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Abstract

To mitigate the impacts of urbanisation and the attendant surface sealing, appropriate
measures are required when adapting urban spaces and drainage infrastructure. In this
context, the deployment of Sustainable Drainage Systems (SuDSs) has emerged as a viable
alternative, delivering highly positive outcomes by enhancing hydrological, hydraulic
and landscape performance while restoring ecosystem services to the community. This
study evaluates the relative performance of five SuDS typologies, green roofs, bioretention
cells, infiltration trenches, permeable pavements, and rain barrels, implemented in a
64 ha subbasin of the metropolitan area of Barcelona, Spain. Using Giswater integrated
with the SWMM, the stormwater drainage network was modelled under multiple rainfall
scenarios. Performance was assessed using two qualitative indicators, the junction index
(I;) and the conduit index (Ic), which measure surcharge levels in manholes and pipes,
respectively. The results show that SuDS implementation affecting 42.8% of the drained
area can enhance network performance by 35.6% and reduce flooded junctions by 67%.
Among the typologies, rain barrels and bioretention cells were the most effective. The study
concludes that SuDS construction, supported by open-source tools and performance-based
indicators, constitutes a replicable and technically robust strategy for mitigating the effects
of surface sealing and increasing urban resilience.

Keywords:
information systems (GISs); performance indicators

Giswater; SWMM; sustainable drainage systems (SuDSs); geographic

1. Introduction

The expansion of urban areas has markedly increased soil sealing, thereby intensifying
surface runoff and overloading urban drainage systems. This phenomenon produces
significant environmental impacts, including changes to the hydrology and geomorphology
of watercourses, as well as an increase in the pollutant load conveyed by stormwater
runoff [1]. These effects underscore the urgent need for solutions that enable more efficient
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and sustainable stormwater management. The present study addresses this context by
evaluating the relative performance of nature-based technologies designed to mitigate the
adverse consequences of urban runoff.

Globally, there is a growing trend toward approaches that aim to mimic natural
processes in the planning and management of urban drainage systems. Such solutions
are known by different terms depending on geographic, institutional, or technical context.
Among the most widely used are Sustainable Drainage Systems (SuDSs), Water-Sensitive
Urban Design (WSUD), low-impact development (LID), Best Management Practices (BMPs),
green infrastructure (GI), and Stormwater Control Measures (SCMs) [2,3]. Despite these
terminological variations, all these approaches aim to achieve more efficient and sustainable
management of urban runoff through nature-integrated solutions that act at the source of
the problem [4].

Over the past decade (2015-2025), research on Sustainable Urban Drainage Systems
(SuDSs) has shifted from a “component-by-component” focus to a systemic vision that
integrates urban planning, high-resolution hydrology, and real-time operation. The turning
point was the synthesis by Fletcher et al. [2], which clarified the LID/BMPs/WSUD termi-
nology and framed these devices within an ecosystem services perspective, standardising
metrics for volume, peak flow, and water quality.

In the years that followed, case studies demonstrated that effectiveness varies widely
depending on the combination of techniques employed. The multi-scenario comparison
by Joshi et al. [3] in Water Research demonstrated that “not all SuDS are equal”: inline
detention basins and bioretention cells reduced combined-sewer overflows (CSOs) by up
to 68%, whereas stand-alone green roofs achieved less than 20%, a disparity explained by
the storage-to-treated-area ratio.

Simultaneously, process representation in the U.S. Environmental Protection Agency’s
Stormwater Management Model (SWMM) [5] was refined.

Gogien et al. [6] demonstrated that reducing the SWMM time-step from 5 to 1 min can
alter the predicted solid load by up to 30%. Meanwhile, ref. [7] showed that peak discharge
is highly sensitive to time-step size, with an increase from 1 to 5-15 min underestimating
peak flow by up to 30%. They recommend < 5 min for catchments < 1 km? and <15 min
for larger basins to keep the peak-flow error below 10%.

From 2023 onwards, the research agenda shifted toward territorial integration. The
review by Montoya-Coronado et al. [8], which covered 135 whole-catchment scenarios,
concluded that 30% coverage with detention basins and bioretention cells is sufficient to
reduce CSO peaks by 20-45%, provided that the modelling includes sewer—sea connections
and deep infiltration calibration. In the same year, Cavadini et al. [9] quantified the
synergistic effect of permeable pavements, bioretention, and detention ponds in a Swiss
sub-catchment: the combined solution doubled the volume reduction achieved by any
single technology, fostering the adoption of blue—green “trains” in municipal regulations.

Climate adaptation has become especially urgent in arid regions. The meta-analysis
by De Cristo et al. [10] reported 10-15% losses in the hydrological efficiency of green roofs
after four consecutive dry Mediterranean summers, advocating for deeper substrates and
supplementary irrigation to sustain long-term performance.

In Spain, prior contributions have focused on new urban developments, pilot-scale
demonstrations, and governance transitions. Rodriguez-Sinobas et al. [11] examined
LID/SuDSs in a newly urbanised district (Valdebebas, Madrid), stressing energy and green-
house gas (GHG) co-benefits through a shortened water cycle. Perales-Momparler et al. [12]
reported on the pilot elements (e.g., rain gardens, swales, a green roof) and highlighted
stakeholder engagement as a lever for SuDS uptake under Mediterranean conditions. At
the national scale, Andrés-Doménech et al. [13] diagnosed SuDS progress in Spain across
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governance, regulation and technical performance, while Abelldn Garcia et al. [14] reviewed
Spanish research with an emphasis on climate sensitivity and a concentration on green
roofs and permeable pavements. In contrast, our work applies SuDSs within a densely
built Mediterranean neighbourhood and addresses the practical challenges of adapting
existing urban infrastructure, integrates Giswater with participatory decision-making, and
proposes qualitative indicators (I;, Ic) to support decision-making and to evaluate the
hydraulic performance of distinct SuDS typologies, thus offering a practical, replicable
framework not explored in those earlier works [11-14].

This study, conducted in partnership with BGEO—Open GIS & Water Solutions
(BGEO) for a subbasin of the urban area of Barcelona (the study concerns municipally
owned infrastructure, with the exact location withheld to preserve data confidentiality).

The study aims to quantify the relative hydraulic and hydrological impacts of im-
plementing SuDS under various rainfall scenarios. The open-source Giswater platform
(version 3.4, 2020; Barcelona, Spain), coupled with the SWMM [5], was used to (i) charac-
terise the neighbourhood in its current state, i.e., without SuDSs; (ii) explore alternative
SuDS implementation strategies; (iii) simulate multiple scenarios combining different rain-
fall events and suites of SuDS technologies; and (iv) assess hydrological and hydraulic
impacts by comparing system performance before and after the proposed interventions.

Urban-scale enhancements were also proposed to minimise these impacts, identifying
optimal SuDS locations from hydraulic and hydrological standpoints while respecting local
constraints, practical feasibility, and the technical design criteria of each SuDS element.

The results indicate that the deployment of SuDSs in the studied subbasin yields a
net reduction in peak flood discharges. Infiltration trenches, permeable pavements, and
bioretention cells, in particular, not only attenuate inflows reaching the overflow structure
but also provide notable co-benefits for urban space quality.

2. Materials and Methods

The study was conducted in a subbasin of the urban area of Barcelona (Spain), whose
geomorphological, climatic, and land use characteristics strongly influence the drainage
network’s hydrological response. The objective was to analyse system behaviour under
different rainfall events and to evaluate the relative potential of SuDS-based solutions
to mitigate their impacts. The dataset comprised topographic information, land use,
urban infrastructure layouts, and synthetic hyetographs derived from Intensity—Duration—
Frequency (IDF) equations, all processed and analysed in QGIS (version 3.28; 2022; Griit,
Switzerland). These data were integrated in GISwater (version 3.4, 2020; Barcelona, Spain)
to structure the drainage network and subsequently modelled with the SWMM. During
this phase, sub-catchments, runoff coefficients, and infiltration parameters were defined to
reflect the specific conditions of the study area.

