharged via storm sewerage system from urban 
areas]. Ochrona Środowiska, 35(2), 33–40. 

Zawilski M. & Sakson G., 2014. Modelowanie spłukiwania 
zanieczyszczeń stałych ze zlewni miejskich przy wy-
korzystaniu programu EPA SWMM. Cz. II. Kalibra-
cja i  weryfikacja modelu [Modelling of solid pollutant 
wash-off from urban catchment using EPA SWMM soft-
ware. Part II. Model calibration and verification]. Gaz, 
Woda i Technika Sanitarna, 2, 57–59.

Zawilski M., Sakson G. & Brzezińska A., 2017. Zrównoważo-
ne gospodarowanie wodami opadowymi na obszarach 
zurbanizowanych w aspekcie wód odbiornika. [in:]  Dzio-
pak J., Słyś D. & Stec A. (red.), Infrastruktura miast, Ofi-
cyna Wydawnicza Politechniki Rzeszowskiej, Rzeszów. 

https://doi.org/10.2166/wst.2013.147
https://doi.org/10.2166/wst.2013.147
https://doi.org/10.3176/proc.2017.3.02
https://doi.org/10.1021/es1012565
https://doi.org/10.1016/j.jhydrol.2009.11.047
https://doi.org/10.1080/1573062X.2018.1540710
https://doi.org/10.1080/1573062X.2018.1540710
https://doi.org/10.1016/j.jhydrol.2020.124672
https://doi.org/10.1016/j.jhydrol.2020.124672
http://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100N3J6.TXT
http://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100N3J6.TXT
https://doi.org/10.1007/s40095-021-00455-4
https://doi.org/10.1007/s40095-021-00455-4
https://doi.org/10.1080/1573062X.2022.2029913
https://doi.org/10.1080/1573062X.2022.2029913
https://doi.org/10.4314/wsa.v32i1.5240
https://doi.org/10.4314/wsa.v32i1.5240
https://doi.org/10.1007/s11270-018-3777-2
https://www.sciencedirect.com/science/article/pii/S0301479712004641?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0301479712004641?via%3Dihub#!
https://doi.org/10.1039/C1EM10643K
https://doi.org/10.1039/C1EM10643K
https://www.sciencedirect.com/science/article/pii/S0301479712004641?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0301479712004641?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0301479712004641?via%3Dihub#!
https://www.sciencedirect.com/science/journal/03014797
https://www.sciencedirect.com/science/journal/03014797/113/supp/C
https://doi.org/10.1016/j.jenvman.2012.09.005
https://www.sciencedirect.com/science/article/pii/S0043135416304511?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0043135416304511?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0043135416304511?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0043135416304511?via%3Dihub#!
https://www.sciencedirect.com/science/journal/00431354
https://www.sciencedirect.com/science/journal/00431354/101/supp/C
https://doi.org/10.1016/j.watres.2016.06.013
https://doi.org/10.1016/j.watres.2016.06.013



