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Abstract: In recent years, there has been an increase in the frequency of urban floods as a result of
three determinant factors: the reduction in systems’ capacity due to aging, a changing environment
that has resulted in alterations in the hydrological cycle, and the reduction of the permeability
of watersheds due to urban growth. Due to this, a question that every urban area must answer
is: Are we ready to face these new challenges? The renovation of all the pipes that compose the
drainage system is not a feasible solution, and, therefore, the use of new solutions is an increasing
trend, leading to a new operational paradigm where water is stored in the system and released at a
controlled rate. Hence, technologies, such as stormwater tanks, are being implemented in different
cities. This research sought to understand how Climate Change would affect future precipitation,
and based on the results, applied two different approaches to determine the optimal location and
sizing of storage units, through the application of the Simulated Annealing and Pseudo-Genetic
Algorithms. In this process, a strong component of computational modeling was applied in order to
allow the optimization algorithms to efficiently reach near-optimal solutions. These approaches were
tested in two stormwater networks at Bogotá, Colombia, considering three different rainfall scenarios.
Keywords: climate change; stormwater storage tanks; simulated annealing; pseudo-genetic algorithm;
SWMM; toolkit

1. Introduction
The concept of integrated urban drainage systems was developed as a modern solution for the
management and design of stormwater and wastewater systems in urban settlements. Traditionally,
urban drainage systems sought to evacuate peak flows as rapidly as possible; nowadays, these systems
pursue the attenuation of peak flow rates resulting from rainfall events. This transformation in the
design and management paradigm of drainage systems is a consequence of changing conditions
in the system. Climate Change is generating an increase in rainfall intensity, which, coupled with
high urbanization rates at modern cities and obsolete infrastructure, has led to increased peak flow
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rates [1]. As a result, the occurrence of flooding in urban areas has become more frequent, leading to
the appearance of public health problems, economic losses, among other undesirable consequences.
Thus, the adaptation of urban drainage systems to these new conditions is a challenge that modern
systems must address.
The increase in rainfall intensity due to Climate Change and the resulting negative effect on
the operation efficiency of the urban drainage system for peak runoff water are stated in the Fourth
Assessment Report (AR4) of the Intergovernmental Panel on Climate Change. This document presents
an increase in the frequency of extreme rainfall events as a consequence of Climate Change, based on
climate model simulations with different future greenhouse gas emission scenarios. Moreover,
the report concluded that this trend will very likely to continue in the 21st century, described as more
than 90% likelihood [2].
In the literature, different methods have been proposed to consider the effects of Climate
Change in rainfall events. A general approach proposed by Padulano et al. [3] contemplates the
process of downscaling of global macroclimatic models. Then, the significance of Climate Change is
estimated statistically in current and future data. Finally, an ensemble model is used to build novel
intensity-duration-frequency curves, and their effects on the early warning system thresholds for the
area of interest are evaluated [3]. Therein, Zeroual et al. [4] proposed another approach that consisted
of the analysis of future changes over a period of time, based on the Representative Concentration
Pathways. Subsequently, a statistical analysis of the evolution of climate zones extent is performed.
At last, the climate model considering the special variations of Climate Change is adjusted [4]. In order
to integrate these components and adapt them to the conditions in the study area, the methodology
discussed below was implemented.
Climate Change has become an important driving force in the development of urban drainage
systems due to the effect it has on the occurrence of urban rainfall extreme events [5], which lead
to the increase of flood risk by almost 30 times [6]. Several Global Climate Models (GCMs) have
been used to determine the effects of Climate Change on a global scale, while a prediction of the
effects of these climatic variations on a local scale can be accomplished based upon the application
of downscaling techniques to GCM results. The downscaling of GCM is required to obtain a higher
temporal and spatial resolution for local studies [1], and it relies on the use of Weather Generators,
which produce synthetic time series of weather data of unlimited length for a location based on
the statistical characteristics of observed weather at a location [7]. Considering these new climatic
parameters, the effect of climate change in both global and local weather patterns should be considered
in the design and optimization of urban drainage infrastructure [5].
These new conditions need to be considered as the peak flow reduction mechanisms will be
designed on a risk basis, requiring the prediction of a water surface elevation with a given probability.
The probability is directly related to the causative rainfall, specifically in extreme events. Then, the inlet
flow to the drainage system will experience significant extreme events, which will compromise the
operation of the system [3,8]. An important point to note is the difference between the return period of
the rain and the concentration-time. As the peak reduction mechanisms are installed, the return period
of the rain does not change. On the other hand, the concentration-time, in which the maximum level
occurs in each duct, increases. Therefore, the return period (failure probability) of the flood increases.
In other words, there is a lower probability or risk due to the effect of rain on the system.
To address these new challenges, Sustainable Urban Drainage Systems (SUDS) were born as a
solution to enhance the management of integrated urban systems. Several studies have analyzed
different measures to reduce and prevent urban flooding, leading to a classification into costly and
effective structural measures and less expensive and less effective non-structural alternatives [9].
These approaches include structural interventions to either new or existing infrastructure, which are
used either before the water enters the drainage system, such as green roofs, permeable pavements,
and swales, or after this occurs, such as stormwater tanks.