A suite of scenarios was then simulated, combining rainfall events of varying return
periods with different SuDS configurations, to test the system’s relative performance under
contrasting conditions. This approach enabled the exploration of alternative stormwater
management strategies tailored to the local urban context. To compare and prioritise the
scenarios, performance indices were developed that integrate hydrological, hydraulic,
and environmental metrics. These indicators provide a quantitative assessment of the
proposed solutions’ effectiveness, thereby informing more resilient and sustainable urban-
planning decisions.

2.1. Study Area

The study area is in a 64 ha subbasin in the urban area of Barcelona, integrated into
the metropolitan context of the city.
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This area lies on the left bank of the River Besos, facing the Mediterranean Sea, at the
foot of the Serra de la Marina (Figure 1).
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Figure 1. Location map of the study area.

High urban density and the resulting surface sealing have generated several social
and environmental challenges that require mitigation. According to Locatelli et al. [15],
during intense rainfall events, a substantial share of stormwater is diverted away from
wastewater treatment plants, triggering uncontrolled CSOs that, even during relatively
moderate rainfall, can force beach closures for at least 24 h and have serious environmental,
social, and economic repercussions.

The present study focuses on a section of the urban area of Barcelona. This area is
representative of the city’s urban development history, reflecting the socio-political and
economic circumstances of a particular period. Its evolution over the last three decades
illustrates the progression of urban-planning instruments, from strategic design to oper-
ational management. The study area, originally predominantly agricultural, underwent
significant urbanisation during the second half of the 20th century and faced challenges
such as property speculation, the Catalan banking crisis, and civic movements that, among
other concerns, criticised the shortage of green spaces [16].

The study area was selected owing to three main factors: (i) the availability of urban-
infrastructure cadastral data supplied by BGEO [17] and managed through Giswater [18];
(ii) the presence of a clearly delineated drainage catchment (Figure 1); and (iii) the neigh-
bourhood’s urban complexity, characterised by a mix of commercial, industrial, and resi-
dential land uses that facilitates the implementation of diverse SuDS typologies.

2.2. Giswater and SWMM: Integration and Hydrological Processes

Drainage network data were organised and integrated with GISwater. This open-
source platform serves as an interface between geographic information systems
(QGIS/PostGIS) and hydraulic models, such as the SWMM [5] and EPANET (for Modelling
Drinking Water Distribution Systems) [19]. Figure 2 shows how GISwater couples spatial
datasets with simulation engines, supporting the planning, operational management, and
control of urban hydraulic networks. It also permits the recording, storage, and updating of
technical data, documents, and assets associated with sanitation infrastructure [18]. More-
over, GISwater can be linked to other management platforms, Warehouse Management
Systems (WMSs), Supervisory Control and Data Acquisition (SCADA), Enterprise Resource
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Planning (ERP), Customer Relationship Management (CRM), Business Intelligence (BI)
systems, and corporate mobile devices, enabling an integrated approach to urban network
management. Figure 2 illustrates the main interconnections possible within the Giswater

ecosystem.
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Figure 2. Application schema used by Giswater, centralised in the database, adapted from Ref. [18].

The Stormwater Management Model (SWMM) developed by the U.S. Environmental
Protection Agency (EPA) performs a fully dynamic simulation of urban hydrology and
hydraulics through a sequence of interdependent computational modules. The model
transforms rainfall into surface runoff and routes the resulting flow through a network of
channels, pipes, and storage units. The main processes are rainfall-runoff transformation,
infiltration, surface routing, and pipe flow.

In the present study, for the rainfall-runoff transformation, the rainfall is applied to
each sub-catchment, where it is partitioned into infiltration, surface storage, evaporation,
and direct runoff. The model computes rainfall excess at a temporal resolution of 5 min
based on the balance between incoming precipitation and losses. The overland flow
generated within each sub-catchment is expressed through a non-linear reservoir approach,
in which runoff depth varies with the effective rainfall rate, depression storage, and surface
slope. This transformation provides the inflow hydrograph entering the drainage system.
The infiltration was represented by the SCS Curve Number (CN) method. This method
estimates the cumulative infiltration and direct runoff as a function of soil type, land
cover, and antecedent moisture conditions. The CN method defines a maximum potential
retention and the cumulative runoff. This formulation assumes that infiltration capacity
declines non-linearly as the soil becomes saturated. In the SWMM, the CN value is assigned
to each sub-catchment and governs the proportion of rainfall converted into surface runoff,
providing a simple yet physically based representation of infiltration dynamics. Once
generated, surface runoff is routed over the sub-catchment using the kinematic wave
approximation of the Saint-Venant equations. This approach assumes a gradually varied,
one-dimensional flow dominated by gravity and friction forces, neglecting local acceleration
and pressure terms. The resulting continuity and momentum equations determine flow
depth and velocity as functions of time, surface slope, roughness (Manning’s n), and flow
path length. The computed outflow at each sub-catchment outlet serves as inflow to the
corresponding node in the drainage network. Within the drainage network, the SWMM
solves the complete dynamic wave form of the Saint-Venant equations to simulate unsteady
flow in circular conduits, channels, and storage units. This formulation conserves both
mass and momentum, accounting for backwater effects, pressurised flow, surcharging, and
reverse flow. Boundary conditions include rainfall-generated inflows, junction continuity,
and downstream tailwater levels. The hydraulic grade line and flow rate are iteratively
computed at each time step using a finite-difference scheme. When the water depth exceeds
the crown of the conduit, the flow regime transitions from open-channel to pressurised
conditions, allowing for an accurate representation of surcharge and flooding processes.
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The SWMM integrates the rainfall-runoff transformation, infiltration losses, surface
flow routing, and dynamic pipe hydraulics into a coherent modelling framework. This
combination enables a physically consistent simulation of the hydrological and hydraulic
response of urban catchments, including the evaluation of mitigation strategies such as
Sustainable Drainage Systems (SuDSs).

2.3. Processing of Cadastral and Giswater Data

The study area was delineated using high-resolution satellite imagery from Google
Earth Pro (version 7.3.4, 2022, California, USA) and orthophotos provided by the Carto-
graphic and Geological Institute of Catalonia (ICGC), available in true colour with a spatial
resolution of 10 cm. The 1:5000 Catalonia Topographic Map from the ICGC, which includes
contour lines with a natural equidistance of 5 m, was also utilised. The drainage network
data were obtained from the municipality and complemented with fieldwork carried out
by BGEO, also based on a 1:5000 mapping scale. Sub-catchments were defined based on
local topography and the existing drainage network, utilising QGIS functionalities [20] to
model surface runoff direction and accumulation. The coordinate system used is the official
one in Catalonia (ETRS89 UTM 31N).

The study area comprises a diverse urban structure, including industrial buildings,
characterised by large impermeable roofs and paved yards; residential buildings, ranging
from multi-unit blocks to detached houses with moderate impermeability; public areas,
such as sidewalks, car parks, and pedestrian zones, which are predominantly paved and
contribute significantly to runoff; residential plots to be developed, currently vacant and
offering higher infiltration potential; private gardens, typically associated with homes
and commercial properties, providing permeable surfaces and ornamental vegetation;
public gardens, including parks, green verges, and landscaped roundabouts, which play
a key role in stormwater attenuation; and roads, encompassing streets and avenues with
asphalt or concrete surfaces, representing the most extensive impermeable network within
the catchment.

With technical input from BGEO, the area was classified into the following land use
categories: industrial buildings, residential buildings, public areas (parking lots, sidewalks,
and public walkways), residential areas (to be built), private gardens, public gardens
(natural areas, parks, grassy roundabouts, medians, and natural-soil areas) and roads
(Figure 3).

The SuDSs considered in this study include a range of nature-based solutions designed
to manage stormwater more effectively within urban environments. These comprise green
roofs (GRs), which provide vegetated layers on building rooftops to intercept rainfall and
reduce runoff; bioretention cells (BCs), shallow landscaped depressions that filter and
temporarily store stormwater; infiltration trenches (ITs), linear gravel-filled structures that
promote infiltration into the underlying soil; permeable pavements (PPs), which allow
water to pass through their surface and sub-base layers, reducing surface runoff; and rain
barrels (RBs), simple storage units that collect roof runoff for later non-potable use. Together,
these facilities aim to mimic natural hydrological processes, improving infiltration, reducing
peak flows, and enhancing water quality. These specific SuDSs were selected for the case
study based on their proven effectiveness in dense urban environments, compatibility with
existing infrastructure, and feasibility for implementation within the spatial and economic
constraints of the study area.
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Figure 3. Delimitation of the basin in the study area.
Table 1 lists the total area of the study site and the corresponding area for each category.

