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Abstract: Green infrastructure (GI) has been regarded as an effective intervention for urban runoff
reduction. Despite the growing interest in GI, the technical knowledge that is needed to demonstrate
their advantages, cost, and performance in reducing runoff and pollutants is still under research.
The present paper describes a framework that aims to obtain the optimal configuration of GI
(i.e., the optimal number of units distributed within the catchment) for urban runoff reduction.
The research includes an assessment of the performance of GI measures dealing with pollution
load, peak runoff, and flood volume reduction. The methodological framework developed includes:
(1) data input, (2) GI selection and placement, (3) hydraulic and water quality modelling, and (4)
assessing optimal GI measures. The framework was applied in a highly urbanized catchment in
Cali, Colombia. The results suggest that if the type of GI measure and its number of units are taken
into account within the optimisation process, it is possible to achieve optimal solutions to reduce the
proposed reduction objectives with a lower investment cost. In addition, the results also indicate a
pollution load, peak runoff, and flood volume reduction for different return periods of at least 33%,
28%, and 60%, respectively. This approach could assist water managers and their stakeholders to
assess the trade-offs between different GI.

Keywords: green infrastructure; hydrodynamic modelling; multi-objective optimisation; urban drainage

1. Introduction

There is a growing interest in urban runoff processes, since more than half of the world’s population
live in urban areas. As a result, urban water researchers and practitioners are increasingly concerned
with how to manage urban runoff with the effort to maintain more water on-site and to replicate natural
hydrological processes. Urban runoff is generated when rainfall flows over land or impervious surfaces,
such as paved streets, parking lots, and rooftops and does not seep into the ground. Apart from direct
damage, heavy rainfall can also lead to a sequence of cascading events, such as power interruptions,
traffic congestion, business interruptions, and pollution of water bodies [1].

In the past, the urban runoff control was focused on efficient surface drainage and flood control for
a given return period rainfall event that was often of a larger magnitude [2]. However, researchers and
practitioners are becoming increasingly concerned with the runoff resulting from smaller and more
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frequently occurring rainfall events that can cause a sequence of negative effects in urban areas and
receiving waters [3].

The main pollutants found in runoff come from fertilizers (nutrients), humans and animals
(bacteria), chemicals (pesticides), roofs and roads (metals), and from vehicles (hydrocarbons) [4].
Suspended sediments constitute the largest mass of pollutant loadings to receiving waters from urban
areas and is generally conveyed by urban drainage as non-point pollution [5]. Polluted urban drainage
runoff can be harmful to plants, animals, and people, and its quality was largely ignored in the design
of urban drainage systems until approximately 1980 [6].

Green Infrastructure (GI) is an attractive option for urban water managers as it has the potential
to provide a range of benefits and co-benefits. If carefully designed and implemented, GI can be
effective in dealing with problems associated with floods and droughts as well as with poor urban
runoff quality [7,8]. However, retrofitting GIs in long-established urban areas can be a technically
very challenging and costly task [9]. Previous studies aiming to evaluate the performance of GI in
urban water systems have been carried out by: (i) modelling tools for stormwater management and
the economics of GI practices [10], (ii) evaluating the importance of GI in small and medium-sized
towns [11], (iii) examining the performance of vegetative swales to improve runoff in an urban area
with moderate traffic [12], (iv) proposing a flexible modelling framework for hydraulic and water
quality performance assessment of stormwater GI [13], (v) combining ecosystem services with a
cost-benefit analysis for the selection of green and grey infrastructure for flood protection in a cultural
heritage [14], and (vi) combining co-benefits and stakeholders’ perceptions into the GI selection for
flood risk reduction [15]. The results from these studies have shown good potential for application of
GI in urban water management.

