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Abstract: Combined sewer overflows (CSOs) prevent surges in sewer networks by releasing untreated
wastewater into nearby water bodies during intense storm events. CSOs can have acute and
detrimental impacts on the environment and thus need to be managed. Although several gray,
green and hybrid CSO mitigation measures have been studied, the influence of network structure
on CSO occurrence is not yet systematically evaluated. This study focuses on evaluating how the
variation of urban drainage network structure affects the frequency and magnitude of CSO events.
As a study case, a sewer subnetwork in Dresden, Germany, where 11 CSOs are present, was selected.
Scenarios corresponding to the structures with the lowest and with the highest number of
possible connected pipes, are developed and evaluated using long-term hydrodynamic simulation.
Results indicate that more meshed structures are associated to a decrease on the occurrence and
magnitude of CSO. Event frequency reductions vary between 0% and 68%, while reduction of annual
mean volumes and annual mean loads ranged between 0% and 87% and 0% and 92%. These rates
were mainly related to the additional sewer storage capacity provided in the more meshed scenarios,
following a sigmoidal behavior. However, increasing network connections causes investment costs,
therefore optimization strategies for selecting intervention areas are needed. Furthermore, the present
approach of reducing CSO frequency may provide a new gray solution that can be integrated in the
development of hybrid mitigation strategies for the CSO management.

Keywords: meshness; sewer storage capacity; pollution reduction

1. Introduction

Urbanization processes have led to an increase in the percentage of impervious areas, and therefore
to an increase in the runoff volumes generated during rainfall events. Stormwater is collected
and conveyed to a defined outlet, e.g., a wastewater treatment plant, through the urban drainage
network (UDN). Separate sewer systems collect stormwater independently from sanitary wastewater
and then discharge into nearby water bodies. In combined sewer systems, sewage and stormwater
are mixed and transported towards a wastewater treatment plant. In this combined scheme,
discharges of untreated wastewater can occur when the capacity of the network is exceeded, mainly due
to large stormwater runoff volumes entering the system caused by intense precipitation events.
Untreated wastewater is then released into nearby surface waterbodies to avoid surcharge of the
network or an overload of the wastewater treatment plant, through relief structures referred as
combined sewer overflows (CSOs) [1]. Their dimensioning and functioning depend not only on the
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connected upstream areas, but also on the characteristics of the UDN and the properties of the receiving
water bodies.

Discharges from CSOs are a mixture of sanitary sewage and stormwater runoff, thus they contain
various pollutants. Studies have reported the presence of solids, organic compounds, fecal contaminants,
nutrients and heavy metals [2–5], as well as micropollutants [6–11]. The emission of such contaminants
into receiving water bodies can cause adverse impacts in receiving water bodies, such as dissolved
oxygen depletion, eutrophication, increase of toxics, sediments and pathogens [1,12–17].

Hence, management strategies need to control and limit the severe, predominantly acute impacts
of CSO discharges on the environment. Traditionally, solutions focus on the implementation of
grey infrastructures, mainly storage tanks, with the aim of improving or increasing the system’s
capacity [18]. Although this type of infrastructures effectively control CSOs [19,20], research suggests
that these strategies are less efficient and tend to be more costly than runoff reduction and
management at the source, i.e., green solutions [21,22]. Recent results imply that hybrid strategies, i.e.,
combined solutions with green retrofits and grey rehabilitations, are more sustainable [23].

Although research extensively reflected the complex dynamic processes leading to CSO occurrence
and the potential solution strategies [1], there is little understanding on the role that the structure (i.e.,
physical arrangement) of the network plays on the frequency of such events. In this context, the present
research evaluates the variation of urban drainage system structure on the occurrence of CSO events,
using a subnetwork of the city of Dresden, Germany as study case. The structure of a network is
determined based on the meshness coefficient proposed by Reyes-Silva et al. [24]. In this approach,
urban drainage networks are interpreted as graphs (G = (E,V)), where the edges (E) correspond to
pipe sections, while the nodes (V) are the junctions between them, usually representing manholes.
Meshness is determined based on the degree of connectivity of the inner nodes, i.e., the number of pipes
connected to those junctions which are not source or outlet nodes. Meshness can vary between 0%,
i.e., the UDN layout with the least number of pipes without causing any disconnection, and 100%,
corresponding to the network configuration with the maximum number of connected pipes per inner
node. In this context, the present study focuses on how different Meshness degrees of an urban
drainage network affect the occurrence and magnitude of CSO events. Long-term hydrodynamic
simulations provide information regarding CSO emission dynamics, and performance indicators are
used to evaluate and compare the different meshness degree scenarios.