Table 1. SuDS allocation table outlining implementation strategies within the study area.

Area Area SuDS SuDS
Zone (m2) (o/ ) (0/ )
° GR BC IT PP RB °
Industrial buildings 102,771 15.9% 10% 100% 17.5%
Residential buildings 121,124 18.8% 10% 25% 6.6%
Public areas (sidewalk, 140,456 21.8% 10% 2.2%
Residential areas (to be 2203 0.3% 40% 10% 0.2%
built)
Private gardens 7036 1.1% 25% 25% 0.5%
Public gardens 79,085 12.3% 40% 40% 9.8%
Roads 192,248 29.8% 10% 10% 6.0%
Total 644,922 100.0% 3.6% 10.3% 5.2% 3.0% 20.7% 42.8%
SuDS Area (m?2) 23,271 66,663 33,393 19,225 133,272 275,824

Notes: GR—green roof; BC—bioretention cell; IT—infiltration trench; PP—permeable pavement; RB—rain barrel.

The integration of spatially referenced data with the SWMM enabled a theoretical
analysis of Sustainable Urban Drainage System implementation and the corresponding
hydraulic and hydrological sizing of the study area [2]. These analyses assessed the
drainage network’s performance, with a particular emphasis on reducing surface runoff
volumes and, consequently, minimising overflow occurrences at diversion structures in
combined sewer overflows (CSOs). The approach provides a robust technical foundation
for the planned, long-term deployment of nature-based solutions such as SuDSs [3,21].

Using data from the Institut Cartografic i Geologic de Catalunya (ICGC) and the
World Reference Base for Soil Resources (WRB) [22], local soils were classified as Eutric
Leptosol and Calcaric Leptic Cambisol. Mapping these units onto the U.S. Department of
Agriculture (USDA) taxonomy showed that the dominant soil in the study area is sandy
loam [23].

Rainfall infiltration into the upper soil layer of each sub-catchment’s pervious portion
was modelled with the Curve Number (CN) method [24]. Infiltration classes result from
intersecting the soil hydrologic group with land use/land cover categories, yielding a
CN that governs the relationship between total precipitation and effective precipitation
(the share that becomes surface runoff). Classes were delineated in QGIS, and CN values
were assigned to every sub-catchment under antecedent moisture condition II (AMC 1II)
(field capacity) in accordance with USDA-SCS Urban Hydrology for Small Watersheds
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(TR-55) [24]. To ensure realistic runoff estimates, the CN values were assigned under an-
tecedent moisture condition II (AMC II), which corresponds to field capacity. This condition
reflects average soil moisture and is widely recommended in hydrological modelling for
urban catchments, as it balances the extremes of dry and saturated conditions. By adopting
AMC I, the study aligns with standard practice in the USDA-SCS TR-55 methodology,
providing a robust basis for evaluating stormwater behaviour under typical rainfall sce-
narios. Subsequently, a sensitivity analysis was carried out for AMC I and AMC II. Each
sub-catchment was further characterised by mean slope and by the proportion of pervious
and impervious area.

Following geoprocessing and data treatment, all results were stored in a PostgreSQL
database, extended with PostGIS spatial capabilities [25].

2.4. Preparation and Input of Data in SWMM

The selection of SuDS technologies for the subbasin was restricted to low-impact
development (LID) practices that can be represented in the SWMM, namely (a) green roofs,
(b) bioretention cells, (c) infiltration trenches, (d) permeable pavements, and (e) rain barrels.

Drawing on municipal priorities, neighbourhood characteristics, and the technical
feasibility of each sub-catchment, a SuDS allocation table (Table 1) was compiled, specifying
the intended implementation percentages for every sector of the urban neighbourhood.
The table was produced jointly with BGEO engineers and municipal staff, all of whom
possess detailed knowledge of the city’s infrastructure.

The five SuDS technologies adopted in this study were chosen through a structured
SuDS allocation table (see Table 1). This table was designed to ensure that the selected
solutions were technically feasible, contextually appropriate, and economically viable for
the study area. The criteria applied included

e  Availability within SWMM as low-impact development (LID) practices, guaranteeing
compatibility with hydraulic and hydrological modelling;

e  Suitability to local urban typologies, such as residential and industrial buildings, roads,
and green areas;

e  Structural feasibility, considering constraints such as roof load capacity and space for
infiltration systems;

o  Cost-effectiveness and ease of maintenance, prioritising technologies that municipali-
ties can realistically implement;

o Conservative coverage percentages, defined through discussions on constructability
and funding limitations, acknowledging that public authorities generally have greater
capacity to invest in environmental assets than private stakeholders.

The SuDS allocation table was developed collaboratively with BGEO engineers and
municipal staff, ensuring alignment with local infrastructure and governance priorities.
Coverage percentages for each technology were deliberately conservative to reflect realistic
implementation scenarios. This approach was grounded in exploratory discussions of
suitability, cost, buildability, and funding availability.

BGEO holds a complete drainage network inventory in QGIS/GISwater, including
nodes/manholes (ground and invert levels), conduits (diameter, material, etc.), and elec-
tromechanical assets such as pumps. During the initial modelling stage, this inventory was
found to contain several errors, which, using in situ observations and BGEO'’s assistance,
were corrected. The main issues were network discontinuities and pipe/manhole depths,
resolved by updating the ground and invert levels of the manholes. The revised dataset
was then exported directly from GISwater to the SWMM.
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Each SuDS technology requires the specification of distinct physical parameters. These
were derived from the local soil classification and from guidance in the SWMM manual.
The adopted values are presented in Table 2.

Table 2. SuDS parameters used in the SWMM.

Parameter GR BC IT PP RB
Drain

Drain delay [h] 1.00
Flow coefficient, C [-] 0.50 0.50 0.50 0.50
Flow exponent, n [-] 2.76 0.50 2.36 0.50
Offset [mm] 100 100 50 0
Drain mat

Roughness [s/ml/3] 0.10

Thickness [mm] 25.0

Void fraction [m3/m?] 0.50

Pavement

Permeability [mm /h] 1000.0
Regeneration interval 0.00

[days]

Thickness [mm] 150

Void ratio 0.18

Impervious surface 0.00

fraction

Clogging factor 180.0

Regeneration fraction 0.00

Soil

Barrel height [mm] 1550
Clogging factor [-] 0.00 0.00

Seepage rate [mm/h] 100.0

Seepage rate [mm/h] 10.0 100.0 100.0

Thickness [mm] 500 1000 300

Void ratio [-] 0.40 0.75

Void ratio 0.40

Clogging factor 0.00

Surface

Berm height [mm] 75 100 100 100

Surface roughness 0.15 0.15 0.01 0.01

[s/m1/3]

Surface slope [%] 0.03 0.01 0.03 0.01

Vegetation volume 0.20 0.10 0.10 0.10

fraction [m3/m?]

Notes: GR—green roof; BC—bioretention cell; IT—infiltration trench; PP—permeable pavement; RB—rain barrel.

2.5. Rainfall Characterisation

The Mediterranean climate is characterised by torrential rainfall, which displays short-
duration, high-intensity peaks, especially in autumn, and by extreme temperatures. Such
conditions generate local flooding problems because the drainage infrastructure cannot
cope, resulting in, among other consequences, combined sewer overflows and pollution of
the receiving waters [26].

For the modelling exercise, design storms were based on IDF curves provided by
Meteocat (Servei Meteorologic de Catalunya) [27]. Of the several IDF relationships available,
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the curve derived from Fabra Observatory rainfall data was selected as the one most
representative of the study area. The IDF relation is expressed by Equation (1):

~ 1524426InT

) 1
(6.5 )78 @

where I is the rainfall intensity (mm min~'), T is the return period (years), and f is the
storm duration (min). This curve enables rainfall intensities to be derived for T =1, 2, 5, 10,
50, and 100 years and for storm durations as short as one minute.