Numerical models have proved to be invaluable for modelling flows in urban areas [16,17],
while multi-objective optimisation can provide useful support in decision-making processes.
In addition, the combination of numerical models and optimisation tools, such as the NSGA-II
optimiser has proved to be particularly useful for dealing with stormwater-related issues [18–20].
The objective of the NSGA-II algorithm is to improve the adaptive fit of a population of candidate
solutions to a Pareto front that is constrained by a set of objective functions. The algorithm uses an
evolutionary process with surrogates for evolutionary operators, including selection, genetic crossover,
and genetic mutation. The population is sorted into a hierarchy of sub-populations that is based on the
ordering of Pareto dominance. Similarity between members of each sub-group is evaluated on the
Pareto front, and the resulting groups and similarity measures are used to promote a diverse front of
non-dominated solutions [21].

Investigations where NSGA-II have been used to optimise GI have focused on: (i) multiobjective
optimisation for combined quality-quantity urban runoff control [22], (ii) selecting an optimal
sustainable drainage design for urban runoff reduction [23], and (iii) proposing an evolutionary
and holistic assessment of green-grey infrastructure for CSO reduction [24]. Other multiobjective
evolutionary algorithms are also used to optimise GI, as in the case of (iv) minimization of cost,
sediment load, and sensitivity to climate change in a watershed management application [25],
(v) optimal selection and placement of green infrastructure to reduce the impacts of land use change
and climate change on hydrology and water quality [26], (vi) optimal sizing of GI treatment trains
(i.e., a sequence of multiple stormwater treatments) for stormwater management [27], and (vii) a
quantitative modelling framework to support decision making in Sustainable urban Drainage Systems
(SuDS) design alternatives [28]. The above approaches have produced promising results and may
become a useful tool for planning and decision making of drainage systems.

Based on the previous studies, the benefits of applying GI measures (or practices) are well known.
However, currently available methodologies are more focused on the optimal coverage area of GI
instead of a GI-type preference. The key advantage of the present approach is that the number of
equal GI-size units redistributed within the subcatchment has been taken into account within the
optimisation process and this is presented in more detail in the subsequent sections.
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The present paper provides a novel approach that aims to configure GI for urban runoff and
pollutant reduction using the optimal number of units. The research includes an assessment of the
performance of GI measures when dealing with two main objectives: environmental (i.e., pollution
load, peak runoff, flood volume) and economic (i.e., investment costs). This proposed framework
has been implemented in the coding environment LAZARUS (a free source Delphi compatible with
cross-platform IDE for rapid application development) in order to couple a hydrodynamic model with
an optimisation algorithm. This coupled model searches for optimal GI units that can achieve runoff
reduction, better runoff quality, and least investment costs. The potential of this method has been
demonstrated in the real-life case study of Cali, Colombia, where different GI units were evaluated
while considering the environmental and economic objectives.

2. Case Study

An urban area within the Meléndez catchment in Cali (Colombia) has been used to demonstrate
the proposed framework. The catchment area encompasses 46.2 km2 and the river network has
a length of 7 km, which receives discharges from both sewer pipes and open channels. Since the
1990s, there have been floods and pollution due to river overflows along its entire length that have
affected highly urbanized sectors. The area that is divided into the south and southwest has a higher
population density. The total area can be delineated into 25 subcatchments, and the drainage system
is formed by one river, 22 open channel sections, 21 box culvers, and 51 circular pipes. The surface
runoff flows by gravity from west to east of the catchment to reach the outfall in the southern channel.
According to [29], the estimated time of concentration is approximately 84 min. The urban catchment
has one outflow point near to the Cauca river, which is the main source of drinking water for Cali.
The river receives an average discharge of 0.51 m3/s per day from the Meléndez catchment [30].
Figure 1 shows the urban drainage catchment of the study area.
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3. Methodological Framework

The methodological framework for optimal system configuration of GIs consists of four main
steps: (1) data input, (2) GI selection and placement, (3) hydraulic and water quality modelling, and (4)
assessing optimal GI measures. These steps are described in detail in the following subsections.

