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Abstract: Urban drainage systems are in transition from functioning simply as a transport system to
becoming an important element of urban flood protection measures providing considerable influence
on urban infrastructure sustainability. Rapid urbanization combined with the implications of climate
change is one of the major emerging challenges. The increased concerns with water security and the
ageing of existing drainage infrastructure are new challenges in improving urban water management.
This study carried out in the Seixal area in Portugal examines flood risk analyses and mitigation
techniques performed by computational modelling using MIKE SHE from the Danish Hydraulic
Institute (DHI). Several scenarios were compared regarding flood risk and sustainable urban drainage
systems (SuDS) efficiency. To obtain a more accurate analysis, the economic viability of each technique
was analyzed as well through (i) life cost analysis and (ii) taking into account the damages caused
by a certain type of flood. The results present that the best scenario is the one that will minimize
the effects of great urbanization and consequently the flood risk, which combines two different
measures: permeable pavement and detention basin. This alternative allows us to fully explore the
mitigation capacity of each viable technique, demonstrating a very important improvement in the
flood mitigation system in Seixal.

Keywords: urban flood; flood modelling; sustainable urban drainage systems (SuDS); economic
viability; MIKE SHE

1. Introduction

Flood is a very common type of natural disaster in most of the urban areas around
the world and particularly Europe [1]. The development of urban areas through the
rapid flow of urbanization continuously expands the impervious surfaces that are directly
increasing the runoff depth and hence flood volume. It also generates some new challenges
related to sustainability such as environmental degradation, energy intensity and carbon
emissions. The United Nations reports that the world’s population will nearly double
by 2050 compared to 2018 [2,3]. At the same time, Europe’s urbanization is expected to
increase to approximately 83.7% by 2050 [4]. Whilst in most parts of the world urban
population increase occurs faster or at the same rate as land consumption, in Europe
and Northern America, more lands have been consumed to accommodate the growing
population [2]. It is expected that cities will face resource distribution challenges associated
with an increase in the population flow, energy issues due to the reduction of fossil fuel
resources, escalation maintenance and management costs due to ageing infrastructure
and improper land resource utilization. These facts combined with climate change likely
increase the risk of floods. Currently, the carbon emission is still at a very high level and
there is no chance that it can be halted in near future. The recent conference of parties
(COP26) depicted a clearer way towards climate adaptation and carbon reduction through
the Glasgow Climate Pact; the first-ever climate deal to explicitly plan to reduce coal,
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more urgent emission cuts and more financial support for developing countries to help
them adapt to climate impacts [5]. Innovative and new sustainable systems are essential
to accelerate the carbon cut and improve adaptation strategies. Many pieces of research
have focused on strategies to mitigate the climate change issues using different techniques,
e.g., renewable energy storage/generation [6]. Although the COP26 was promising by
achieving some great agreements to cope with climate challenges, in the best scenario
there will be a long period of worsening the climate issues that adaptation to the ever-
changing situations seems to be the only available option. In that sense, all the climate
change research centres around the world agree that precipitation patterns will change
in future, which will have severe rainfall changes in parts of the world such as higher
precipitation with greater intensity that highlights the risk of the flood. In addition to that,
the sea level rises in most parts of the world increase the risk of coastal waves and flooding.
Therefore, flooding can occur as a consequence of high rainfall intensity in the catchment
area, insufficient storm drainage capacity, river overflows, storm surge or as a combination
of these phenomena [7-13].

Overall, the risks of flooding are expected to be amplified and sustainable solutions
such as sustainable urban drainage systems (SuDS) are quite vital to enhance infrastructure
resilience and to support a solid adaptation strategy. The use of SuDS can reduce urban
surface water flooding as well as the pollution impact of urban discharges on receiving
waters [14-17]. SuDS are more sustainable than conventional drainage techniques, offering
benefits such as attenuation of runoff before concentration, improvement of water quality,
maintenance of groundwater recharge rates through infiltration and minimization of
flood impacts on the environment. In urban areas where many surfaces are sealed by
buildings and paving, natural infiltration is limited. Instead, drainage networks consisting
of pipes and culverts divert surface water to local watercourses. In some cases, this has
resulted in downstream flooding and deterioration in river water quality caused when
foul sewers are overwhelmed by surface water leading to a release of dirty water into
rivers [18-21]. Drainage systems need to adapt to and manage extreme events including
flooding and periods of drought while helping to reduce carbon emissions. Storage of
runoff within a SuDS system is essential for providing the extended detention of flows
for water quality treatment, as well as for peak flow attenuation of larger flows for flood
protection downstream of the site. Runoff storage can be provided within an on-site system
through the use of structural controls and/or non-structural features and landscaped
areas [22-25].