Using the Fabra Observatory intensity relationship (Equation (1)), rainfall depths were
estimated for the runoff modelling of the subbasin (Table 3). The total duration of each
design storm was set as a function of the catchment concentration time (T¢), expressed in
hours, in line with the methodology proposed in the Technical Guide for SuDS Design in
Barcelona for Urban Catchments [28]. For this purpose, Equation (2) was applied:

1 L 0.76
Te = ———F——=03( =5 , 2
N () “
where u is the degree of urbanisation (ranging from 0 to 1), i is the slope (mm~!), and L is
the flow path length (km). The concentration time calculated with Equation (2) was T¢c =
28 min; for the present study, it was rounded to T¢ = 30 min, divided into six 5-min blocks
(Table 3) consistent with the SWMM’s time-step structure. Hyetographs were constructed
with the alternating block method [29].

Table 3. Estimated precipitation, based on data from the Fabra observatory, with 5 min rainfall blocks,
for different return periods.

P (mm) !
Time (min) T=1y T=2y T=10y T=100y
5 4.6 5.0 59 7.2
10 59 6.4 7.6 9.2
15 8.5 9.3 10.9 13.3
20 11.3 12.3 14.5 17.6
25 6.9 7.5 8.9 10.8
30 5.2 5.6 6.6 8.0

Note: ! Alternating block method [29].

Recent research has highlighted the critical role of temporal resolution in hydrological
modelling. Gogien et al. [6] demonstrated that reducing the computation time step from
5 min to 1 min can change the predicted solids load during convective events by up to 30%.
The debate on temporal resolution culminated in Lyu et al. [7], who demonstrated that
peak discharge is highly sensitive to the temporal resolution, whereas the total simulated
runoff volume changes only marginally. Increasing the time step from 1 min to 5-15 min
systematically underestimates peak flow by up to 30%. The same authors recommend
using time steps of <5 min for catchments <1 km? and <15 min for larger basins to keep
the peak-flow error below 10%.

In light of these findings, the present study adopted a 5 min time step for all simu-
lations, consistent with best practice recommendations for small urban catchments. This
choice ensures that peak-flow dynamics are accurately captured, thereby improving the
reliability of performance indicators (Ij and I;) and the relative comparative assessment of
SuDS scenarios.
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Return periods of 1 and 2 years were selected as representative of ordinary storms,
whereas 10 and 100 years were chosen because they are benchmark return periods cited by
the Catalan Meteorological Service [28].

Figure 4 presents the design hyetographs generated using the alternating block method
for return periods of 1, 2, 10, and 100 years, illustrating the temporal distribution of rainfall
precipitation (mm) throughout each storm event and providing the basis for hydrological
modelling in the SWMM.

20.0

15.0 mT=1y

T=2
100 i

- J_.J__J__J’__J_J___ v

0:05 0:10 0:15 0:20 0:25 0:30
Time (h:m)

Figure 4. Design hyetographs generated using the alternating block method and incorporated into
the SWMM for return periods of 1, 2, 10, and 100 years.

2.6. Scenarios Considered in the Modelling with and Without SuDSs

Using QGIS/Giswater, the input data files (.inp) required for the SWMM were gener-
ated. To simulate SuDS implementation in the study area, seven scenarios were defined
for each design storm in Table 3: (a) no SuDSs; (b) green roofs; (c) bioretention cells;
(d) infiltration trenches; (e) permeable pavement; (f) rain barrels; and (g) all SuDSs de-
ployed simultaneously.

For every scenario, manhole and conduit performance indices were computed. Two
key assumptions underpinned the simulations: (i) because the analysis concerns ordinary
(T =1y and T = 2 y) rather than extreme events (I’ = 10 y and T = 100 y), no antecedent
rainfall was assumed, so the antecedent soil moisture was taken under field capacity and
available for infiltration; and (ii) wastewater flows were excluded from the network, even
though it operates as a combined (and occasionally partially separate) system. For all
scenarios, the coverage percentage of each SuDS technology was kept constant across
simulations to ensure that performance comparisons reflected only the characteristics of
the technologies and not variations in implementation area.

2.7. Performance Indicators

To evaluate the hydraulic performance of a stormwater drainage system, specifically
within a combined (unitary) network, the following performance indicators were proposed:
(a) the manhole indicator (I;) and (b) the conduit indicator (Ic). The parameters that feed
into these indicators are displayed in Figure 5.

yi

Yiw LYo o Ye

Figure 5. Conduit and junction schematics.

The manhole index is given by Equation (3) and ranges from zero (empty conduit) to
values exceeding one, which indicate a surcharged manhole and a flooded area.

Yjw
=" 3)
] Yj
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where [; is the junction (manhole) index, y;;, is the water depth at the junction, and y; is the
junction height, that is, the maximum water depth before flooding occurs.

The conduit indicator is likewise obtained from the ratio given in Equation (4), and its
value ranges from zero (empty conduit) to one (full conduit):

Yew
Ie = m (4)
where I; is the conduit index, y. is the water depth inside the conduit, and y. is the total
conduit height. Higher values of [; and I indicate poorer system performance.

The performance classes defined for the I (conduit) and ; (junction) indices are
grounded in the hydraulic behaviour of circular pipes operating under partially full,
free-surface flow conditions. When such conduits function as open-channel sections, the
relationship between flow depth (i, /yc), discharge (Q/Qgn), and velocity (V/ V) follows
well-established empirical and theoretical curves.

According to [29,30], a circular conduit conveys approximately 50-60% of its full-flow
discharge when the flow depth reaches only 50% of the diameter. Hydraulic efficiency
continues to increase up to a relative depth of 0.8-0.9 y., where the flow area and hydraulic
radius achieve their optimum combination. Beyond this range, however, the onset of
pressurised or near-surcharged conditions causes energy losses, turbulence, and potential
backflow, leading to a rapid decline in hydraulic efficiency.

To assess the hydraulic efficiency of the urban drainage components, the performance
indicators I and I; were classified on a five-level qualitative scale (Table 4).

Table 4. Performance indices for the conduit and the junction.

Performance Index I, (Conduit) Performance Index I; (Junction)
Value Range Performance Value Range Performance
[0-0.25] Very good [0-0.25] Very good
[0.25-0.50[ Acceptable [0.25-0.50[ Acceptable
[0.50-0.75[ Poor [0.50-0.75] Poor
[0.75-1.00] Very poor [0.75-1.00[ Very poor
- -— >1 Insufficient

Low-to-medium values of the performance indicators indicate that the sewers retain
sufficient flow capacity, corresponding to good or acceptable hydraulic performance. As the
internal water level rises and the conduits approach their maximum conveyance capacity,
performance progressively deteriorates. Consequently, high values of the performance
indices signify operating conditions that are close to or exceed the recommended hydraulic
capacity, thereby justifying less favourable qualitative ratings.

The use of the I and [; indices provides a standardised framework for performance
assessment, allowing for the comparison of hydraulic behaviour across different modelling
scenarios (with and without SuDSs).

These indicators were designed as hydrodynamic penalty functions capable of con-
verting continuous model outputs into discrete performance classes (very good, good,
fair, poor, insufficient), thereby facilitating spatial interpretation and the prioritisation of
intervention alternatives.

Although the model was not calibrated using field data, possible inaccuracies in
the absolute values do not compromise the analysis, as the indices were applied under
consistent methodological conditions across all scenarios. Their relative and comparative
nature ensures that the assessment of internal variations in system behaviour remains valid
for sensitivity and scenario-based analysis.
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3. Results

This subsection provides an integrated overview of the principal findings on the impact
of SuDS implementation in the study area. It first presents the model outputs, displayed
as graphs, tables, and maps, that quantify variations in the performance indicators I;
and I, together with system-wide changes in surface runoff and infiltration. A critical
appraisal of these results then highlights the emerging patterns and trends, notably the
consistent attenuation of runoff peaks and the increase in infiltration within the treated
areas. Collectively, this concise yet rigorous approach provides a clear description of the
experimental results, their interpretation, and the ensuing conclusions, in line with best
practice for the presentation, analysis, and comparison of hydrological modelling studies.