Water 2020, 12, 2491

3 of 24

There are various peak flow reduction practices in urban systems, some of which involve smart
gullies that take stormwater inflow from the ground to the pipeline. The gullies are controlled in
real-time and, therefore, capable of predicting the weather conditions [10]. Besides, a scheme for
Successive Low-Impact Development Rainwater Systems (SLIDRS) in residential areas has been
proposed with the objective of decreasing peak flows and total runoff volume [11]. This Green
Infrastructure provides alternatives to control the peak flows in urban drainage systems.
Some studies have addressed the optimal location of Green Infrastructure units for runoff reduction,
also considering pollution reduction due to these systems [12]. To evaluate the performance of different
SUDS, it is necessary to use models that consider the system holistically, simulating different hydrologic
scenarios, as well as its hydraulic behavior once the rainfall has become runoff. Hence, software,
such as the Storm Water Management Model (SWMM) [13], has been widely used to accomplish this
objective due to its integration between discrete variables and non-linear functions [14].
In early approaches, the sizing methods for storage units are based on simplified methodologies
due to the high efforts required by simulations in terms of time and computational capacities. Some of
these methods include the estimation for the capacity of stormwater tanks based on historical rainfall
events, leading to some functions to generate a new statistical distribution to estimate the capacity
of Water Treatment Plants and the retention volume for a certain level of risk. Moreover, most of
the previous research about the use of storage units have sought to maximize the quality of the
water delivered to the river, rather than the control of potential overflows consequence of excessive
rainfall [15]. However, nowadays, the availability of computers with high-performance characteristics
allows for the appearance of several techniques, such as those described in this study, even leading to
the possibility to expand the solution universe by applying multi-objective optimization approaches to
reduce the flood damage costs while minimizing the investment costs [8].
Some approaches have used a genetic algorithm to search for the optimal solution among the
pool, considering superpipe-based detention tanks as detention systems [16]. Besides that, the optimal
design of detention tanks under the constraints of local flooding control criteria is also implemented,
with the purpose of developing an efficient and robust method and framework for the design of the
detention tank network. These methodologies are coupled with a hydraulic model in order to minimize
both the flooding risks and the engineering cost [17]. In order to integrate all these methodologies and
adapt them to an efficient process that adjusts to the conditions in the study area, the methodology
discussed below was implemented.
Given these conditions, optimization problems related to the management of urban drainage
systems cannot be solved using exact methods, and it is necessary to apply heuristic methodologies to
reach near-optimal solutions. Among these approaches, several heuristics have been tested. Simulated
Annealing has been applied for the optimal location and sizing of stormwater tanks by calling upon a
dynamic rainfall-runoff simulator for the complete evaluation of each solution [14]. A Pseudo-Genetic
Algorithm (PGA) has been also applied as an optimization engine for the reduction of flooding of a
small section of the drainage network of the city of Bogota, in Colombia, seeking to identify low-cost
solutions that satisfy the system requirements [18]. This increase in flooding is shown in Figure 1.
The heuristics have been applied using an SWMM toolkit, developed in the scope of this research,
and used to increase the flexibility and computational efficiency of SWMM. This toolkit allows the
direct modification of a network model during simulation without accessing the input file [19].
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Figure 1. Flood threat from the perspective of Climate Change, prospective scenario [20].
Figure 1. Flood threat from the perspective of Climate Change, prospective scenario [20].
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evacuate during their operation. Thus, a general methodology was proposed to obtain modified
Intensity-Duration-Frequency (IDF) curves that consider Climate Change.
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the three rainfall stations and the historical data from each model are shown in Table 1.
In this table, the models that best represent the historical information provided by each station
are highlighted. From this, it was possible to identify the models that more accurately represented a
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patterns present in the study area. The monthly and quarterly correlation coefficients between the
three rainfall stations and the historical data from each model are shown in Table 1.
In this table, the models that best represent the historical information provided by each station
are highlighted. From this, it was possible to identify the models that more accurately represented a
certain station, and moreover, which of them presented a better performance altogether. As a result,
eleven models were selected to move forward in this analysis for the study area.
Table 1. Monthly and quarterly correlation coefficients for the 21 Global Climate Models for the period
between 1986 and 2005 [25].
Monthly Correlation Coefficients
GCMs
01_inmcm4
02_bcc-csm1-1
03_NorESM1-M
04_MRl-CGM3
05_MPl-ESM-MR
06_MPl-ESM-LR
07_MIROC5
08_MIROC-ESM
09_MIROC-ESM-CHEM
10_IPSL-CM5A-MR
11_IPSL-CM5A-LR
12_GFDL-ESM2M
13_GFDL-ESM2G
14_GFDL-CM3
15_CanESM2
16_CSIRO-Mk3-6-0
17_CNRM-CM5
18_CESM1-BGC
19_CCSM4
20_BNU-ESM
21_ACCESS1-0

Quarterly Correlation Coefficients

Station 1

Station 2

Station 3

Average

Station 1

Station 2

Station 3

Average

0.4791
0.5199
0.5413
0.5295
0.5663
0.5458
0.6246
0.6128
0.5911
0.4493
0.4814
0.5510
0.5047
0.5721
0.5397
0.6968
0.5989
0.5231
0.5334
0.5715
0.5837

0.5873
0.6437
0.6820
0.6826
0.6910
0.6476
0.7884
0.7499
0.7404
0.5802
0.6200
0.7107
0.6811
0.7130
0.6797
0.7951
0.7349
0.6758
0.6667
0.6727
0.7166