Attenuation storage is used to store runoff to enable a reduction in the peak discharge
from the site. Retention storage facilities are designed to contain a permanent pool of water
(in stormwater ponds and wetlands) which are used to provide water quality treatment.
The differences between a conventional drainage system and a sustainable drainage system
are shown in Figure 1.
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Figure 1. Differences between a conventional drainage system and a sustainable drainage system.
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It is important to determine which SuDS techniques are best suited to the proposed
land use of the area draining to the system. The construction industry research and
information association (CIRIA) presents the following criteria for SuDS [26]:

Land use characteristics.

Site characteristics.

Catchment characteristics.

Quantity and quality performance.
Amenity and environmental necessities.

Ol =

SuDS may be divided into the following components: source control; swales and
conveyance channels; filtration; infiltration; retention and detention; wetlands and in-
let/outlet/control structures.

Having discussed the existing challenges and possible solutions, the main objectives
of this research are to give an overview of urban water issues and smart water management
and also to provide information about the possible implementation of sustainable urban
drainage systems towards more sustainable water management. To achieve these objectives,
an analysis is performed by including a case study and a model simulation using MIKE
SHE [27], which allows demonstrating the benefits of these innovative and sustainable
systems. This research presents the susceptibility to flooding risk related to the old city
centre of Seixal in Portugal and methods to prevent these extreme events in the area using
SuDS and a cost/benefit analysis of solution implementation.

2. Simulation Model

MIKE SHE is a physically based model, based on physical laws, which are derived
from forms of the laws of conservation of mass, momentum, and energy. The evapotran-
spiration model is calculated using the Kristensen and Jensen methods, although user
input reference ET can be calculated in numerous ways [28-34]. Channel flow is handled
using one-dimensional (1-D) diffusive wave Saint Venant equations and overland flow
is calculated using two-dimensional (2-D) diffusive wave Saint Venant equations. Water
infiltrating into the unsaturated zone can be modelled using the 1-D Richards flow or
gravity flow. The saturated zone is modelled using a three-dimensional (3-D) Boussinesq
equation which uses finite difference methods to solve the partial differential equations.

e ()-GH-GR)-() o

= () - (5) - (6) - (&) @

In the x direction, this reduces to:

Sfx = S0x — (SZ) (©)

where Sfx is the friction slope, SOx is the ground slope, & is the flow depth above the ground
surface and x is the direction of flow.
Simplifying slope, the original equation in the x direction reduces to:

0zg oh
o= (5) - (5) @
MIKE SHE allows the user to pick one of two methods to calculate flow in the satu-
rated zone module of the model, i.e., a three-dimensional finite difference method and a
linear method. In this study, the three-dimensional finite difference method was selected
and will be discussed. The finite difference method takes advantage of Darcy’s law and

continuity with a similar approach using finite difference techniques. It is calculated in
three dimensions and can use a preconditioned conjugate gradient (PCG), where sources
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and sinks interact with the saturated zone either implicitly or explicitly in the 3-D partial
differential equation given as:

0 oh 0 oh 0 oh oh
$<Kxx$> +@<Kyy@> + £<Kzz$> —L= S<§> )
where x, y, z are unique axes in the Cartesian coordinate system [L], Kxx, Kyy, and Kzz are
hydraulic conductivities along the x, y, and z axes [LT '], k is the hydraulic head [L], L is
the sink/source term [T~ 1] and S is the specific storage coefficient [L1].
Two special features should be noted in the above equation. First, the equation is

nonlinear when the flow is confined. Second, the storage coefficient switches between the
specific storage coefficient when confined and the specific yield for unconfined conditions.

3. Methodology
3.1. Description of the Cases Study

The Tagus estuary has a high potential for flooding from different sources along its
margins, due to the intense occupation. This study was conducted in a restricted area
(Figure 2) located in the south-eastern margin of the estuary, which was selected due to a
record of flood episodes and relatively diverse land use occupation, with a total area of
491,127 m? and 1170 m of margin length. The territorial occupation of this area is associated
with relevant industrial sites that were built in Seixal (steel industry). Due to this important
industrial presence, urban areas grew nearby. Currently, some management territorial
plans indicate the intention of transforming a large part of these industrial sites into urban
areas (which includes residential, services and logistics facilities) (Figure 2).

Figure 2. (a) Location of the case study; (b) risk index in Seixal bay; (c) contour of the studied area.