2. Materials and Methods

2.1. Case Study

A subnetwork from the Dresden UDN, in Germany with several CSO structures is selected,
it allows to analyze the behavior of such elements under varying boundary conditions. Furthermore,
waterbodies in the area have been reported to be strongly affected by urban wet weather discharges [25].
As can be seen in Figure 1, there are 11 CSOs in the area, which discharge into two small urban rivers,
Geberbach and Lockwitzbach, or into the river Elbe. Information regarding the properties of each
analyzed CSO-catchment can be found in Table 1. Connected areas vary approximately between 2
to 620 Ha, with imperviousness ranging between 34% and 46%. The structure of the sewer systems
in each CSO catchment is determined based on the meshness coefficient proposed by Reyes-Silva
et al. [24]. This parameter ranges between 0% and 100%, indicating a network structure with
the minimum or maximum possible number connected pipes per node. Results indicate that the
subnetworks connected to each CSO have a mainly branched or predominantly branched structure,
i.e., meshness values between 0% and 34%. Meshness is directly related to the presence of multiple
flow pathways. The specific sewer storage capacity per connected impervious area (St-IA) is calculated
for each CSO-catchment, it promotes better understanding the relationship between meshness and
storage volume. Higher meshness values are associated to higher storage capacities in the systems,
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due to the volume of additional pipes, and therefore to higher St-IA rates. A graphic relationship of
this positive trend can be seen in Figure A1 in Appendix A.

Figure 1. Urban drainage network (UDN), Combined sewer overflows (CSOs), and rivers in the
study area.

Table 1. CSO-catchments and urban drainage network characteristics.

CSO Drainage Area (Ha) Imperviousness (%) Meshness (%) St-IA * (m3/Ha) Number of Upstream CSOs

16T27 111.7 44 11 54.6 0
17Y47 118.3 35 0 17.0 1
17X36 66.4 38 13 38.6 0
17Z65 51.4 34 17 81.5 0
17Z66 1.8 46 0 70.8 0
36-1 14.4 43 0 74.2 1

36B27 618.4 41 25 102.0 6
36H74 7.6 43 0 67.1 0
36I82 125.7 43 24 113.8 0

36M73 99.5 41 34 120.0 0
38G70 54.8 35 0 12.4 0

Note: St-IA * corresponds to total sewer storage capacity per connected impervious areas.

2.2. Scenario Construction

Different meshness degrees scenarios for each CSO-catchment are developed. Besides the reference
conditions, other two scenarios are analyzed, one corresponding to the structures with the lowest and
one with the highest meshness possible. On the one hand, the lowest meshness scenario is obtained
by determining the minimum spanning tree (MST) configuration of each network. This corresponds
to a subset of the original network layout where all the nodes are connected without any redundant
connections, thus representing the 0% meshness scenario, as stated by Reyes-Silva et al. [24]. Such layout
and its elements are identified using Kruskal’s algorithm [26]. On the other hand, although theoretically
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a network configuration of 100% meshness can exist, it might not represent a realistic layout due to
spatial restrictions, e.g., presence of rivers or large vegetated areas through which a pipe sections
cannot be build. Therefore, the highest meshness that can be achieved in each CSO-catchment is case
specific and needs to be determined. This is done according to the following iterative process:

I. Determine the inner nodes (i.e., nodes which are not source or outlet junctions) where further
connections can be made. These correspond to junctions with a number of connected pipes
sections lower than 4, assumed as the maximum possible.

II. Identify which of the inner nodes can be connected among them based on a defined distance
threshold. In other words, determine if two inner nodes are close enough to create a new link.
In this study, the maximum pipe length in the system (400 m) is used as the distance threshold.

III. Randomly select a pair of inner nodes that can be connected and add a new link to the network.
Direction of the link is done based on the invert elevation of each node, i.e., the starting node
is the one with the highest elevation and end node is the one with the lowest. This is done in
order to ensure flow by gravity as it is the typical condition in sewer systems.