0.5836
0.6516
0.6868
0.6408
0.6871
0.6606
0.7355
0.7146
0.6966
0.6000
0.6081
0.6748
0.6162
0.7033
0.6761
0.8084
0.7341
0.6656
0.6757
0.6930
0.7055

0.5686
0.6253
0.6581
0.6397
0.6700
0.6382
0.7419
0.7167
0.6963
0.5579
0.5861
0.6645
0.6191
0.6818
0.6497
0.7885
0.7088
0.6392
0.6427
0.6637
0.6879

0.8245
0.8448
0.8340
0.8292
0.8571
0.8392
0.8738
0.8805
0.8823
1.3214
0.8577
0.8677
0.8224
0.8511
0.8661
0.9055
0.8749
0.8387
0.8400
0.8609
0.8737

0.8764
0.8949
0.8859
0.8805
0.9049
0.8902
0.9180
0.9238
0.9254
0.8735
0.9067
0.9135
0.8764
0.8990
0.9122
0.9408
0.9173
0.8877
0.8882
0.9064
0.9182

0.8342
0.8691
0.8604
0.8443
0.8770
0.8638
0.8824
0.8878
0.8885
0.8446
0.8568
0.8778
0.8257
0.8697
0.8768
0.9256
0.8966
0.8624
0.8684
0.8823
0.8820

0.8512
0.8753
0.8657
0.8573
0.8856
0.8702
0.8976
0.9043
0.9057
0.8527
0.8809
0.8931
0.8485
0.8797
0.8918
0.9304
0.9026
0.8691
0.8715
0.8895
0.8981

As it was previously mentioned, after this initial fitness assessment, 11 models were selected
and then adjusted using a General Extreme Value (GEV) distribution, as shown in Equation (1),
where x stands for the daily precipitation considering fixed values of F(x) related to a return period.
Furthermore, k describes the form of the distribution, and α is defined as shown in Equation (2).
 "
#1 



k (x − µ) k 


F(x) = exp
− j





α
α=

kλ2
Γ(1 + k)(1 − 2−k )
α[ Γ (1 + k ) − 1]
k
λ
Γ= 1
λ2

µ = λ1 +

(1)

(2)
(3)
(4)

Meanwhile, the remaining parameters of GEV distribution can be estimated by using the first two
moments of an L-moments approach, as described in Equations (6) and (7), where Mijk corresponds to
the Probability Weighted Moments (PWM), defined as shown in Equation (5).
h
i
Mijk = E xi F j (1 − F)k

(5)

λ1 = M100

(6)
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λ2 = 2M110 − M100

(7)

In order to determine the parameters of this equation, considering a historical time series for an
GCM, an L-moment approximation was used [26]. In this case, a daily precipitation value was obtained
using the historical data series for every GCM, considering return periods of 3, 5, 10, 25, and 50 years.
Once the parameters were estimated, the inverse form of the GEV was used for the determination
of the quantile of a specific return period, as shown in Equation (8), where µ, α, and k are the GEV
parameters, and Rp represents the return period for which the quantile is calculated.

!k 


α
1 


xT = µ + 
1 − ln 1 −



k
Rp 

(8)

Once the IDF curve was built for every GCM using the later equation, it was compared with
the corresponding curve built using rainfall historical data. For this comparison, the Mean Squared
Error (MSE) was used, and based on these results, 6 models were selected, given their accurate
representation of the historical climate in Colombia, specifically for small return periods. These models
were MPI-ESM-MR [27], MIROC5 [28], GFDL-ESM2M [29], CSIRO-Mk3-6-0 [30], CNRM-CM5 [31]
and ACCESS1-0 [32].
Results from these models were extracted for a historical period (1986–2005) and a future modeling
period (2015–2039). The obtained daily series of precipitation flux (kg/m2 -s) were converted to
daily precipitation series (mm/day). These results were used to calculate monthly change factors for
average precipitation, length of dry periods, and length of wet periods. These factors, as well as the
historical rainfall data, were used by LARS-WG (Long Ashton Research Station Weather Generator),
which calculated the histograms for the observed precipitation series and applied the necessary
corrections according to the change factors. From this information, a new series of daily precipitation
was created, which included the effects associated with downscaling and could, therefore, be used for
the generation of future IDF curves.
The downscaling process allows the inclusion of land cover heterogeneity, topographical features,
and local feedback mechanisms in simulations. Moreover, it increases the resolution of the climate
information available for more detailed analysis. This allows the switch from Global Climate Models
to a climate analysis more focused in the study area. To accomplish this objective, there are different
methodologies, such as conditional probability-based, empirical transfer functions, and resampling
methods [3].
Once the future rainfall series on every meteorological station were determined, they were
interpolated using the inverse distances on the study areas. These series were adjusted to the GEV
function, shown in Equation (1). The parameters of this function were calibrated with the L-momentum
method and, once obtained, were used in the inverse form of the GEV function in Equation (8).
Rainfall intensity was determined considering a return period of 10 years and durations below
24 h, according to Colombian design guidelines [33]. In this context, two different approaches to assess
the effects of Climate Change over the rainfall were used to incorporate the uncertainty related to the
estimation of precipitation events with short durations, like the ones studied in this research. Hence,
the approaches below were used to estimate IDF curves, which incorporate Climate Change.
First, the approach proposed by Pulgarin [34], described by Equation (9), was used to determine
the intensity of events with short durations based on daily precipitation data available for Colombia [25].
In this expression, I24h is the mean daily rainfall intensity (mm/h), and T is the analyzed return period.
In addition, t is the duration of the analyzed event, and I60 is the intensity for a rainfall event with a
duration of less than one hour.