Marginal flooding in the Tagus estuary can have adverse effects. Some urbanized
marginal areas, such as Seixal, are low-lying so that the potential human and material costs
of a flood are high. One of the most severe historic episodes described was originated by
the combination of extreme storm surge levels, locally generated waves on 15 February
1941 and a windstorm, causing high human casualties and property damages along the
estuarine margins. The ongoing rise in the sea level affects tidal propagation and circulation
in estuaries, and these changes can have far-reaching consequences on the sediment
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dynamics, water quality and extreme water levels. The increasing of the population is
also causing a major impact, the induced erosion may cause accelerated siltation and the
urbanization will increase the runoff.

The consequences will be the growth of water’s turbidity, the acceleration of sedimen-
tation and the spread of silts, muds and clay throughout the estuary, which leads to a major
vulnerability of its margins.

3.2. Model Validation and Testing

MIKE SHE allows users to easily visualize the parameters that are being introduced
and to create output image data. Regarding the background, in order to place the visual
data at the geographic site, a georeferenced Google satellite image of the study area was
used. The QGis 2.12.0 tool was used to create a readable image by MIKE SHE, which
allows georeferencing a normal Google satellite image with the Google Open Layers
plugin. This is necessary since MIKE SHE uses georeferenced inputs such as shapefiles and
grid files. Every input and output data is shown over this image, giving the geographic
information [35-37].

In the foreground, a polygon shapefile of the study area was created with the QGIS
2.12.0 tool. The shape acts as a boundary within which every calculation is made. This
appears represented in every output image given by the software and allows the user to
study a specific area. One of the necessary inputs to define the simulation is the duration of
the simulation and the time step period. The simulation period chosen was 2 months. The
time steps used in the model for efficient simulation were initial unsaturated zone time
step 6 (h); maximum unsaturated zone time step (1 h); maximum saturated zone time step
(4 h); maximum overland flow time step (1 h).

The meteorological data consisted of three main inputs: precipitation rate, net rainfall
fraction and infiltration fraction. The precipitation rate was set as uniform and with
a constant temporal distribution. The value assumed was 3.5 mm/day (i.e., average
precipitation in the rainiest month, November). It was considered that precipitation was
equally distributed in the study area and only 10% of the rain was infiltrated. The digital
elevation model (DEM) that was acquired with a 7.5 arcsecond resolution GeoTIFF data
(with an RMSE range between 26 and 30 m) was converted into a point file suitable for MIKE
SHE using QGIS 2.12.0. The elevations in the point file were triangularly interpolated
into a 10 by 10 m resolution inside MIKE SHE. Figure 3a shows the topography as it
appears in MIKE SHE in the study area. The MIKE SHE model was run under various
land management scenarios to investigate the effect that land use has on the hydrological
model. There are two main land uses in the study area: green areas (Figure 3b) and paved
areas (Figure 3c).

Several simulations were analyzed and performed in order to verify if the outputs
given by the MIKE SHE model were identical to the flood data registered in the study area.
Modelled flood outputs from these simulations were compared and adapted to real and
observed conditions. The results showed that the model simulates flooding identical to
the real flood in the area. After the model definition, it was possible to start the scenario
simulation for each SuDS alternative.

The study area is a built-up area among the most densely inhabited around the
estuary’s margins. The area totals 672,016 inhabitants in 670.39 km?. For this study, it
was considered as a residential and commercial area. It was determined whether any site
characteristics may restrict or preclude the use of a particular SuDS technique. The area is
almost impermeable due to the roads and buildings and also a slight slope (nearly flat).
There is a lack of space for new facilities. Analyzing the characteristics, it was concluded
that only these techniques were valuable at this point: retention pond, wetland, infiltration
trench, soak away, filter strips, filter trench, detention basin, green roof and permeable
pavement. Construction and maintenance costs can vary widely between techniques and
the long-term costs of SuDS should be considered at an early stage. In selecting a design
from a series of options, both capital and operational costs should be considered using a
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whole life costing approach. To select the most appropriate technique, community and
environmental affecting factors were studied and graded in a selection matrix as shown in
Table 1.
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Figure 3. MIKE SHE model simulation: (a) topography map of the study area; (b) green areas adopted; (c) paved areas
adopted in the study area.

Table 1. Community and environmental factors selection matrix (adapted from [26]).