3.1. Data Input

The data used in this study includes the network layout, conduits, canals, manholes, outflow,
and subcatchments with their hydrological parameters and dry weather flow characteristics.
Subcatchment parameters include outlet nodes, percentages of previous and impervious areas,
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terrain slope, depression storage, and soil infiltration characteristics. The present work also used
contour maps, a Digital Elevation Model (DEM), land use, the percentage of impervious areas, soil
type, urban land use, roads, streams, the groundwater table depth, and land ownership. Rainfall is
introduced into the model with hyetographs for 2, 5, 10, 20, and 50-year return period events based on
intensity, duration, and frequency. Water quality data obtained from the DAGMA project [31] was
used for build-up and wash-off model simulations.

Figure 2a depicts the geographical location of the monitoring points. Point 1 was selected as
a reference point in order to determine the status of the water quality of the river before it reaches
the urban area. Two stations were taken into account in the rural area (i.e., points 2 and 3) with the
purpose of evaluating the impact from coal mines. In total, 10 monitoring points were monitored to
evaluate the water quality of the river. The maximum daily Total Suspended Solids (TSS) measured
was approximately 6500 kg/day and a minimum Dissolved Oxygen (DO) of 2 mg/L (see Figure 2b).

In order to represent the TSS loads for each subcatchment for a 10-year return period and for
validation of the model purposes, different input concentrations were specified at different nodes of
the drainage network by a trial-and-error procedure in accordance with the data reported in [32,33].
TSS was also introduced into the model at specific nodes representing the combined sewer in the
conveyance system. This makes it possible to represent the pollutant concentration coming from
the dry weather flow—DWF (i.e., assumed DWF diurnal pattern). After assigning different TSS
concentrations into the system, the modelled Meléndez river produced a TSS-based flow concentration
of 10 mg/L comparable to the TSS profile measured and presented in Figure 2c. This value was placed
as a boundary condition in the model.

In terms of the costs concerning different GI measures, a catalogue with different costs was
compiled. This catalogue contains unit costs for different GI types (see the summary table of GI in
Appendix A).
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3.2. GI Selection and Placement

3.2.1. GI Selection

The different GIs were selected based on their characteristics and suitability for implementation
in the urban area. The selection is based on the requirements concerning land use, applicability on the
impervious area, and treatment capacity. The GIs were implemented within each subcatchment by
defining the number of units and surface area for each type. The selected GI includes Bio-Retention
cells (BR) for expanding the green space in the subcatchments, Infiltration Trenches (IT) for using
around playing fields and recreational areas, Porous Pavement (PP) to reduce storm water runoff,
and Vegetative Swales (VS) with the purpose of improving the water quality.

Table 1 presents the characteristics of the GI design following the recommended values given
in [34]. The BR were selected with the minimum recommended dimensions (4.6 m wide by 12.2 m
in length). The minimum width allows the BR to control the effects of runoff pollutants while the
minimum length enables the cell to accommodate the distributed flow by decreasing the changes of
concentrated flow. The ponding depth was set to 120 millimetres to give a sufficient water storage
capacity and a vegetative fraction was set to 0.05. Three types of BR (BR01, BR02, and BR03) were used
according to the soil characteristics and either to drain out by infiltration or underdrains. Two types of
IT (IT01 and IT02) were used to cover from 2 to 4 ha drainage area, draining within 24 h, and with
a storage depth of 1400 mm. The seepage rate was set depending on the soil class. PP (PP01) was
chosen to infiltrate water through the soil so that there is no vegetative cover on top. vs. (VS01) was
also selected based on the two year-return period with high vegetative cover. The swale side slope
was set to be 5% and covered by dense vegetation, usually grass, to slow down flows and to trap
pollutants [35]. Appendix A presents a summary table with the detailed information of the selected GI.

Table 1. Characteristics of the Green Infrastructure (GI) design (configuration parameters).