−0.829
0.12I24h

1
t

i f t ≥ 60

 ([0.88I24h − 0.004] + [ 0.5772 − ln [− ln (1 − ( T ))]]) × ( 1440 )
T
It = 
(9)





I60 × 0.54t0.25 0.50 i f t < 60
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The second approach, described in Equation (10), was proposed by CIACUA (Water Supply and
Sewer Systems Research Center, in Spanish Centro de Investigaciones en Acueductos y Alcantarillados)
to determine the intensity of precipitation with short duration [18]. In this expression, α, B, and n are
parameters that are calibrated using real IDF curves for each study area; thus, they indirectly consider
the return period.
It
α
=
(10)
n
t
IT
+B
T

Finally, the instantaneous intensity method was used for the determination of precipitation
hyetograph for a specific event. Therefore, this information was key to the development of the other
research areas of the project.
2.2. Techniques for Peak Flow Reduction in Urban Drainage Systems
Peak flow reduction in urban drainage systems can be accomplished through the installation
of different structural solutions, such as stormwater tanks, green roofs, and infiltration swales,
among others. However, this study was focused on the use of storage units due to their effectivity in
the reduction of urban flooding in comparison with the other techniques.
Hence, the section below describes two different approaches to determine the optimal location
and sizing of these stormwater tanks, modeled at this stage of the research as underground
rectangular-shaped structures, with vertical-isolated walls that do not allow infiltration to occur [15].
The first methodology consisted of a holistic approach, where the flood reduction was considered
within a rehabilitation process of drainage networks. On the other hand, the second methodology
consisted of an approach that considered the outlet structures of the tanks as part of the decision model.
These approaches led to the development of the computational software OptiTank and OptSU in
the scope of the research project Urban Drainage and Climate Change: Towards the Stormwater Systems
of the Future at the Polytechnic University of Valencia and the University of Coimbra, respectively.
The latter was based on a Pseudo-Genetic Algorithm (PGA) and Simulated Annealing, correspondingly,
implementing the methodologies described below.
2.2.1. Optimized Network Rehabilitation Approach
There are several methodologies to approach the location and sizing of storm tanks in an
optimized network rehabilitation process that has been proposed by several authors in recent years.
First, a multi-objective optimization algorithm based on the NSGA-II (Non-dominated Sorting Genetic
Algorithm II) is used for the rehabilitation of urban drainage networks through the substitution
of pipes and the installation of storage tanks [8]. In addition, a cost-optimization method and
a pseudo-genetic heuristic algorithm could be used to tackle the issue efficiently [15]. Moreover,
copula-based multi-objective optimization models provide a range of cost-effective rehabilitation
possibilities, leading to an improvement in the overflow issues in the network [35]. All of them
represent valuable alternatives to address the problem described, and, therefore, they were part of the
process of development of the first approach proposed in the analysis.
The first approach considered in this research for the reduction of peak flows sought to determine
the optimal number, size, and location of stormwater tanks required to control urban flooding, without
determining the size of the outlet of the structure. Although this approach considered the rehabilitation
of the whole drainage network, including pipes’ renovation, in this research, the scope was limited
to the use of retention tanks to reduce urban flooding. Thus, the decision variables considered by
this model were the storage volume at each node and the total number of tanks implemented in the
drainage network [18].
Hence, this approach was accomplished through an optimization model based on the minimization
of the objective function shown in Equation (11), which involves capital costs of storage tanks,
the renovation of pipes, and some penalties if water levels in conduits are exceeded [19].
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N
X
i=1

C(VI (i)) + λ2

N0
X

C(VDR (i)) + λ3

i=1

M
X

C(DN (i))Li + λ4

i=1

M
X

C(Vmax (i))

(11)

i=1

In the equation above, the first term is related to the costs of the flooding volume at the i-th
node C(VI (i)), described by Equation (12). In this expression, KI is a coefficient for determining the
allowable flooding in the system: Using a low KI , the occurrence of more floods is allowed. In addition,
the flooding costs are represented by a fourth-order polynomial, depending on the maximum level of
water reached by the flooding event yi , and parameters A, B, C, and D are calibrated for the study area.
N is the total number of nodes in the system.
C(VI (i)) = KI

N
X

VI(i) = KI

i=1

N
X

Ay4i + By3i + Cy2i + Dyi

(12)

i=1

The second term considers the capital costs associated with the construction or the expansion of
the volume of the storage unit located at the i-th node C(VDR (i)), whether the tank was new or existed
before the analysis. This term is described by Equation (13), where Vi represents the volume of the ith
stormwater tank, while τA , τB , and τC are coefficients adjusted to the characteristics of the study area.
τ

C(VDR (i)) = τA + τB Vi C

(13)