3.1. The Subbasin Without SuDS Implementation

In an initial phase, the reference condition, i.e., without SuDSs, was modelled. The
simulation considered design storms with return periods of 1, 2, 10, and 100 years. Figure 6
spatially displays the performance indices I; and I for this baseline.

Figure 6. Spatial representation of the performance indicators I; (shown as circles) and I; (shown as
solid lines) for the baseline scenario without SuDSs, for the return periods: (a) T=1y; (b) T=2Yy;
()T=10y;and (d) T =100y.

In Figure 6a, the highest index values, indicating the poorest performance (shown
in red), are concentrated mainly in the southern portion of the study area. Figure 6b
reveals a similar pattern, although with a slightly more diffuse distribution. In Figure 6c,
the lowest-performing zones remain in the south, but small additional clusters appear
closer to the centre. Finally, Figure 6d confirms this trend, showing a greater concentration
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of such clusters in the centre while retaining a distribution broadly comparable to the
previous scenario.

Overall, the red areas, signifying the lowest performance, consistently occupy the
southern sector across all return periods, with some encroachment toward the centre
for the more extended return periods (10 and 100 years). It can therefore be concluded
that the southern part of the study area systematically exhibits the poorest performance
indicators, with expansion into central zones under more severe storms, suggesting a
potential vulnerability or chronic issue in the southern sector of this urban area.

3.2. The Subbasin with SuDS Implementation

Figure 7 compares the baseline with the individual SuDS options across percentiles
and return periods, using the selected performance indicators. The indices vary markedly
among the modelled scenarios (T = 1, 2, 10, and 100 years). The conduit index I. tends to
exceed the manhole index I}, especially for the 10- and 100-year events. For I, even at low
percentiles, the values approach unity, indicating that under routine rainfall (T = 1 year),
approximately 20% of the network is already surcharged and lacks adequate conveyance
capacity, thereby worsening urban drainage performance. Overall, network performance
improves with the adoption of rain barrels, as shown in Figure 7i,j; this measure is the most
effective in relieving system overload, substantially reducing the number of surcharged
manholes and conduits.
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Figure 7. Comparison between the reference situation and individual SuDSs, for different percentiles
scores and different return periods according to the performance indicators: (a) green roof—I;; (b)
green roof—I; (c) bioretention cell—I i (d) bioretention cell—I,; (e) infiltration trench—I i (f) infiltra-
tion trench—I; (g) permeable pavement—1I;; (h) permeable pavement—I; (i) rain barrel—I;; (j) rain
barrel—I..
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Figure 8 illustrates the system’s runoff discharge and infiltration under the reference
scenario, as well as the corresponding reductions, calculated as the difference between the
reference and SuDS scenarios, for different return periods.

5 SuDS: Green Roof (GR) 5 SuDS: Green Roof (GR)
0 -
0
] <
eE =
E-1s En
[%2] . "
a s SuDS: Cell (BC) A 5 SuDS: Bi ion Cell (BC)
= 3
H 0 ———, [ 3N
9 5 [3) N’f—_
& s 5 T~
3 -10 3
215 2-10
& &
© SuDS: Infiltration Trench (IT) © SuDS: Infiltration Trench (IT)
9 5 5 5
g0 E ol T
o 9 5
g 10 S 5
§-15 g-10
] 3
‘5 SuDS: Permeable Pavement (PP) T 5 SuDS: Permeable Pavement (PP)
c ﬂ £ 9
v -5 3
g o
2 -10 z 5
E»ls _rg—w
Y SuDS: Rain Barrel (RB) ] SuDS: Rain Barrel (RB)
£ g
g 0 W g0
3 -5 e 3
E 0 all £ -
(ST [SET)
) Reference (no SuDS) = Reference (no SuDS)
<
@ — T g B — Ty
»E 30 A T:2§ E » A\ — T=2§v
gy \ — 110y g — Ty
S —  T=100y 5 10 T=100y
£ 10 g
=] =
s 5 E o
00:00 00:30 01:00 01:30 = 00:00 00:30 01:00 01:30
Time (h) Time (h)
(a) (b)

Figure 8. Difference between the reference situation and the individual SuDSs (green roof, biore-
tention cell, infiltration trench, permeable pavement, and rain barrel): (a) system runoff; and
(b) system infiltration.

3.3. Assessment of the Impact of SuDSs on the Associated Sub-Catchments

Figure 9 shows the spatial distribution of the performance indicators I; and I. after
the combined implementation of all SuDSs for the return periods considered. A consistent
improvement in network performance is evident across the entire study area, reflected in
the contraction of zones with high indicator values, those that denote poor hydraulic effi-
ciency. The enhancement is particularly pronounced in the sectors that, under the baseline
scenario, exhibited the greatest surcharge and vulnerability, notably the southern part of
the neighbourhood. The integrated deployment of SuDSs promotes more effective man-
agement of surface runoff by increasing infiltration and lowering the risk of surcharge and
backflow, thereby confirming the effectiveness of integrated stormwater control solutions.

Figure 10 shows the comparison between the junction index I; and the conduit in-
dex I for the reference scenario and all SuDSs implemented, for different percentiles
scores and different return periods. The percentile score curves corresponding to the sce-
nario with all SuDSs implemented, represented by dashed lines, exhibit a consistent shift
downward and to the left relative to the baseline scenario (solid line). This displacement in-
dicates a substantial enhancement in the overall hydrological performance of the catchment
under analysis.

Figure 11 illustrates the difference in runoff and infiltration achieved through the
implementation of all SuDSs, relative to the baseline scenario, across the different return
periods analysed. The individual contributions to runoff reduction were as follows: green
roof (0.7%), bioretention cell (6.8%), infiltration trench (2.1%), permeable pavement (2.8%),
rain barrel (19.2%), and all SuDSs combined (30.3%).
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Figure 9. Spatial representation of the performance indicators I; (shown as circles) and I (shown as
solid lines) with all SuDSs implemented, for the return periods (a) T=1y; (b) T=2y;(c) T=10y;

and (d) T=100y.
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Figure 11. Difference between the reference scenario and the implantation of all of the SuDSs

simultaneously, for different return periods: (a) system runoff; and (b) system infiltration.
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To assess the influence of initial soil moisture variability on the system’s hydraulic
response, a sensitivity analysis was performed using the antecedent moisture condition
(AMC) framework. Peak-flow rates were simulated under three distinct conditions: AMC I,
AMC I, and AMC III. These simulations were applied to both the baseline without-SuDSs
scenario and the fully implemented SuDS configuration. The resulting range of peak
discharges defines an uncertainty envelope of approximately +2.5% that characterises the
system’s hydraulic behaviour (Figure 12).
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Figure 12. Peak discharges uncertainty envelope for return periods of Ty, T2, T19, and T1qg years.

4. Discussion
4.1. Critical Synthesis of the Main Results

A comprehensive assessment of total runoff volume and peak discharge reductions
reveals the effectiveness of the Sustainable Drainage Systems (SuDSs) applied in the sub-
basin. Under the reference condition, no SuDSs, runoff volumes amount to 22,888 m3 (T;),
25,004 m3 (Ty), 29,928 m? (T1g), and 37,053 m? (T1qp), with corresponding peak discharges
of 20.7 m3 s71, 22.6 m3 s71, 26.7 m3 571, and 32.9 m3 s~1. The integrated “All SuDSs”
scenario is the most effective, achieving absolute reductions of up to 13,183 m3 in runoff
volume and 12.8 m® s~! in peak flow for Ty, equivalent to decreases of 35.6% and 38.9%,
respectively. These figures highlight the substantial benefits of an integrated approach in
attenuating surface runoff and relieving pressure on urban drainage systems, particularly
during extreme events.

Among individual measures, rain barrels perform best, reducing total volume by up to
8309 m® and peak discharge by 7.3 m? s~!, both about 22%. Their effectiveness stems from
their ability to intercept and store rainfall, as well as their ease of deployment in residential
settings. Bioretention cells reduce total runoff by up to 3021 m® and peak flow by 2.8 m?
s~! (~8%), owing to their high infiltration and filtration capacity, making them a robust
option where vegetated space is available.