Layer Property Units BR01 BR02 BR03 IT01 IT02 VS01 PP01

Surface

Berm height mm 120 120 120 200 200 900 5
Vegetation volume fraction 0.05 0.05 0.05 0 0 0.15 0
Surface roughness Manning n 0 0.001 0.001 0.25 0.25 0.40 0.012

Surface slope 0 0.5 0.5 0.5 0.5 2 1

Swale side slope (run/rise) 5

Soil

Thickness mm 800 900 600 - - - 0
Porosity Volume fraction 0.453 0.453 0.43 - - - 0.5

Field capacity Volume fraction 0.212 0.144 0.1 - - - 0.2
Wilting point Volume fraction 0.109 0.058 0.047 - - - 0.1
Conductivity mm/h 14.54 3.42 2.7 - - - 0.5

Conductivity slope 7 7 5 - - - 10
Suction head mm 4.33 4 2 - - - 3.5

Storage

Thickness mm 800 300 300 1400 1400 - 150
Void ratio Voids/solids 0.47 0.75 0.75 0.47 0.47 - 0.47

Seepage rate mm/h 7.27 18.79 0 7.27 18.79 - 18.79
Clogging factor 0 0 0 0 0 - 0

Drain
Flow coefficient mm/h 0 0 2.66 0 0 - 1.02
Flow exponent fraction 0.5 0 0.5 0 0 - 0.5
Offset height mm 6 0 50 0 0 - 10

Pavement

Thickness mm - - - - - - 150
Void ratio Voids/solids - - - - - - 0.15

Impervious Surf. Fraction - - - - - - 0
Permeability mm/h - - - - - - 3400

Clogging factor - - - - - - 0

3.2.2. GI Placement

Suitable locations for GI placement were obtained by using the best management practices tool,
i.e., Siting tool [34]. This tool identifies potential suitable locations/areas for implementing all types
of GIs proposed. It supports users with selecting suitable locations that meet the defined site by
considering urban land use, location of streams, soil classification, land ownership, and impervious
layers. The Siting tool does not consider other constraints such as geological appearance, or the
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socio-economic or political situation. The main output from this tool is the identification of suitable
locations for different GIs. A free space was then computed by deducting the land use area coverage
from the total area of each subcatchment.

The placement of the GIs was carried out by finding the available space for the implementation
of the GI in each subcatchment. The ArcGIS tool was used to define the available area for GI
implementation. Subcatchment parameters, such as imperviousness and width, were corrected by
using the Equations (1) and (2) [36]:

Impnew =
%Imp ∗ subcatchment area a f ter GI

Total subcatchment area
(1)

Wnew =
subcatchment area a f ter GI

Total subcatchment area
∗ W (2)

where, Impnew is the new impervious percentage and Wnew is the new width of the subcatchments
after GI placement. The subcatchment area after GI is determined by having the total area of each
subcatchment minus the total area occupied by GIs [36]. As a result of this process, 63 GI types
were placed throughout the catchment area and user later as decision variables in the optimisation
procedure (see the summary table of GI in Appendix A).

3.3. Hydraulic and Water Quality Modelling

The next step involved setting up a hydrodynamic model to simulate quantity and quality as
well as the hydrologic and hydraulic routing of urban runoff. This was done in the Storm Water
Management Model (SWMM). SWMM solves the Saint-Venant equations that govern the unsteady
flow of water through a drainage network of channels and pipes by converting the equations into
an explicit set of finite-difference equations [36]. The quantity model calibration was originally
undertaken in the studies of [37,38]. The mass of a pollutant transported during a storm event has also
been modelled in SWMM as a coupled build-up and wash-off process providing stormwater pollutant
load that is generated from the urban catchment. In the present work, build-up was computed using
Equation (3) in order to describe pollutant build-up over time [35].

b = Min
(

Bmax, KB tNB
)

(3)

where, b is the pollutant build-up (kg m−1), t is the build-up time interval in days, Bmax is the maximum
build-up possible (kg m−1), KB is the build-up rate constant (kg/mday−NB), and NB is the build-up
time exponent (dimensionless). The time exponent, NB, should be ≤1 so that a decreasing rate of
build-up occurs as time increases. When NB is set equal to 1, a linear build-up function is obtained.
Wash-off is the process of dissolving the constituents from catchment surface during the period of
runoff. In this work, an event mean concentration (EMC) wash-off function has been applied according
to [35] and presented in Equation (4):

w = Kw q fluA (4)

where, Kw is the EMC expressed in the same volumetric units as flow rate. qfluA is the fraction of
the total runoff rate that applies to the land use. Most of the urbanized areas for this case study are
covered by highly populated residential land use, followed by commercial, industry, park, and road
zones. Total Suspended Solids (TSS) has been chosen as an indicator of the runoff quality. TSS is one
of the basic indicators of urban runoff pollution as some of the nutrients and metals are transported
attached to the particles.
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3.4. Assessing Optimal GI Measures