The third term represents the renovation costs C(DN (i)) for the M pipes, where Li stands for the
length of the ith pipe, and the fourth term considers the maximum volume of water contained inside
the M pipes of the system. The last term can be considered as a penalty function if the capacity of the
pipes C(Vmax (i)) is limited. As previously described, in this research, the last two terms were ignored,
given that the research was focused only on the use of stormwater tanks rather than also using pipes to
storage water.
Besides, this objective function includes four weight parameters λi , which are used to represent
the preferences of the decision-maker regarding the importance of the terms in the equation, varying
between 0 and 1. Moreover, these parameters can be used to either include or ignore any of the terms,
depending on the purpose of the research [19]. In this case, the weight parameters corresponding to
the last two terms of the equation would be 0, in order to not consider them in the analysis.
The solution method for this approach was based on a Pseudo-Genetic Algorithm (PGA) and
was characterized by the coding of chromosomes through integer coding, meaning that each decision
variable is represented by only one gene [36]. This variation allows special characteristics to the
definition of mutation and crossover operations. Hence, a computer program known as OptiTank was
developed, using Visual Studio, and connected to the SWMM solver through the SWMM toolkit [14],
facilitating the hydraulic assessment of the different solutions tested by the algorithm.
To validate this approach, it is necessary to simulate the drainage networks considering different
scenarios in order to establish the sensitivity of each input parameter that will be used in the solution
of the PGA. Thereby, a set of parameters that are more sensitive in the determination of the location
and sizing of the storage units in the network could be determined [37].
2.2.2. Controlled Outflow Optimization Approach
Multiple optimization models have been proposed for planning and integrating the location and
sizing of storage units within the sewer drainage system, considering the sewer system’s hydraulic
behavior. An approach using Particle Swarm Optimization has provided the management of combined
sewer overflow spills in the location and sizing of the storage tanks process [38]. Alternatively, the use
of Genetic Algorithms to address this problem has also been presented as a feasible alternative [16].
Other modern heuristics applied to determine the optimal location and sizing of storage facilities have
been developed as decision models at a watershed-level, embedding river basin-related problems
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into commercial basin simulation models [39]. Based on the previously presented studies, the second
methodology described below was proposed.
The second approach analyzed in this research sought to determine the optimal location and sizing
of stormwater storage tanks, including their outflow control elements, within a drainage network to
reduce flooding by cutting peak flows [40].
Therefore, this approach was considered as a controlled outflow optimization approach, which was
characterized by the hydraulic control that the outlet structure of the stormwater tanks executes over
the flow. In other words, in this optimization model, the diameter of the outlet orifice of the storage
unit was considered as a decision variable, besides the storage volume for each potential stormwater
tank. The potential locations of the structures were determined as a result of an initial assessment of the
floods that occurred in the study area, combined with other factors, such as space availability and land
use. Subsequently, this decision model is considered a set of hydraulic, legislative, and operational
constraints that should be met to determine the feasibility of a solution.
The decision model described above can be formulated as follows [40]: The objective function,
shown in Equation (14), was oriented to the minimization of the volumes of water related to urban
flooding and the storage tanks for peak flow reduction. In this equation, Nu is the set of possible nodes
becoming storage units, N is the set of all nodes, Vj is the storage volume of the stormwater tank at the
node j, Vi Surch is the local surcharged volume of water at node i, and θ is a weight factor.
min

X

Vj + θ

j∈Nu

X

ViSurch

(14)

i∈N

In the objective function described above, the volume of every tank was assessed depending on
the inlet and outlet flow to the storage unit. If the inlet flow was higher than the outlet, the water
would be stored in the unit. Thus, this volume was defined as the required storage volume at each
node resulting from a mass balance, as shown in Equation (15), assessed by SWMM. In this expression,
in f

Q j and Qout
are defined as the inlet and outlet flow, correspondingly to the stormwater tank located
j
at junction j.


in f

V j = f Q j , Qout
, j ∈ Nu
j

(15)

The constraints of the proposed optimization model for the optimal location and sizing of the
storage units with controlled outflow, considering the capacity of the tanks, among other factors,
are explained below. The first group of constraints establishes the limits of flooding, in terms of the
allowed volumes of water that can occur at the study area (Equation (16)) and at each node (Equation
Surch stands for the allowable
(17)). In this case, ViSurch is the local flooding volume at node i, while Vmax
flooding, which can be defined by decision-makers.
X



in f
Surch
ViSurch Q j , φ j ≤ Vmax
, j ∈ Nu

(16)

i∈N



in f
Surch
ViSurch Q j , φ j ≤ Vmax,i
, i ∈ N, j ∈ Nu

(17)

In regards to the general model for this optimization problem, its constraints are described by
Equations (18) and (25). Equation (18) sets the maximum number of storage units (NSU) that can be
implemented in the drainage network, where y j represents a binary variable, indicating whether if
there is a stormwater tank at node j (1) or not (0). Meanwhile, Equations (19) and (20) establish the
maximum (Vmax, j ) and minimum (Vmin, j ) volumes of the stormwater tanks at node j, and Equations
(21) and (22) specifies the maximum (φmax,j ) and minimum (φmin,j ) diameters of the outlet orifices.
X
jNu

y j ≤ NSU

(18)
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V j ≥ Vmin, j ·y j , j ∈ Nu

(19)

V j ≤ Vmax, j ·y j , j ∈ Nu

(20)

φ j ≥ φmin,j ·y j , j ∈ Nu

(21)

φ j ≤ φmax, j ·y j , j ∈ Nu

(22)