Permeable pavements and infiltration trenches exhibit intermediate performance. The
former lowers total runoff by up to 1205 m® and peak flow by 1.1 m3 s~! (x3.3%), while
the latter achieves similar reductions. Both technologies are effective for controlling local
runoff, particularly in paved areas. Green roofs, by contrast, provide the least benefit, with
decreases of <250 m? in total volume and <1.1 m® s~! in peak discharge (<4%). This limited
performance is likely related to their restricted footprint and the storage capacity of the
roof systems installed.

In summary, although every SuDS option helps curb surface runoff, the combined
approach is unequivocally the most effective. Integrating multiple typologies delivers
a more comprehensive and resilient response to urban hydrology challenges, fostering
sustainable stormwater management and markedly reducing the risks associated with
uncontrolled discharges and network surcharges.

The results depicted in Figure 13 give the global average behaviour of the system,
expressed through the mean junction index (I;), which reflects surcharge at manholes, and
the mean conduit index (I), which indicates surcharge in pipes. For the reference scenario
(no SuDSs), I; ranges from 0.21 (return period T1) to 0.35 (T1gg), whereas I. increases from
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0.53 (T1) to 0.67 (T100). These values represent the baseline hydraulic stress on the subbasin
drainage infrastructure.
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Figure 13. Indexes mean values for different return periods: (a) Index I;; and (b) Index L.

The analysis of the hydraulic performance indices I; (manholes) and I; (conduits)
provides quantitative evidence of the system’s response to SuDS implementation. Under
the baseline condition (no SuDSs), average values of [; = 0.21 and I = 0.53 for the 1-year
return period indicate that a significant fraction of the network already operates near half
capacity during ordinary rainfall. For the 100-year event, these indices rise to [; = 0.35 and
I, = 0.67, confirming widespread surcharge conditions and the absence of safety margins.

When all SuDSs are implemented, mean values fall to [;=0.12 and I, = 0.37 for Ty
and to [; = 0.20 and . = 0.53 for Tygp. These correspond to performance improvements of
approximately 43% and 30%, respectively, compared to the baseline. The downward and
leftward displacement of the percentile curves (Figure 10) further illustrates a systemic
reduction in hydraulic stress, with the proportion of conduits operating under surcharge
(Ic > 0.75) declining from nearly 29% to around 10% of the network.

Spatially, Figures 6 and 9 demonstrate that the most significant decreases in both in-
dices occur in the southern sector of the study area, which previously exhibited chronic over-
load. After SuDS implementation, this zone transitions from the “Very Poor /Insufficient”
category to “Acceptable/Very Good” (Table 4 classification). The improvement reflects
the cumulative effect of distributed infiltration and storage mechanisms, particularly the
combination of rain barrels and bioretention cells, which intercept roof and surface runoff
before it reaches the main collectors.

The differential behaviour of I; and I. also reveals the mechanisms at play: reductions
in [; are primarily associated with attenuation of surcharge at junctions, whereas lower
I; values denote enhanced conveyance and fewer pressurised segments. Together, these
indices confirm that the SuDS allocation covering 42.8% of the basin not only decreases
total runoff volumes and peaks but also re-balances the internal hydraulic regime of the
network, preventing localised pressure accumulation and backflow events.

Therefore, the integration of I]' and I within the evaluation framework transforms
qualitative hydraulic mapping into a quantitative performance assessment, reinforcing the
conclusion that distributed SuDS deployment yields a measurable and spatially consistent
improvement in urban drainage efficiency.

4.2. Comparison with the Hypotheses and the Literature

Starting from the hypothesis that combining multiple SuDS typologies would
markedly reduce surface runoff and relieve pressure on the combined sewer network,
the results confirm this premise. However, they also show that the magnitude of the benefit
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is strongly governed by the percentage coverage achieved. Joshi et al. [3] reported reduc-
tions of up to 68% in CSO events when extensive inline detention and bioretention were
installed. In the subbasin, the reduction was 20-27%, as only 59% of the sub-catchment area
received detention facilities, and part of the network still contains undersized sections. The
meta-analysis by Montoya-Coronado et al. [8] indicates that 30% coverage with detention—
bioretention is sufficient to reduce CSO peaks by 20-45%; the present study corroborates
the lower end of this range in a Mediterranean setting. Cavadini et al. [9] documented
clear synergies when permeable pavements form part of blue—green treatment trains; in
our case, infiltration trenches complemented permeable pavements, but the model simu-
lated these technologies independently rather than as hydraulically linked elements. This
simplification means that the potential cumulative benefits of sequential configurations
were not captured, which may slightly underestimate integrated performance; however, it
does not affect the validity of the comparative analysis of individual technologies.

Finally, the relatively modest efficiency of green roofs (~4%) aligns with De Cristo
et al. [10], who quantified performance losses of 10-15% after prolonged dry summers, an
outcome consistent with recurring Mediterranean droughts.

4.3. Limitations and Uncertainties

The study is subject to several limitations that should be acknowledged: (i) Although
BGEO has fully charted the network, it is neither fitted with real-time sensors nor supported
by historical, systematic measurement campaigns that would enable hydrological and
hydraulic calibration. (ii) The initial conditions assumed soil moisture under field capacity
and no residual wastewater flow, a simplification that may underestimate antecedent soil
saturation and thus the actual runoff volume. (iii) The implementation percentages on the
SuDS allocation table were deliberately conservative, constrained by the municipality’s
technical and economic guidelines; more ambitious coverage could yield benefits closer
to those reported in other cities. (iv) The modelling concentrated solely on hydraulic and
hydrological variables and did not address pollutant removal, even though there is evidence
that SuDSs perform well in that regard. (v) Finally, the simulations did not consider
temporal degradation arising from clogging, blockage, or changes in soil conductivity,
processes that can diminish performance over the medium term.

4.4. Urban-Planning Implications

The vulnerability pattern identified in the southern sector of the neighbourhood,
where performance was consistently poorer across all return periods, underscores the
need to prioritise interventions in this area, either by installing rainwater tanks on the
rear facades of buildings or by converting parking areas to permeable pavement. The
favourable cost-to-benefit ratio of rain barrels, simple, distributed, and low-maintenance
devices, makes them the most effective entry-level option for municipalities with limited
budgets. Strengthening infiltration trenches within existing green corridors would further
boost aquifer recharge, while simultaneously advancing climate adaptation objectives and
mitigating urban heat island effects.

The outcomes of this study align closely with international and European policy
frameworks that promote resilient and sustainable urban environments. The demonstrated
reduction in flood risk and the enhancement of infiltration through SuDS implementation
directly support the UN Sustainable Development Goals (SDG 6, SDG 11, and SDG 13),
which aim to improve water management, promote sustainable urbanisation, and facilitate
climate adaptation. Similarly, the EU Urban Agenda and its Partnerships on Climate Adap-
tation and Sustainable Land Use advocate integrating nature-based solutions into spatial
planning and infrastructure renewal. The modelling approach adopted here, combining
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GISwater with performance indices (I; and I;), offers a practical pathway for municipali-
ties to operationalise these frameworks, translating high-level policy commitments into
spatially explicit, evidence-based planning actions.

4.5. Recommendations for Future Research

To advance current knowledge, future work should (i) fit the network with real-
time sensors to collect hydraulic data to enable the model calibration using field data;
(if) incorporate unitary wastewater flows to capture situations in which network capacity
is exceeded; (iii) assess SuDS treatment trains in series, operated under real-time control,
as advocated by Fletcher et al. [2], to gauge additional marginal benefits (iv) undertake
field-monitoring campaigns that enable structural calibration of infiltration parameters and
quantification of functional degradation over time; and (v) extend the analysis to water
quality and ecosystem service metrics (temperature moderation, biodiversity support, and
air-quality improvement), developing integrated, multiscale indicators.

In summary, this study confirms the relevance of SuDSs as a mitigation strategy in
dense Mediterranean neighbourhoods, yet shows that their absolute effectiveness hinges
critically on the implementation area, network integration, and maintenance. A phased
approach, starting with rain barrels and progressively adding other typologies, emerges
as a technically sound and financially viable pathway for this study area and cities of
similar morphology.