IV. Update the number of connections for the inner nodes.
V. Repeat steps I through IV until no more possible connections among inner nodes can be identified.
VI. Calculate final meshness.

Due to the different boundary conditions among the analyzed CSO-catchments, maximum
meshness degrees are different for each case. A summary of these results can be seen in Table 2.
In most cases, the obtained scenarios cover a relatively wide range of meshness, i.e., more than 25%,
hence allowing to analyze the impacts of structural changes on the occurrence of CSO events. The only
exceptions are the networks upstream of CSOs 17X36 and 17Z66. In the first case, only a small range of
meshness (less than 15%) is obtained due to spatial constrains. Furthermore, since the contributing area
and the connected network for the CSO 17Z66 are small, it is not possible to create different scenarios
for it.

Table 2. Meshness of the three analyzed scenarios for each of the CSO-catchment in the study area.

CSO-Catchment Minimum
Scenario (%) Original (%) Maximum

Scenario (%)

16T27 0 11 27
17Y47 0 0 50
17X36 0 13 13
17Z65 0 17 30
17Z66 0 0 0
36-1 0 0 27

36B27 0 25 42
36H74 0 0 29
36I82 0 24 42

36M73 0 34 43
38G70 0 0 56

2.3. Hydrodynamic Simulations and CSO Characteristics

Hydrodynamic simulations of urban areas and UDNs can represent the complex dynamics
of the processes leading to CSO events and provide a reliable estimation of their behavior and
magnitude. In this context, a hydrodynamic model of the study area is developed and implemented in
the EPA Stormwater Management Model (SWMM) [27]. Information regarding the sewer network
structure and its hydraulic properties is provided by the local wastewater company Stadtentwässerung
Dresden GmbH (Dresden, Germany). Subcatchments are delineated with the automatic subcatchments
generator tool GisToSWMM [28]. Surface cover type is obtained from the European Settlement Map of
the Copernicus Project [29] and reclassified to match the categories needed to run the GisToSWMM tool.
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Furthermore, a 2× 2 m digital elevation model (DEM), obtained from the state service for geoinformation
and geodesy Saxony (Staatsbetrieb Geobasisinformation und Vermessung Sachsen [GeoSN]), is used.
In order to simplify the model, only the subcatchments corresponding to connected areas are considered.
Their surfaces are aggregated based on land use type.

Distribution of dry weather inflows along the network is determined according to a 100 by 100 m
population density raster, obtained from the last census in Germany [30]. The nearest sewer node for
each grid cell is determined by selecting the node for which the Euclidean distance among the centroid
of the grid cell and network nodes is minimum. This is done only for those population grid cells within
a 150 m radius from the sewer network, under the assumption that this is the maximum possible
length for a household sewer connection. Based on this spatial analysis, it is possible to estimate the
number of people connected to each node of the network. This information is used to calculate mean
flows at each node, based on a daily per capita consumption of drinking water. Observed data between
July and September 2016 is used to derive hourly variations and contributions of groundwater to
the dry-weather flow. Since CSO occurrence depends mainly on stormwater dynamics rather than
on dry-weather flow variations, it is assumed that daily patterns and groundwater infiltration are
constant throughout the year. Therefore, seasonal variations of dry-weather flows are not considered
significant for this study and hence are not included in the model. Furthermore, chemical oxygen
demand (COD) is selected as reference pollutant and implemented at each inflow. Reference mean
daily concentrations and hourly patterns of COD are derived from a one-week time series of measured
data with 5-min resolution.

The model is calibrated and validated based on three time frames of observed data in the system:
76 days between July and September 2016, and 110 days between June and October 2017 for calibration,
and 85 days, from April and July 2018 for validation. Information regarding these processes can be
seen in Table A1 from Appendix B.

Subsequently, different SWMM models corresponding to the different scenarios are developed
using the calibrated model as a baseline. The scenario with the minimum meshness is obtained by
removing the pipes, which do not correspond to the MST. For the maximum meshness scenario,
conduits are added to the reference model incrementally to obtain the desired meshness.
The location of such links has been determined previously during the scenario development phase.
Hydraulic properties of these pipes, i.e., type of profile, maximum depth and roughness, are inherited
from the upstream link. Furthermore, length and slope are calculated from the locations of the upstream
and downstream nodes. Other pipe parameters in SWMM, e.g., offsets or initial flow, are set to 0.