Technique Maintenance Community Cost Habitat Cr.e ation
Acceptance Potential
Retention Pond Medium High Medium High
Wetland Medium Low High Medium
Infiltration Low Medium Low Low
trench
Soakaway Low Medium Medium Low
Filter strip High High Medium High
Filter trench Medium Medium Medium Low
Detention basin Low High Low Medium
Green roof High High High High
Permeable Medium Medium Medium Low
Pavement

Under this analysis, it was concluded that the techniques valuable for the study area
were infiltration trench, detention basin and permeable pavement and they were applied
to the study area (Figures 4-6). Trenches are shallow excavations filled with rubble or stone
that create temporary subsurface storage for either infiltration or filtration of stormwater
runoff. Infiltration trenches allow water to exfiltrate into the surrounding soils from the
bottom and sides of the trench.
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Figure 4. (a) Infiltration trenches technique applied in QGIS; (b) MIKE SHE model for flood with infiltration trenches
technique applied.
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Figure 5. (a) Detention basin technique applied in QGIS; (b) MIKE SHE model for flood with detention basin technique
applied.
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Figure 6. (a) Permeable pavement technique applied in QGIS; (b) MIKE SHE model for flood with permeable pavement

technique applied.

To apply the technique, streets with the most vulnerability to flood were selected
while the normal circulation of people and vehicles was not affected.
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Detention basins are surface storage basins or facilities that provide flow control
through the attenuation of stormwater runoff [38]. Normally they are dry parcels of land
that may also function as a recreational facility. To apply the technique, places with space
near areas with the most vulnerability to flooding were selected in a way that the normal
flow of people and vehicles was not affected and could also be used as recreational facilities,
as seen in Figure 5.

Permeable pavements provide a pavement suitable for pedestrian and/or vehicular
traffic while allowing rainwater to infiltrate through the surface and into the underlying
layers. The water is temporarily stored before infiltration to the ground. Alternatively,
it can be reused or discharged to a watercourse or other drainage system. To apply the
technique all the streets with the most vulnerability to flooding were selected to still allow
normal circulation of people and vehicles, as seen in Figure 6.

4. Results and Discussions
4.1. Susceptibility to Flood Risk

In studying the affected area, measuring the risk level can be one measurement method
for efficiency when dealing with a new solution such as SuDS [39]. Other techniques like
experimental investigations can be very expensive and hard to provide enough accuracy
in the SuDS topic [40]. For that reason, this study analyses the solutions through a risk
assessment approach. Taking into account the simulations performed for the different
scenarios, the flood risk areas for each situation were calculated. The results showed the
probability of flooding much like what would occur in nature. The analysis provides
the possibility to assess the simulation scenarios for each alternative SuDS. All assessed
solutions eliminate the very high risk (Table 2).

Table 2. Comparison of flood risk in affected areas between different scenarios.

Risk No Infiltration  Detention  Permeable Combined
Intervention Trenches Basin Pavement Techniques
No Vulnerability 53.47% 52.66% 50.52% 79.37% 81.74%
Very Low 18.67% 19.81% 28.13% 10.72% 9.65%
Low 18.47% 19.54% 19.34% 20.24% 7.26%
Moderate 1.10% 3.74% 1.41% 2.20% 1.35%
High 4.09% 4.26% 0.60% 0.43% -
Very High 4.20% - - - -

The calculations showed that applied techniques have a major impact on flood risk
attenuation. Although the results are acceptable, the intervention areas are considerable
and may reduce the community acceptance and the economic viability. For these reasons
another scenario was simulated that combined two techniques, i.e., detention basin and
permeable pavement. Similarly to the previous scenarios, places were selected to be most
vulnerable to flood but had less effect on the normal circulation of people and vehicles
(Figure 7).
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Figure 7. (a) Combination of detention basin and permeable pavement; (b) MIKE SHE model for combination of detention
basin and permeable pavement.

After the model analysis, it was possible to do the same comparison between the other
scenarios. While visualizing the graphic model it was noticeable that for the combined
scenario the moderate risk was mitigated.

Under this analysis, it was concluded that all the techniques are meaningful for the
study area since the first reaction of the model was to mitigate the very high risk. When
considering only the first three scenarios, infiltration trenches were the worse alternative
and permeable pavement was the most effective technique. For both economic and viability
reasons, a scenario with the combination of detention basin and permeable pavement
techniques was considered, which revealed that the combination could be a reliable option.

4.2. Economic Viability

A cost/benefit analysis has been carried out in this research based on a systematic
process including life cost and damage analyses. This provides a decent tool for making
a decision about the most effective method that benefits outweigh the costs. This is
a common approach in studying SuDS because the benefits of new solutions must be
somehow measured to provide a good insight into its applicability and efficiency. One of
the most sensible measures can be financial analysis [41].

4.2.1. Life Cost Analysis

Life cost analysis considers all relevant and identifiable financial cash flows regarding
the acquisition and use of an asset. In order to compile whole life costs, the following
parameters may be required:

e  Procurement and design costs;

Capital construction costs (CCC);

Operation and maintenance costs (OMC);
Monitoring costs;

Replacement or decommissioning costs (RDC).