The outflow of the network can be defined by a maximum value (QOut
max ), as shown in Equation
(23). Finally, the constraints, shown in Equations (24) and (25), establish the domain of the decision
variables involved in the optimization model.
Qout ≤ QOut
max ·y j , j ∈ Nu

(23)

y j ∈ {0, 1}, j ∈ Nu

(24)

ViSurch ≥ 0, i ∈ N

(25)

The solution method used for the addressed optimization problem was the Simulated Annealing
Algorithm, which emulates the annealing process in metallurgical processes, considering the heating
and, subsequently, the slow cooling of a piece of metal in a controlled way to enhance its structural
properties [40,41]. In this approach, a computer program known as OptSU was developed using Visual
Basic, and it was connected to SWMM hydraulic solver using the SWMM toolkit. This connection
allowed the assessment of the different solutions generated by the algorithm, which were implemented
due to its accessibility to the network data.
2.3. Computational Modeling
2.3.1. SWMM Toolkit
SWMM is a dynamic model for hydraulic and hydrological simulation developed by the United
States Environmental Protection Agency (USEPA). Due to the capabilities of this model in the simulation
of stormwater and wastewater drainage systems, it was selected as the hydraulic engine for this study.
However, in the scope of optimization, an efficient interaction was required between an optimizer
and the specialized software, i.e., SWMM, to perform several executions of the models in a reduced
amount of time.
Given the scope of this research project, the need for a link between the optimization techniques
and the hydraulic software was clearly identified, leading to the development of the SWMM toolkit.
A similar approach has been widely used in the optimization of water distribution systems, where the
software EPANET is used to simulate these systems [42]. In this case, USEPA provides an EPANET
toolkit with similar functions to set parameters in the network, as well as getting results by calling them
from routines written in languages like Visual Basic or MATLAB, without using the EPANET’s user
interface. Moreover, several authors have modified the EPANET’s toolkit to incorporate functions that
were not previously included, as well as modified the software itself internally to fit it into their specific
needs [19]. In regards to drainage systems, Del Giudice and Padulano developed an application to
calibrate and perform a sensitivity analysis of the hydrologic and hydraulic parameters typical in
drainage systems. In their approach, they combined SWMM with the optimizer GANetXL, connecting
them through the SWMM dynamic library (swmm5.dll) [43].
Hence, in the case of SWMM, USEPA provided a set of 9 functions that allow the execution of a
simulation from an external application, where the topology and other characteristics of the study
networks were previously defined. In this framework, these tools were adapted and extended to a total
of 22 functions, resulting in a Dynamic Link Library (DLL) of functions called the SWMM toolkit [14].
The functions developed in the SWMM toolkit included the Get Functions, for retrieving information
from the project or the results, and the Set Functions, which includes all the modification functions.
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As a result, the developed toolkit allowed the execution of simulations without interacting
with the user’s interface, the modification of some topological and hydraulic properties within the
network, and the management of results, in a reduced amount of time. Thus, the main benefit of this
toolkit
was
to the
efficient execution of optimization techniques, such as heuristic algorithms,
Water 2020,
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model was executed just one time during an optimization procedure, leading to reduced
computational times of the entire optimization procedure.

Based on the results of the tests performed in the theoretical networks, available in [19], the
feasibility of performing a considerable time reduction by applying the latter techniques was
confirmed. Hence, before the application of the proposed optimization procedures to the case studies
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the runoff model was executed just one time during an optimization procedure, leading to reduced
computational times of the entire optimization procedure.
Based on the results of the tests performed in the theoretical networks, available in [19],
the feasibility of performing a considerable time reduction by applying the latter techniques was
confirmed. Hence, before the application of the proposed optimization procedures to the case studies
described below, the rainfall-runoff model was executed once, and then it was replaced by direct
inflows at each junction. In regards to the SWMM toolkit, it was used as a central element in the
development of OptSU and OptiTank, given the connection it offers between the optimizers and the
hydraulic simulation software. These two approaches were implemented simultaneously in the case
studies presented in this paper.
3. Case Studies
Two different stormwater drainage networks were used to test the methodologies described above
for the reduction of peak flows using storage units. For the generation of inflows, the rainfall-runoff
model proposed by the Soil Conservation Service was used, based on the curve number method.
The application of this model relied on the fact that the available information was adequate for
its implementation. This model was included in the implemented SWMM toolkit [20]. Besides,
two different rainfall scenarios were tested as the hydrological input for each network: The first one
considering the actual hyetographs used by the water utility in Bogota, Colombia, and the second one
modifying them by considering Climate Change effects.
The developed OptSU and OptiTank were used for the optimal sizing of the stormwater tanks.
Hence, given that they rely on volume calculations, the parameters τA , τB , and τC were assigned
the values of 16,923, 318.4, and 0.5, respectively, through Equation (12). Regarding the Simulated
Annealing used in OptSU, a set of parameters calibrated at Coimbra University was used, which were
assigned the values as follows: α = 0.2, λ = 30, γ = 0.8, and σ = 15 [40]. The aforementioned parameters
were established as constants in both study cases, and the other parameters mentioned throughout the
study were calibrated during the analysis.
In this case, water distribution and sewerage systems in the city have been managed by the public
company Water Supply and Sewerage Utility of Bogota (Empresa de Acueducto y Alcantarillado de
Bogota—EAB) for more than 130 years. Based on their experience, some of the floods shown below
were identified as areas of interest in the system. However, this information was provided by the
public company and was not extracted from any particular model.
3.1. Southern Chicó Network
The first network is part of Bogota’s (Colombia) full stormwater network, located in the northern
part of the city, and managed by EAB Water Utility. It is composed of 509 nodes, 510 conduits (including
pipes and open channels), and one outfall. The ground elevation of the network ranges between
2548.51 and 2588.29 m above sea level. The general layout of the network and the SWMM model are
shown in Figure 5.
The second network is also part of Bogota’s (Colombia) full stormwater network and is located
adjacent to the Southern Chicó network. It is composed of 1292 nodes, 1293 conduits (including pipes
and open channels), and one outfall. The general layout of the network and the SWMM model are
shown in Figure 6.