5. Conclusions
5.1. Key Results and Findings

Modelling the subbasin without any SuDSs produced surface-runoff volumes ranging
from 22,888 m3 (T7) to 37,053 m> (T1g9) and peak discharges between 20.7 m3 s~! and
32.9 m3 s~ !, with the greatest surcharging concentrated in the southern sector of the study
area. Comparing scenarios in which each SuDS option was deployed individually showed
that rain barrels were the most effective stand-alone measure, lowering runoff volume
by up to 8309 m? and peak flow by 7.3 m3 s~! (222% reduction). Bioretention cells also
performed well (cuts of ~3021 m3 and 2.8 m® s~!), followed by infiltration trenches and
permeable pavements, which achieved intermediate reductions (=3-4% of volume).

When all SuDS typologies (green roofs, bioretention, infiltration trenches, permeable
pavements, and rain barrels) were implemented simultaneously, the system registered
absolute decreases of up to 13,183 m? in runoff volume and 12.8 m3 s~! in peak discharge for
the 100-year event, equivalent to reductions of 35.6% and 38.9%, respectively. These results
confirm the synergistic benefits of SuDS, which drain 42.8% of the catchment, enhancing
peak-flow attenuation and boosting infiltration. This results in a notable increase from
4939 m? in the baseline to markedly higher values in the SuDS scenarios. Finally, spatial
analysis of the junction (I;) and conduit (I;) performance indices shows a migration of
high-load zones (rated “Fair” to “Insufficient”) towards higher classes (“Very Good” to
“Excellent”) across the neighbourhood, particularly in the historically vulnerable southern
and central sectors.

5.2. Contributions of the Study

This study offers several innovations to both the knowledge base and the practice of
sustainable drainage in Mediterranean settings.

First, it combines GISwater, an open-source platform that links QGIS/PostGIS with the
SWMM, with a participatory SuDS allocation table (developed jointly by the municipality
and BGEO) to assign SuDS coverage percentages to each sub-catchment, tailored to local
characteristics such as land use, topography, and soil type. This methodological approach,
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merging geoprocessing, hydraulic modelling, and performance indices (I; and I;), consti-
tutes a protocol that can be replicated in other dense urban contexts where inadequate
drainage capacity triggers uncontrolled CSO discharges and attendant health risks.

Second, the study provides empirical confirmation that not all SuDSs perform equally:
rain barrels and bioretention cells emerge as the backbone of peak-flow mitigation, whereas
green roofs have only a marginal impact (<4% reduction). By documenting these relative
efficiencies, the work strengthens international evidence [3,8] while adding data specific to
a Mediterranean climate, including considerations of prolonged drought.

Finally, the use of the qualitatively graded indicators I; and I (from “Very Good” to
“Insufficient”) facilitates communication of results to decision-makers and local communi-
ties. Translating numerical outputs into hydraulic performance classes establishes a link
between technical analysis and urban policy formulation, encouraging the adoption of
SuDSs as a tool for urban resilience. Collectively, the study equips municipalities and prac-
titioners with scientific and operational criteria for systematically integrating blue-green
infrastructure into drainage networks.

5.3. Practical Recommendations

To provide a workable roadmap for the design, implementation, and management of
SuDSs in dense urban neighbourhoods, thereby strengthening resilience to intense rainfall
events and climate change, the following actions are proposed: (a) Adopt combined solu-
tions wherever feasible. The cumulative retention + infiltration capacity achieved when
SuDSs cover 42.8% of the drained area delivers the greatest flood attenuation (—35.6% in
runoff volume; —38.9% in peak flow), (b) Prioritise critical sub-catchments. Direct initial
investments to the southern and central sub-basins, where baseline performance indices
ranged from “Fair” to “Insufficient”. In these sectors, rain barrels and bioretention cells
should be deployed as a matter of urgency. (c) Institute programmed maintenance. Es-
tablish annual inspection schedules, especially for vegetated devices (bioretention cells,
green roofs), to preserve hydrological performance over the long term and avoid efficiency
losses caused by substrate clogging or degradation. (d) Adapt to Mediterranean climates.
Supplementary irrigation of green roofs and bioretention cells may be required during pro-
longed dry periods to maintain substrate moisture and functional effectiveness. (e) Engage
the community. Raise resident awareness of domestic rain barrels through information
campaigns and financial incentives (e.g., subsidies), thereby fostering citizen participation
in flood mitigation efforts. (f) Integrate digital management. Promote the use of GISwater
across municipal departments, utility concessionaires, and operations teams, enabling
real-time monitoring and continuous asset register updates and ensuring the long-term
sustainability and straightforward replication of the model.

Author Contributions: Conceptualization, S.F.d.A. and HM.E; methodology, EM.G.-M.; software,
S.Ed.A.and C.O.S; validation, R.L. and C.O.S.; formal analysis, R.L.; investigation, S.F.d.A.; resources,
X.T.; data curation, EM.G.-M. and X.T.; writing—original draft preparation, S.F.d.A.; writing—review
and editing, R.L.; visualisation, C.O.S.; supervision, EM.G.-M. and H.M.E. All authors have read and
agreed to the published version of the manuscript.

Funding: This paper was financed by National Funds provided by the FCT—Foundation for Science
and Technology, through project UIDB/04020/2020 and with DOI 10.54499/UIDB/04020/2020
(https:/ /doi.org/10.54499 /UIDB/04020/2020).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors gratefully acknowledge B'°GEO—Open GIS & Water Solutions for
its technical support and for providing the data required for the modelling work. They also thank


https://doi.org/10.54499/UIDB/04020/2020

Water 2025, 17, 3231 22 0f 23

the council of study area for its institutional collaboration and for sharing local knowledge, both of
which were essential for contextualising the study and defining the intervention scenarios.

Conflicts of Interest: Author Xavier Torret was employed by the company B'GEO—Open Gis &
Water Solutions. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.

20.
21.

Paul, M.J.; Meyer, ].L. Streams in the Urban Landscape. In Urban Ecology; Marzluff, ]. M., Shulenberger, E., Endlicher, W.,
Alberti, M., Bradley, G., Ryan, C., Simon, U., ZumBrunnen, C., Eds.; Springer: Boston, MA, USA, 2008; pp. 207-231, ISBN
978-0-387-73411-8.

Fletcher, T.D.; Shuster, W.; Hunt, W.E,; Ashley, R.; Butler, D.; Arthur, S.; Trowsdale, S.; Barraud, S.; Semadeni-Davies, A.; Bertrand-
Krajewski, J.-L.; et al. SUDS, LID, BMPs, WSUD and More—The Evolution and Application of Terminology Surrounding Urban
Drainage. Urban Water |. 2015, 12, 525-542. [CrossRef]

Joshi, P,; Leitao, J.P.; Maurer, M.; Bach, PM. Not All SuDS Are Created Equal: Impact of Different Approaches on Combined
Sewer Overflows. Water Res. 2021, 191, 116780. [CrossRef] [PubMed]

Mahaut, V.; Andrieu, H. Relative Influence of Urban-Development Strategies and Water Management on Mixed (Separated and
Combined) Sewer Overflows in the Context of Climate Change and Population Growth: A Case Study in Nantes. Sustain. Cities
Soc. 2019, 44, 171-182. [CrossRef]

US-EPA SWMM—Storm Water Management Model. Available online: https://www.epa.gov/water-research /storm-water-
management-model-swmm (accessed on 4 July 2024).