For the life costs analysis, the tested techniques in the MIKE SHE model were con-
sidered, using the data given by the simulation scenarios. The results of this analysis are
shown in Table 3.



Sustainability 2021, 13, 13889

10 of 13

Table 3. Cost comparison of flood risk between different scenarios in Euro (€).

Component CCC OMC RDC Secondary Total
Infiltration trench 142,212.50 1422.13 49,774.38 28,442.50 172,077.13
Detention basin 52,643.07 584.92 18,425.07 10,528.61 63,756.61
Permeable pavement  317,925.00 7065.00 111,273.75 63,585.00 492,783.75
Combined techniques  209,243.07 3910.84 73,235.07 41,848.61 255,002.53

The detention basin technique can be considered as the most economical solution
even with one of the largest areas. Although infiltration trench shows to be an economical
technique, its capacity to reduce flood risk is inferior to the others; therefore it was not a
reliable option for this case study. As presented previously, the scenario with combined
techniques (combination of detention basin and permeable pavement techniques) is the best
scenario for mitigating flood risk, for that reason the relation between cost/effectiveness
appears to be acceptable.

4.2.2. Damage Analysis

The damage analysis considered three main aspects: flood cost/m?, data given by
MIKE SHE model over flood risk and influence risk area. The three referred aspects were
combined to calculate the damage cost for each scenario. All the scenarios were compared
with the MIKE SHE model that simulates flooding much like what would occur in nature
(Table 4).

Table 4. Cost comparison between estimated damage costs in affected areas for different simulated
scenarios in Euro (€).

Risk No Infiltration = Detention  Permeable Combined
Intervention Trenches Basin Pavement Techniques
No Vulnerability - - - - -
Very Low 6514.259 3474.910 4362.509 1812.087 4794.334
Low 5337.568 4957.725 4839.746 5397.790 2296.978
Moderate 628.090 1306.412 422.569 1464.443 1049.828
High 1931.644 4811.403 1397.274 535.126 -
Very High 5.417.045 - - - -
Total 19,928.607 14,550.452 11,022.099 9209.446 8141.142
Saving - 5278.155 8806.507 10,619.160 11,687.464

Hence, it was concluded all the techniques are valuable for the study area since that
all of them have a lower cost compared with the scenario without intervention. When
considering only the first three scenarios, the infiltration trenches technique was the worse
alternative and the detention basin was the most effective technique. The scenario with the
combination of detention basin and permeable pavement techniques revealed that could
be a reliable option and less expensive as well.

5. Conclusions

Climate change and urbanization are making flood occurrences a very frequent event
that puts the health of urban areas and infrastructures at risk. The ongoing rise in sea
level affects tidal propagation and circulation in estuaries is an additional challenge that
can have severe consequences on the sediment dynamics, water quality and extreme
water levels. This research analyzed the evolution of prone to flood areas in Seixal bay,
Portugal and covered the application of SuDS towards a more efficient way for flood
mitigation. The study was conducted with a MIKE SHE model and addressed the present
and future conditions. The impacts of climate change on estuaries should be anticipated to
allow the implementation of adaptation measures and to inform decision-makers about
possible interventions.
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The simulations undertaken in this study show that SuDS application in the case
study would have significant effects on flood mitigation. In the case of a combination of
two techniques, the achievement would be particularly substantial due to the decrease of
susceptibility to flooding risks. The MIKE SHE software allowed us to simulate water move-
ments from different sources, under different soil layers and pre-established time steps,
and to compare different flood models in the same study area taking into consideration
topography, precipitation, the existence of rivers nearby and soil-specific properties.

The study area, in Seixal, was analyzed regarding flood risk and flood mitigation
techniques whilst several scenarios regarding flood risk and SuDS efficiency were included.
To obtain a more complete analysis, the economic viability of each technique was also
determined. The flood mitigation capacity of each SuDS technique was considered, as
well as the community acceptance of their construction and maintenance. Factors such
as vulnerability to flood and quantity of flooded area were taken into consideration in
the definition of the most efficient system to solve flood situations in Seixal bay. The
developed analyses allowed us to fully explore the mitigation capacity of each technique.
The economic viability of different scenarios was established through life cost analysis and
the damages caused by floods occurrence.

Overall, it was concluded that the best scenario is the one that minimizes the effects
of great urbanization and consequently the increase of flood risk, which combines the
permeable pavement with a detention basin. The installation of this system proved to be
viable, demonstrating very important progress in the flood mitigation system in Seixal.
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