The first network is part of Bogota’s (Colombia) full stormwater network, located in the northern
part of the city, and managed by EAB Water Utility. It is composed of 509 nodes, 510 conduits
(including pipes and open channels), and one outfall. The ground elevation of the network ranges
between 2548.51 and 2588.29 m above sea level. The general layout of the network and the SWMM
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A typical hyetograph is shown in Figure 7, considering the three scenarios described above. For
the modeling of the spatial distribution of rainfall along the catchments, five different hyetographs
were used in the Southern Chicó network, and eight for Northern Chicó Network. In all the obtained
hyetographs, a tendency was identified. The equation proposed by Pulgarin [34] tends to have higher
rainfall intensities within the three scenarios considered.
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Afterward, a detailed inspection of the watershed was performed in order to identify all the
potential locations where a stormwater tank could be installed. Hence, 65 potential locations were
selected based on criteria, such as space availability, land use, and the feasibility of building a storage
unit.
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Afterward, a detailed inspection of the watershed was performed in order to identify all the
potential locations where a stormwater tank could be installed. Hence, 65 potential locations were
selected based on criteria, such as space availability, land use, and the feasibility of building a
storage unit.
4.1.2. OptSU
OptSu was applied to the Southern Chicó Network, considering only potential nodes,
which
correspond
to the
sites of the network where higher floods occur according to the previous
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Figure 9. Results for the stormwater tank locations using OptSU. The black points are nodes of the
Figure 9. Results for the stormwater tank locations using OptSU. The black points are nodes of the
system and the blue points represent floods. (a) Results considering the CIACUA approach for Climate
system and the blue points represent floods. (a) Results considering the CIACUA approach for
Change. (b) Results considering the Pulgarín approach for Climate Change.
Climate Change. (b) Results considering the Pulgarín approach for Climate Change.

The results obtained using the OptSU methodology in the Southern Chicó Network showed a
results obtained
using
the OptSU
methodology
in the
Southern
Chicó
Network
showedon
a
goodThe
performance
regarding
flooding
reduction,
which varied
between
63.9%
and 68.2%
depending
good
performance
regarding
flooding
reduction,
which
varied
between
63.9%
and
68.2%
depending
the rainfall scenario. It can also be seen that the number of storage units that should be implemented
on
thesystem
rainfallranged
scenario.
It can
be which
seen that
the number
of storagebetween
units that
shouldand
be
in the
between
16 also
and 17,
represented
an investment
1,412,894
implemented
in
the
system
ranged
between
16
and
17,
which
represented
an
investment
between
1,608,948 euros.
1,412,894
and 1,608,948
euros.
The Pulgarín
approach
to Climate Change resulted in intensities approximately 10% higher than
The
Pulgarín
approach
to
Climate
Change
resulted in of
intensities
approximately
10%
the CIACUA approach. Although
the spatial
distribution
the rainfall
was the same
forhigher
both ofthan
the
the CIACUA approach. Although the spatial distribution of the rainfall was the same for both of the
approaches, it can be seen that when OptSU was used with the CIACUA approach, the reduction was
higher than in the other scenario. Regarding the computational times associated with the execution
of this methodology, it took approximately 22 days, which denoted an elevated computational cost.
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approaches, it can be seen that when OptSU was used with the CIACUA approach, the reduction was
higher than in the other scenario. Regarding the computational times associated with the execution of
this methodology, it took approximately 22 days, which denoted an elevated computational cost.
4.1.3. OptiTank
As with the OptSu approach, the OptiTank was applied to the Southern Chicó Network, considering
only 65 potential nodes based on an initial hydraulic assessment and space availability. In this
methodology, three different rainfall scenarios were tested: One scenario considered the actual
hyetographs for the study area, and the others considered Climate Change using the approaches of
CIACUA and Pulgarin.
In this case, the parameters used for the Pseudo-Genetic Algorithm were a population of 100
individuals, a mutation probability of 0.015, and a crossover probability of 0.5. For the stopping criteria of
the algorithm, a value of 50 subsequent generations without changes was established. These parameters
were set based on previous work with the algorithm. In this scenario, the implementation of storage
units was the only option considered for the rehabilitation of the network, and other alternatives, such
as the renovation of pipes and the storage of water inside them, were not considered. The obtained
results are shown in Table 3.
Table 3. Results for the Southern Chicó Network using OptiTank under different rainfall scenarios.