Gogien, F.; Dechesne, M.; Martinerie, R.; Lipeme Kouyi, G. Assessing the Impact of Climate Change on Combined Sewer
Overflows Based on Small Time Step Future Rainfall Timeseries and Long-Term Continuous Sewer Network Modelling. Water
Res. 2023, 230, 119504. [CrossRef] [PubMed]

Lyu, H.; Ni, G.; Cao, X.; Ma, Y,; Tian, F. Effect of Temporal Resolution of Rainfall on Simulation of Urban Flood Processes. Water
2018, 10, 880. [CrossRef]

Montoya-Coronado, V.A.; Tedoldi, D.; Lenormand, E.; Castebrunet, H.; Molle, P.; Lipeme Kouyi, G. Combined Sewer Overflow
Mitigation through SUDS—A Review on Modelling Practices, Scenario Elaboration, and Related Performances. J. Environ. Manag.
2024, 362, 121073. [CrossRef] [PubMed]

Cavadini, G.B.; Rodriguez, M.; Cook, L.M. Connecting Blue-Green Infrastructure Elements to Reduce Combined Sewer Overflows.
J. Environ. Manag. 2024, 365, 121465. [CrossRef] [PubMed]

De Cristo, E.; Evangelisti, L.; Barbaro, L.; De Lieto Vollaro, R.; Asdrubali, F. A Systematic Review of Green Roofs” Thermal and
Energy Performance in the Mediterranean Region. Energies 2025, 18, 2517. [CrossRef]

Rodriguez-Sinobas, L.; Zubelzu, S.; Perales-Mompearler, S.; Canogar, S. Techniques and Criteria for Sustainable Urban Stormwater
Management. The Case Study of Valdebebas (Madrid, Spain). J. Clean. Prod. 2018, 172, 402-416. [CrossRef]

Perales-Momparler, S.; Andrés-Doménech, I.; Herndndez-Crespo, C.; Vallés-Moran, F.; Martin, M.; Escuder-Bueno, I.; Andreu, J.
The Role of Monitoring Sustainable Drainage Systems for Promoting Transition towards Regenerative Urban Built Environments:
A Case Study in the Valencian Region, Spain. J. Clean. Prod. 2017, 163, S113-5124. [CrossRef]

Andrés-Doménech, I.; Anta, ].; Perales-Mompearler, S.; Rodriguez-Hernandez, J. Sustainable Urban Drainage Systems in Spain: A
Diagnosis. Sustainability 2021, 13, 2791. [CrossRef]

Abellan Garcia, A.L; Cruz Pérez, N.; Santamarta, J.C. Sustainable Urban Drainage Systems in Spain: Analysis of the Research on
SUDS Based on Climatology. Sustainability 2021, 13, 7258. [CrossRef]

Locatelli, L.; Russo, B.; Acero Oliete, A.; Sanchez Catalan, J.C.; Martinez-Gomariz, E.; Martinez, M. Modeling of E. coli Distribution
for Hazard Assessment of Bathing Waters Affected by Combined Sewer Overflows. Nat. Hazards Earth Syst. Sci. 2020, 20,
1219-1232. Available online: https://nhess.copernicus.org/articles/20/1219/2020/ (accessed on 8 July 2024). [CrossRef]
Herrero, M.; Tort, J.; Patil, V. L'Habitatge: ;Moneda de Canvi, Element d’Exclusi6 Territorial o Dret Basic? Badalona com a Punt
de Referencia. Scripta Nova. Rev. Electrénica Geogr. Cienc. Soc. 2003, 7, 146. Available online: https:/ /www.ub.edu/geocrit/sn/sn-
146(0390).htm (accessed on 8 July 2024).

BGEO—OPEN GIS & WATER SOLUTIONS. Available online: https://www.bgeo.es/en/ (accessed on 8 July 2024).

Giswater. Available online: https://www.giswater.org/ (accessed on 20 June 2024).

US-EPA EPANET—Application for Modeling Drinking Water Distribution Systems. Available online: https://www.epa.gov/water-
research/epanet (accessed on 4 July 2024).

QGIS Geographic Information System. QGIS Association. Available online: https://qgis.org/en/site/ (accessed on 10 July 2024).
Jung, YE.; Jeong, M.M.; Jun, H.; Smith, T. Contemplation of Improvement Efforts to Manage Combined Sewer Overflows.
Infrastructures 2023, 8, 150. [CrossRef]


https://doi.org/10.1080/1573062X.2014.916314
https://doi.org/10.1016/j.watres.2020.116780
https://www.ncbi.nlm.nih.gov/pubmed/33422977
https://doi.org/10.1016/j.scs.2018.09.012
https://www.epa.gov/water-research/storm-water-management-model-swmm
https://www.epa.gov/water-research/storm-water-management-model-swmm
https://doi.org/10.1016/j.watres.2022.119504
https://www.ncbi.nlm.nih.gov/pubmed/36621275
https://doi.org/10.3390/w10070880
https://doi.org/10.1016/j.jenvman.2024.121073
https://www.ncbi.nlm.nih.gov/pubmed/38833926
https://doi.org/10.1016/j.jenvman.2024.121465
https://www.ncbi.nlm.nih.gov/pubmed/38901320
https://doi.org/10.3390/en18102517
https://doi.org/10.1016/j.jclepro.2017.10.070
https://doi.org/10.1016/j.jclepro.2016.05.153
https://doi.org/10.3390/su13052791
https://doi.org/10.3390/su13137258
https://nhess.copernicus.org/articles/20/1219/2020/
https://doi.org/10.5194/nhess-20-1219-2020
https://www.ub.edu/geocrit/sn/sn-146(0390).htm
https://www.ub.edu/geocrit/sn/sn-146(0390).htm
https://www.bgeo.es/en/
https://www.giswater.org/
https://www.epa.gov/water-research/epanet
https://www.epa.gov/water-research/epanet
https://qgis.org/en/site/
https://doi.org/10.3390/infrastructures8100150

Water 2025, 17, 3231 23 0f 23

22.
23.

24.
25.
26.

27.

28.

29.

30.

Institut Cartografic i Geologic de Catalunya (ICGC). Available online: https:/ /www.icgc.cat/ca (accessed on 13 May 2024).
Lancho, J.E.G. The Soils of Spain; Gallardo, J.F., Ed.; World Soils Book Series; Springer International Publishing: Salamanca, Spain,
2016; ISBN 978-3-319-20540-3.

USDA-SCS Urban Hydrology for Small Watersheds. Technical Release No. 55 (TR-55); USDASCS: Washington, DC, USA, 1986.
Giswater.org. Giswater Manual. Available online: https://giswater.gitbook.io/giswater-manual/ (accessed on 4 July 2024).
Momparler, S.P; Romero, E.C.; Cataldn, C.B.; Pitarch, I.B. Guia Bdsica de Disefio de Sistemas Urbanos de Drenaje Sostenible Para El
término Municipal de Castelld de la Plana; Ayuntamiento de Castell6 de la Plana: Castellén de la Plana, Spain, 2019.

Meteocat Servei Meteorologic de Catalunya. IDF Ebre, Fabra i L'Estartit. Available online: https://www.meteo.cat/ (accessed on
8 May 2024).

Badia-Casas, E.; Ximeno-Roca, E; Vila-Rutllant, C.; Jiménez-Gusi, F. Guia Técnica per al Disseny de Sistemes de Drenatge Urba
Sostenible SuDS; Comissié de Sistemes de Drenatge Urba Sostenible (SuDS) Medi Ambient i Serveis Urbans, Ecologia Urbana,
Ajuntament de Barcelona: Barcelona, Spain, 2020.

Chow, V.T.; Maidment, D.R.; Mays, L.W. Applied Hydrology; McGraw-Hill Book Company: New York, NY, USA, 1988;
ISBN 0-07-100174-3.

S& Marques, J.A.; Oliveira Sousa, J.J. Hidrdulica Urbana—Sistemas de Abastecimento de Agua; Imprensa da Universidade de Coimbra:
Coimbra, Portugal, 2006; ISBN 972-8704-65-8.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.icgc.cat/ca
https://giswater.gitbook.io/giswater-manual/
https://www.meteo.cat/

	Introduction 
	Materials and Methods 
	Study Area 
	Giswater and SWMM: Integration and Hydrological Processes 
	Processing of Cadastral and Giswater Data 
	Preparation and Input of Data in SWMM 
	Rainfall Characterisation 
	Scenarios Considered in the Modelling with and Without SuDSs 
	Performance Indicators 

	Results 
	The Subbasin Without SuDS Implementation 
	The Subbasin with SuDS Implementation 
	Assessment of the Impact of SuDSs on the Associated Sub-Catchments 

	Discussion 
	Critical Synthesis of the Main Results 
	Comparison with the Hypotheses and the Literature 
	Limitations and Uncertainties 
	Urban-Planning Implications 
	Recommendations for Future Research 

	Conclusions 
	Key Results and Findings 
	Contributions of the Study 
	Practical Recommendations 

	References