The CSO dynamics results obtained from long-term simulations of different meshness scenarios
are compared and evaluated. For this, precipitation and climate records from the area are used,
covering a time frame of 13 years, from 2005 and 2017. The rain data is obtained from the precipitation
measurement network of the local water company Stadtentwässerung Dresden GmbH, in Dresden,
Germany, and climatological data is obtained from nearby Klotzsche climate stations, operated by the
German Weather Service [31].

2.4. CSO Perfromance Indicators

Three different performance indicators are used to compare the scenarios results. The first indicator
corresponds the average number of events per year (NCSO), calculated as the ratio between the total
number of events during the analyzed period and the number of simulated years. In this study, an event
is defined when CSO discharge values are greater than zero. Furthermore, two events are considered
independent from each other when they are separated by a minimum of five hours. The second
and third performance indicators correspond to the annual mean volumes (AMV, in m3/year) and
the annual mean loads (AML, in tons/year). These indicators are calculated as the ratio between the
total discharged volumes or total loads for all events during the analyzed period and the number of
simulated years.



Water 2020, 12, 2675 6 of 14

2.5. Influencing Factor Analysis

One-way ANOVA tests are conducted to compare the effect size of respectively changing meshness,
and changing the area specific sewer storage capacity, on the reduction rates of mean annual events,
volumes and loads. Four categories for both changes in meshness and in specific sewer capacity
are defined. They correspond to gradual increases compared to zero meshness. Furthermore,
values corresponding to changes in sewer capacity are normalized by the total sewer storage capacity
in the 0% meshness scenario. This is done in order to compare the different metrics on a common scale.
Therefore, categories of storage capacity correspond to percentage increases. Table 3 summarizes the
categories used.

Table 3. Classification of meshness and total sewer storage capacity.

Category Change in Meshness (%) Change in Capacity (%)

1 0–15 0–10
2 16–30 11–20
3 31–45 21–30
4 46–60 31–40

3. Results

3.1. Reference Scenario

Figure 2A illustrates the indicators results for the reference scenario among the different areas.
Frequency of CSO events varies greatly among the analyzed cases with NCSO values ranging from
1 up to 51 events per year. Simultaneously, AMVs (0.04 × 103 to 68 × 103 m3/year), and AMLs (0 to
31 tons/year) exhibit a wide range of variation. The low NCSO, AMV and AML values reported in
CSOs 17X36, 17Z65, 17Z66, 36-1 and 36H74 result from small (less than 30 ha) contributing impervious
area for each of these CSOs. Therefore, the runoff produced during rain events does not exceed
the threshold to cause an overflow. In the case of 17Y47, however, the low frequency of events is
more likely to be related to the presence of an upstream CSO (38G70). CSO 36B27 exhibited a low
frequency of events (NCSO value lower than 5), but relatively high AMV and AML (13 × 103 m3/year
and 31 Ton/year respectively). This behavior can be explained by the fact that this CSO-catchment
incorporates other six CSO subcatchments. In a similar way as for the 17Y47 case, the rare occurrence
of events in 36B27 can be mainly attributed to the presence of multiple CSOs upstream (6 in total).
Moreover, since it is located at the most downstream section of the network, contributing impervious
areas and number of connected people are considerably larger than in previous cases thus explaining
the relatively high AMV and AML values. Furthermore, higher NCSO, AMV and AML values obtained
for 16T27, 36I82 and 36M73 confirm the influence of the size of connected impervious area on the
occurrence and magnitude of events.