3.4.1. Optimisation Procedure

The optimisation procedure consists of adjusting the number of GI units, taking into account
their location within the catchment area. For this purpose, the NSGA-II optimiser algorithm that
was developed by [21] was used with the goal of finding a representative set of optimal Pareto
solutions and to quantify the trade-offs between pollution load, peak runoff, flood volume, and
investment cost. Figure 3 illustrates the proposed optimisation procedure. The optimisation steps
include: (1) computation of the initial value of variables, in this case, the maximum number of GI units
and its maximum costs, (2) the initial simulation of the hydraulic and quality model, (3) computation of
the maximum values of pollution load, peak runoff, and flooding volume for different return periods
of rainfall, (4) computation of the objective functions, (5) running the optimiser NSGA-II according to
the number of populations and generations, and (6) updating the hydrodynamic input file by changing
the number of equal size units of the GI (e.g., the number of bio-retention cells) deployed in each
subcatchment if the number of populations and generations has not been reached.
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3.4.2. Linkage between the Hydrodynamic Model and NSGA-II Optimiser

Two interfacing routines were developed and coded using LAZARUS, a free-source Delphi
compatible cross-platform IDE for rapid application development to join the NSGA-II optimiser with
the hydrodynamic model. The hydrodynamic input file specifies how a particular GI is deployed.
The data entry fields include the GI type and its number of units (i.e., decision variables) for each
subcatchment. The first routine was coded to run the hydrodynamic model, set the initial value of
variables and compute the normalized values of the objective functions. The maximum value of GI
investment cost is also computed from a catalogue file that contains the GI unit cost.

The NSGA-II optimiser generates a file with the lower and upper range values of the decision
variables. The second routine was also coded to run the model and update the hydrodynamic input
file. This routine uses the generated file with the decision variables range to modify the number of GI
units by overwritten its value in the hydrodynamic input file for each iteration. With this procedure,
a new objective function value is obtained. Optimisation parameters for the NSGA-II algorithm were
set to a population size of 200 and 30 generations for a total number of function evaluations of 6000.
The probability of crossover was set to 0.90, the probability of mutation to 0.09, the distribution index
for crossover to 15, and the distribution index for mutation to 20.

3.4.3. Objective Functions

In order to quantify the trade-offs between the reductions objectives, three objective functions
were coded: pollution load, peak runoff, and flood volume with their corresponding reductions in
investment costs. The objective functions are presented as follows:

Pollution Load Reduction

The maximum wash-off of TSS in the urban drainage system is used for the evaluation of
percentage reduction of TSS. The objective function calculates the average of TSS wash-off for each
subcatchment using Equation (5).

f1(xi) =
1
n
·

n

∑
j=1

w f j

w f j,max
(5)

where, f1(xi) is the fitness function 1 of chromosome i, n is the number of subcatchments, j is the
subcatchment number, wfj is the TSS wash-off (kg/day) of the subcatchment j, and wfj,max is the
maximum TSS wash-off load (kg/day) in the system without using any GI type in each subcatchment j.

Peak Runoff Reduction

In the model, surface runoff occurs when the depth of water exceeds the maximum depression
storage so that the peak runoff value is taken from the model system response through its
hydrograph [36]. The objective function consists of calculating the average of each normalized runoff
peak of each subcatchment, as follows:

f2(xi) =
1
n
·

n

∑
j=1

prj

prj,max
(6)

where, f2(xi) is the fitness function 2 of chromosome i, n is the number of subcatchments, j is the
subcatchment number, prj is the peak runoff (m3/s) of subcatchment j, and prj,max is the maximum
runoff in the system without using any GI type in each subcatchment j.