Scenario
Current Rainfall
(Water Utility)
Climate Change
(CIACUA)
Climate Change
(Pulgarín)

Flood
Volume
(m3 )

Number of
Changed
Nodes

Storage Units
Volume (m3 )

Final
Flooding
Volume (m3 )

Reduction
(%)

Cost
(Millions
of €)

30,298

25

29,295

9059

70.1

4.314

37,767

27

38,134

11,348

70.0

5.262

38,062

39

41,079

7897

79.2

6.844

The results obtained using the OptiTank methodology in the Southern Chicó Network showed a
good performance in the reduction of the flooding volumes that ranged between 70.0% and 79.2%.
In this situation, it can be seen that even when the Pulgarín approach to Climate Change resulted in a
flood volume that was approximately 26% higher than the current situation, the total storage volume
required under this changing climatic condition was almost 40% higher than the one required if the
network was rehabilitated under the current situation. Therefore, as a result of the implementation
of the previously mentioned storage volume, the final flooding volume under the Climate Change
scenario would be more effective in flood reduction than the implementation of the solution considering
the current solution. Regarding the computational cost of these solutions, it approximately took an
average of 5 days to reach a near-optimal solution.
Comparing the results of OptSu and OptiTank, the benefits obtained from using an
outflow-controlled optimization were evident. OptSU could reach a similar percentage of reduction
in flooding volumes by implementing half of the storage units required in the OptiTank solution,
which consequently represented economic savings in the investment of approximately 76.5%. Despite
this advantage, OptiTank required 25% of the computational costs of OptSU, establishing a clear
trade-off between the computational time it took to obtain a near-optimal solution and the objective
functions that are being pursued by the rehabilitation of the network. Finally, the variations in the
results reached by each algorithm were expected because they consider different approaches to meet a
single objective. Therefore, the analysis considered both algorithms in order to make the results more
reliable, presenting two alternatives to address the same problem.
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4.2. Northern Chicó Network
4.2.1. Initial Assessment of the Network
An initial assessment of the hydraulic state of the Northern Chicó Network was performed prior
to the application of the optimization procedures to obtain a wider perspective on whether flooding
occurs, identify the potential sites for the location of stormwater tanks, among other considerations.
This initial assessment was performed considering a Climate Change scenario, where flooding is
3
most
likely
occur,
resulting
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Figure 10. Results for the initial assessment of the Northern Chicó Network.
Figure 10. Results for the initial assessment of the Northern Chicó Network.
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Table 4. Results for the Northern Chicó Network using OptiTank under different rainfall scenarios.
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Table 4. Results for the Northern Chicó Network using OptiTank under different rainfall scenarios.
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5. Conclusions
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5. Conclusions
Several conditions represent new challenges to urban drainage systems, and one of the most
important ones is the effect of Climate Change on variables, such as precipitation and temperature.
Due to this, it is expected that extreme events will become increasingly stronger; these must be handled
by unprepared stormwater systems, leading to networks with high vulnerability to urban floods.
Regarding Climate Change, a methodology was proposed for the development of synthetic
precipitation events that considered these challenging conditions. Based on historical data series for
precipitation, a validation model was carried out to determine which of the GCMs better represented
the climate in the study area. For this validation process, a downscaling procedure was applied,
concluding that the most suitable model for the study area, located in Bogotá, Colombia, was the
CSIRO-MK3-6-0. Finally, two different equations were applied for the development of the projected
time series that considered Climate Change. Among these, the Pulgarin equation showed higher
values for predicted precipitation.
Once the effects of Climate Change were assessed, two optimization approaches were tested using
two case studies located at Bogotá, Colombia: The Northern and Southern Chicó networks. The first
approach, OptiTank, considered a holistic rehabilitation process, including both the locating and sizing
of stormwater tanks and the renovation of pipes using a Pseudo-Genetic Algorithm. The second
approach, OptSU, considered an outflow-controlled optimization, besides the location and sizing of
storage units, using a Simulated Annealing Algorithm [41]. The implementation of these optimization
techniques was feasible due to a robust computational modeling process, which led to the creation of
an SWMM toolkit in the scope of this research, and some techniques to efficiently develop hydraulic
models suitable for optimization processes.
After the two networks were tested under different rainfall scenarios, it was concluded that there
was a trade-off between the total installation costs and the flooding reduction against the computational
effort required to reach a near-optimal solution. Based on this, it was observed that OptSU reached
lower installation costs than OptiTank by the determination of an optimal outflow structure, but it
required a great computational effort to reach the solution. In addition, by comparing the results
obtained for the two case studies, it was concluded that the selection of potential nodes depending on
the available space, such as parking lots, parks, and some institutional buildings (land use), resulted in
the feasible solutions. However, given the limited space for the storage units, this could result in a
lower flooding reduction.
Finally, this research validated that the use of storage units for peak flow reduction in urban
catchments could be a highly efficient solution to prepare current drainage systems for future
challenges, such as Climate Change. In addition, it showed the feasibility of considering these
operational modifications to drainage networks rather than replacing the whole pipe infrastructure;
moreover, if some techniques for RTC can be implemented during the decision-making process.
For future work, it is recommended to test different drainage networks using different parameters
for the optimization procedures, considering techniques to reduce the computational efforts required
by the proposed methodologies, additionally, to integrate these optimization procedures with RTC to
enhance the location and sizing of the storage units, as well as its operation.
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