3.2. Effects of Meshness on CSO Reduction

In order to analyze the influence of meshness on CSO frequency and magnitude, the relative
difference for each indicator in each CSO-catchment between the maximum and minimum scenarios
are calculated, see Figure 2B. This is done by calculating the ratio between the difference among
the indicators results for the lowest and highest meshness scenarios, and the indicators values
for the minimum scenario. The obtained values represent then how much do indicators reduce
or increase (negative and positive values respectively), in terms of percentage, between the two
meshness scenarios. Furthermore, the difference in meshness, referred as ∆M, between both scenarios
in each area is also included. Results indicate a general reduction on the NCSO, AMV and AML
with increasing meshness, for almost all the analyzed catchments. No changes are identified for the
17Z66 catchment since its small area does not allow the implementation of new pipes. Furthermore,
although meshness has an influence on the reduction, no clear trend can be identified. In fact,
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no significant changes (i.e., bigger than ±5%) on the occurrence and magnitude of CSO events in 36M73,
36B27 and 36I82 are reported even though there is a high increase in meshness, i.e., higher than 40%.
Moreover, CSO 36B27, reported an increase rather than a reduction on the AMLs. This behavior might
be attributed to the fact that a decrease on the stormwater volumes leads to less dilution of the COD in
the system, since it is a pollutant associated mainly to dry-weather flows.

Contrary to the other cases, results from CSOs 17X36 and 16T27 indicate that an increase of
meshness leads to an increase in the annual occurrence, volumes and loads of CSO events, as can be
seen by the negative reduction rates. A potential reason for this is that the increase of meshness leads
to a decrease of node flooding occurrence [24]. In this way, wastewater which is no longer lost from the
network via node flooding remains in the system, thus increasing the volumes at the CSO and hence
increasing the frequency and magnitude of such events. This can be analyzed through the contribution
of CSOs and flood volumes to water balance as function of meshness, see Table 4.

Figure 2. (A) Average number of CSO events per year (NCSO), annual mean volumes (AMV) and
annual mean loads (AML) for all CSOs in the reference conditions, and (B) Relative differences of
NCSO, AMV and AML in percentage among scenarios, including the difference of meshness among
them (∆M).

Table 4. Percentage distribution of water pathways for each studied area and each analyzed
meshness scenario.

Area
Minimum Meshness Original Meshness Maximum Meshness

CSO
(%)

Flood
(%)

Outlet
(%)

CSO
(%)

Flood
(%)

Outlet
(%)

CSO
(%)

Flood
(%)

Outlet
(%)

16T27 6.0 8.1 85.9 9.3 4.7 86.0 9.7 4.2 86.1
17Y47 0.0 19.0 81.0 0.0 19.0 81.0 0.0 19.1 80.9
17Z65 2.9 1.1 96.0 2.1 1.1 96.8 0.9 2.3 96.8
17X36 1.2 5.4 93.4 1.2 5.3 93.5 1.2 5.3 93.5
36_1 8.9 0.0 91.1 9.0 0.0 91.0 6.9 0.0 93.1

36B27 0.4 3.5 96.1 0.4 3.5 96.1 0.3 3.5 96.2
36H74 0.9 0.0 99.1 0.9 0.0 99.1 0.9 0.0 99.1
36I82 8.4 1.8 89.8 8.5 1.7 89.8 8.3 1.6 90.2
36M73 3.3 0.9 95.8 3.4 0.8 95.8 3.2 0.8 96.0
38G70 2.4 9.7 87.9 2.4 9.7 87.9 2.3 10.6 87.1
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For example, results of 16T27 indicate that CSO discharges increase with increasing meshness,
from 6.0% to 9.7%, while flood contribution decrease (from 8.1% to 4.2%) and water drained to the
downstream network, referred here as Outlet, remain constant in all scenarios. Moreover, results also
indicate the opposite behavior, i.e., an increase of meshness leads to a decrease on the CSO contributions
in the water balance while the contributions from flooding increase, see for example the case of 17Z65.
Such results suggest that there might be a trade-off between flooding and CSO occurrence. Nevertheless,
such trade-offs could be identified only in two of the analyzed subcatchments. Further studies regarding
the potential factors influencing such trade-offs due to an increase in meshness, e.g., network properties
or catchment characteristics, are then required.