Flood Volume Reduction

In the model, flooding occurs when the water depth at a node exceeds the maximum available
depth, and the excess flow is either lost from the system or can pond on top of the node and re-enter
the drainage system [36]. This objective function focuses on evaluating the flooding volume reduction
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in terms of the maximum flooding volume obtained from the model simulations. It consists of the sum
of the volume of all the nodes divided by the sum of flood volume coming from the system without
using any GI type in each subcatchment j.

f3(xi) =
∑n

j=1 n f vj

n f vj,max
(7)

where, f3(xi) is the fitness function 3 of chromosome i, n is the number of flood conflicting nodes,
j is the node number, n f vj is the flood volume (m3) of node j, and n f vj,max is the maximum flooding
volume coming from the system without using any GI type in each subcatchment j.

Investment Cost Function

The investment cost of each GI configuration system is related to the total number of GI units that
were implemented in each subcatchment multiplied by their implementation cost. The number of GIs
results from the optimisation process, while the implementation cost is calculated from the catalogue
that contains unit costs for different GIs. This is presented in the following Equation (8).

f4(xi) =
∑n

j=1
(
GI.costj · GI.numberj

)
costmax

(8)

where, f4 (xi) is the fitness function 4 of solution i, GI.costj is the cost (US dollars/m2) of GI type j,
GI.numberj is the number of GI type j, and costmax is the maximum implementation cost.

The output of the optimisation procedure include non-dominated solutions with the number of
GI units to be implemented for lowest possible cost and for return period events of 2, 5, 10, 20, and
50 years. The percentage of reduction reached has been computed taking into account the objective
function value (O.F) obtained from the optimisation process and the maximum objective function
value without using any GI type, as follows:

100 − [O.F value(opt. solution) ∗ 100]
Max O.F value (present state)

(9)

3.4.4. Maximum GI Investment Cost

The maximum GI investment cost was calculated by adding the investment cost to the operation
and maintenance cost per square meter of each GI type for 20 years. A unit cost was computed based on
the cost categories according to the layers of the GI (i.e., surface, soil, storage, underdrain). An inflation
rate of 2.8% was used in order to calculate the net present value of each unit [39] and the base prices
were taken from the city price index [40]. The investment cost for all types of BR included less cost for
the surface layer due to the lower costs of local grass. Investment costs for different types of IT might
vary from one place to another due to the variation in local gravel costs. The overall project investment
cost using this maximum number of GI units was found to be $19.9 million dollars. This value was
obtained according to the maximum number of units of each GI type and its corresponding unit cost
(see the summary table of GI in Appendix A).

4. Results and Discussion

4.1. Initial Performance of the Drainage System

The hydrodynamic model was run for the selected return period events of 2, 5, 10, 20, and 50 years
without implementing any of the GI measures (i.e., present state). Simulation results indicate a peak
runoff of 147, 171, 185, 200, and 227 m3/s, respectively. The TSS loading at the outfall of the system
was found to be 37,348; 40,388; 42,635; 45,184; and, 49,113 kg/day, respectively.
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4.2. GI Placement

Potential suitable location/areas for different types of GI were identified from the analysis of urban
land use, stream location, soil classification, land ownership, and impervious layers. The placement
of GIs was carried out by finding the available space for GI in each subcatchment. The minimum
percentage of available area (ha) was found to be 2.8% and the maximum 32%. Figure 4 presents the
maximum number of GI units for each subcatchment. With the criteria presented in Section 3.2.2,
the maximum number of GI units found was 468 divided, as follows: 116 units of BR, 116 units of IT,
164 units of vs. and 72 units of PP. Figure 5 depicts an example of the TSS loading in each subcatchment
for a five-year return period event before and after GI placement (applying the maximum number
of units). On average, a reduction of 40% of TSS could be potentially obtained after implementing
GI measures.
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The second hydrodynamic model run was carried out for 2, 5, 10, 20, and 50-year return period
events with the maximum number of GI units (i.e., 468 units). Simulation results indicate a peak runoff
reduction to 114, 131, 140, 153, and 172 m3/s, respectively. Also, the reduction of TSS at the outfall of
the system was found to be 22,737; 24,955; 26,717; 28,585; and, 31,471 kg/day, respectively.