3.3. Effects of Sewer Storage Capacity on CSO Reduction

Although high reduction rates are reported in other catchments for all analyzed indicators, see for
example results for 17Z65, it is not possible to identify a clear trend between such rates and increments
of meshness. The different efficiencies among the several CSO-catchments may be related to the
storage volume added. Although there is an increase of meshness and therefore an increase in volume,
the added pipe capacity might not be enough to have an impact on the CSO occurrence and magnitude.
In order to test this, the St-IA differences are compared with the maximum reduction rates for each of
the three parameters and each CSO catchment. The St-IA values are normalized by the corresponding
results from the minimum meshness scenario (i.e., 0%) in order to facilitate comparisons among the
different areas. Furthermore, it is hypothesized that the influence of storage capacity change on CSO
frequency and magnitude reduction can be expressed as the following sigmoidal equation:

Reduction =
exp(β0+β1×(∆St−IA))

1 + exp(β0+β1×(∆St−IA))
(1)

where Reduction corresponds to the maximum reduction rates of events, volumes and loads,
measured as a percentage. ∆St-IA corresponds to the normalized maximum storage differences,
and β0 and β1 are parameters of the model determined by a nonlinear regression analysis. The selection
of a sigmoidal relation was motivated by the assumptions that (i) reductions are constrained in a
range from 0 to 100 %, (ii) change in reduction is monotonically and positively related to change in
storage volume and iii) the change in reduction predominantly takes place in a “sensitive corridor”
i.e., minor changes in specific storage do not instantly change reduction, likewise drastic increases in
storage will not further increase the reduction. Results, including 95% prediction intervals, can be seen
in Figure 3. The sigmoidal relation fits moderately for the NCSO reduction, and well for both AMV
and AML reductions, with coefficients of determination (R2) of 0.99, 0.97 and 0.95 respectively. In all
cases, both model parameters are highly significant at p-values below 0.05, with β0 = −5.42, −6.27 and
−7.59 for the reductions of NCSO, AMV and AML respectively. Furthermore, values for β1 are 14.74,
18.94 and 23.31 for the reduction of events, volumes and loads respectively. These results indicate
that in the analyzed areas, the increment of sewer storage capacity as a result of the installation of
additional pipes, and hence as an increment of meshness, can exponentially reduce the frequency and
magnitude of CSO events. There is, however, an inflection or optimal point in which a maximum
reduction can be achieved, i.e., a reduction close to 100%. This stage is achieved faster, i.e., with a
lower increase of meshness, in the case of CSO volumes and loads than on the occurrence of the events.
This is reflected in the fact that β1 values of the fitted curves for volume and loads are higher than the
ones for events, thus indicating that an increase in meshness (expressed as a change in St-IA), leads to
higher reductions of CSO volumes and loads than in the number of events.
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Figure 3. Logistic regressions of average number of CSO events per year (NCSO, left panel), annual mean
volumes (AMV, mid panel) and annual mean loads (AML, right panel) as a function of the maximum
increase of storage capacity per impervious area (∆St-IA). Including fitted lines, their 95% prediction
intervals (red and magenta lines respectively).

Furthermore, the values outside the prediction intervals in all panels of Figure 3 corresponds to
the data for 17Y47 and 16T27. These are considered as outliers and therefore are excluded from the
nonlinear regression analysis. In the first case, the low frequency of reported events in all analyzed
scenarios (either one or none per year), did not allow to identify a clear influence of meshness.
Furthermore, as mentioned before, 16T27 is a special case where the increase of meshness leads to an
increase rather than a reduction of CSO occurrence due a tradeoff with regard to flooding events in
the area.

3.4. Influencing Factors

Although meshness and total sewer storage capacity are closely related, it was not possible to
identify a clear influence of meshness on the reduction rates as it was for storage. In fact, results from
the one-way ANOVA analysis indicate that there are no significant differences among the groups
of meshness and the reduction rates of NCSO, AMV and AML (p-values obtained range between
0.31 and 0.33). Regarding changes in storage capacity, results from the ANOVA analyses indicate
a significant difference between the different levels of added capacity and the reduction rates of
mean annual volumes and loads (with p-values of 0.0042 and 0.0142 respectively), thus suggesting
the importance of this factor. Nevertheless, no significant differences between the groups of storage
capacity and reduction of mean annual events are found (p-values of 0.08). These preliminary results
suggest that simply increasing meshness might not lead to a decrease of CSO occurrence, but it has to
be done in a way that maximizes added volume.

4. Discussion

The structure of UDNs can play a relevant role on the occurrence and magnitude of CSO discharges.
In fact, increasing meshness tends to reduce the frequency and intensity of such events. Results from
the present study suggest that the efficiency of CSO reduction by increasing meshness relies on the
additional storage capacity added by the presence of extra pipes. Previous studies have suggested that
gray solutions such as increments of storage volumes in the system, e.g., by implementing storage tanks,
are efficient measures to reduce CSO frequency [19,20]. Nevertheless, current investigations have
identified hybrid solutions (i.e., the combination of green and gray solutions) to be more robust
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and sustainable [23]. In this context, the present approach of reducing CSO frequency by increasing
meshness can be interpreted as a new gray solution that can be integrated in the development of hybrid
solution strategies for the better management of CSOs and their environmental impact.

The presented impacts of meshness and storage capacity identified in this study might result
from the local conditions and the approach used to place and design the additional pipes. In some
cases, spatial restrictions allowed the implementation of additional pipes only at mid or upper
sections of the corresponding drainage subnetwork. Since it was assumed that the added pipes
should share the hydraulic properties of their corresponding upstream links, the resulting added
storage capacity is not so significant since pipe diameters are usually smaller in the upstream section
compared to lower areas of the network. Therefore, although there might be an increase of meshness,
there will not be a considerable increase in storage capacity, hence the reduction of CSO frequencies
will not be significant in comparison to the reference conditions. Identifying a proper location for
the implementation of additional pipes to maximize the reduction effects associated to increasing
meshness is required. Hesarkazzazi et al. [32] suggested that, in terms of general efficiency (i.e.,
rapid wastewater drainage), implementing additional pipes in the downstream sections of the system
is more beneficial. Hence, the results presented here encourage further studies regarding optimal
placement of additional pipes, e.g., for an efficient and fast flow distribution or reduction of adverse
events such as CSOs or node flooding.

Although increase of storage is identified as a main driver for CSO reduction, other factors
associated to increasing meshness, such as the generation of additional flow paths, might also play a big
role on CSO reduction and therefore need to be further studied. In fact, the presence of additional flow
paths can provide a better distribution of stormwater, ensuring a continuous drainage of wastewater.
Lee et al. [33] suggested that networks with higher drainage density, i.e., with a more meshed layout,
are inducing lower runoff peaks than branched systems. Based on this, the reduction of the annual
number of CSO events might be explained by the fact that lower peaks in higher meshness networks
implies lower water levels in the pipes, hence the threshold depth for activation of CSOs is then not so
frequently exceeded. The relationship between meshness and flow peaks before CSO structures still
remains to be analyzed.

Increasing meshness might be a solution for reducing CSO frequency, however, this approach
is associated to a high investment cost due to pipe installation and maintenance. The conventional
approach, to install retention tanks at selected locations might require less space and costs. It is
necessary then to develop an optimization strategy for the selection of intervention areas. This should
be done based on a cost-benefit analysis which takes into consideration the different water quality
impacts on receiving water bodies. Particularly, the cascade effect of several CSOs discharging into a
single river should be analyzed. Development of a tool to model not only dynamic flow but also water
quality interactions is expected to enable a proper assessment the optimal intervention scenario.

Further research should improve understanding the effects of meshness on sewer network
processes such as CSO events. On the one hand, analysis should be extended to cover not only a
wider range of meshness but also intermediate levels. Results indicate that higher meshness may
be related to higher reduction efficiencies, however this needs to be further analyzed by extending
the maximum meshness possible in each area. This can be achieved by increasing the threshold
used for the identification of potential locations to add new pipe sections (see Section 2.2). As a
consequence, scenarios with higher meshness where longer pipe sections, and hence higher storage
capacity, may become more frequent can be developed, thus allowing to a better analysis of the effects
of meshness. This can be complemented by analyzing the effects of gradually increasing meshness,
i.e., by developing and analyzing intermediate configurations. It is expected that this will provide a
better insight on the effects of meshness and on the potential identification of an optimal configuration
and might be a complementary approach for long-term UDN development strategies. This, however,
needs to be done considering the technical and physical restrictions that exists in the area in order
to achieve realistic results. On the other hand, the conditions of the sewer network should also be
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considered. In fact, detrimental status of pipe sections, e.g., presence of leakages or clogging of the
pipes, may have a strong influence on the hydraulic behavior of the network. It is recommended
that further studies should focus on analyzing the combined effects of increasing meshness while
considering the potential deterioration of pipe sections.

5. Summary and Conclusions

The present work focused on analyzing the relationship between the structure (i.e., layout) of a
sewer system and the occurrence of combined sewer overflows (CSOs). A subnetwork of the sewer
system of the city of Dresden, Germany, was used as study case since several CSOs are present.
Structure was measured in terms of meshness. Scenarios corresponding to the lowest and highest
meshness possible for each CSO-catchment were developed and implemented in EPA SWMM. Long
term simulations were performed to obtain data regarding the characteristics of CSO events.

Results suggested that, in general, an increment of meshness lead to a decrease in the occurrence
and magnitude of overflow events, volumes and pollutant loads. Nevertheless, no clear relationship
was found. In order to better understand this, the effect of added sewer storage capacity per connected
impervious area, associated to an increase in meshness, on the frequency and magnitude of CSO events
was analyzed. Results suggested a clear relationship between increments of total sewer storage capacity
and decrease of the mean annual number of CSO events, volumes and loads. It was proposed that such
relationship can be expressed as a sigmoidal function based on the fact that although reduction rates
initially increase exponentially with increase of storage, they cannot be higher than 100% and therefore
an inflexion point must be reached. Outcomes of this analysis indicate that this stage is achieved faster,
i.e., with a lower increase of storage, in the case of CSO volumes and loads than on the occurrence
of the events. In other words, increments of storage capacity have a bigger impact on reducing CSO
volumes and loads rather than on the occurrence of such events.

A potential reason for which no clear relationship between meshness and CSO reduction was
found despite the close relationship between meshness and total sewer storage capacity, may rely
on the location of the extra pipes. Adding pipe sections in the upper parts of the network may lead
only to small storage changes, hence to small CSO frequency reductions. Further studies regarding
the identification of the proper location for implementing additional pipes to maximize the reduction
effects associated to increasing meshness is required.

It is recommended, however, that such studies include a previous analysis on the potential
changes on the trade-offs between CSO and flooding events due to increase of meshness. In fact,
results suggest three possible relationships between CSO and flooding frequency changes. On the
one hand, increasing meshness may lead to a decrease in CSO discharged volumes but to an increase
on flooding. On the other hand, the opposite case was identified, i.e., increasing meshness led to a
decrease in flooding rates but to an increase on CSO frequency. Notably, these behaviors occurred in
only two out of eleven cases. In the remaining areas no trade-off between flooding and CSO discharge
was identified. Nonetheless, further studies regarding potential factors influencing such trade-offs,
e.g., network properties or catchment characteristics, are required.

Although increasing meshness might be a viable solution for the proper management of CSO
discharges, studies regarding optimal location of pipe placement and most appropriate CSO-catchments
to intervene are necessary. It is suggested that such kind of studies should focus on maximizing the
advantages of increasing meshness while reducing not only investment costs, in terms of pipe installation
and maintenance, but also in terms of reducing quality deterioration in receiving water bodies.
Furthermore, it is expected that the outcomes could provide a new gray solution for the management
of CSOs.
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Appendix A

Figure A1 illustrates the relationship between total sewer storage capacity (St-IA) and meshness
for the analyzed CSO-catchments, including results from a linear regression analysis.

Figure A1. Relationship between total sewer storage capacity (St-IA) and Meshness; including fitted
lines, their 95% confidence intervals (red and magenta lines respectively) and fitted equation.

Appendix B

Calibration of the developed SWMM model was done using a multi-objective optimization
approach based on genetic algorithm. The surface parameters corresponding to imperviousness,
depression storages (both in pervious and impervious areas), surface Manning coefficients and
infiltration rates, are selected as calibration parameters for the 2505 subcatchments in the model.
Three performance indicators are used for both calibration and validation: Nash-Sutcliffe Efficiency
(NSE) [34], Kling-Gupta Efficiency (KGE) [35] and Volumetric Efficiency (VE) [36]. Based on available
data on the node just before the CSO 36M73, two calibration time frames are used: 76 days between July
and September 2016, and 110 days between June and October 2017. Regarding validation, observed data
from 85 days, from April and July 2018, are used. Table A1 summarizes the results for both processes.
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Table A1. Summary of calibration and validation periods and results.

Process Date NSE KGE VE

Calibration 8 July 2016–22 September 2016 0.72 0.88 0.78
Calibration 14 June 2017–2 October 2017 0.68 0.92 0.83
Validation 25 April 2017–19 July 2017 0.65 0.71 0.74
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