Water 2018, 10, 1528 11 of 20

4.3. Assessing Optimal GI Measures

In order to obtain optimal GI solutions distributed within the catchment, a trade-off between
each objective reduction (i.e., pollution load, peak runoff, flooding volume) and investment costs was
introduced as an optimisation problem. As described above, four different GI measures were evaluated
(BR, IT, vs. and PP) and the selection of these measures were described in Section 3.2. These measures
were evaluated by running simulations for 2, 5, 10, 20, and 50-year return period events. The maximum
number of GI units was a subject of the optimisation process. Figure 6 shows the non-dominated
solutions obtained for the mentioned objectives.
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Figure 6a shows that for smaller events, with solution s-2 an investment of $7.5 million can
achieve a pollution load reduction of 43%. For larger return period events (up to 50 years) a $7 million
investment suggests a pollution load reduction of 40% (solution s-10). In terms of peak runoff
reduction, Figure 6b presents solution s-12 with a peak runoff reduction of 30% by investing $6.4 million
for a two-year event. With solution s-20 it is possible to reduce peak runoff by 27% for a 50-year
event and $6 million investment. Figure 6c presents optimal solutions for flood volume reduction.
Solution s-22 shows a reduction level of 80% for a two-year event with an investment cost of $7.3
million. Solution s-30 demonstrates a flooding volume reduction of 68% by investing $7.4 million
(up to 50 years).

Table 2 presents the comparison of the selected solutions for each objective reduction.
The catchment points (letters in red colour) that are presented in Figure 4 have been used for
comparison purposes between the present state (no GI placement) and the computed optimal solutions.

Table 2. Comparison of the selected solutions.

Catchment
Point

Return
Period

TSS (kg) Peak Runoff (m3/s) Flooding Volume (m3)

Present
State

(no GI)

Optimal
Solution

s-2

Optimal
Solution

s-10

Present
State

(no GI)

Optimal
Solution

s-12

Optimal
Solution

s-20

Present
State

(no GI)

Optimal
Solution

s-22

Optimal
Solution

s-30

G
2 2433 924 - 3.72 1.88 - 5654 933 -

50 2976 - 1,286 4.59 - 1.71 8111 - 2470

H
2 659 276 - 5.02 2.96 - 6279 1364 -

50 799 - 281 6.28 - 3.71 37,802 - 9914

I
2 195 83 - 0.94 0.55 - 27,964 12,455

50 244 - 114 1.18 - 0.75 34,177 - 21,656

J
2 215 89 - 1.47 0.79 - - - -

50 262 - 110 1.83 - 1.34 - - -

Solutions s-2 and s-10 indicate an important pollution decrease, especially where the water quality
deterioration in points G, H, I, and J of the Meléndez catchment is very significant. Solution s-12 and
solution s-20 are able to regulate the flow of the river when a rainfall event occurs in the upper part of
the catchment (points A, B, and C), and thus reduce the river flow at the entrance of the city (between
points G and H). Solution s-22 and solution s-30 indicate the possibility of reducing the risk of flooding,
particularly in points H and I where the highest flood volumes occur in a mostly residential area.
Figure 6 presents the optimal number of units with the aim of identifying the GI type that better reduce
the three objectives for the study area.

As it can be seen from Figure 7, GI types, such as infiltration trench (IT02) and vegetative swale
(VS01) for small and large events present the largest number of GI units deployed in the catchment
reducing the three objectives. Comparing these numbers with the results that were obtained in Figure 6
and Table 2, a larger number of IT02 and VS01 would have an effect on improving runoff quality
and quantity when compared to bio-retention cells (BR) and porous pavement (PP), despite the small
differences in the investment costs. According to the characteristics of the GI design shown in Table 1,
IT02 could have been more placed due to the rate value at which water seeps into the native soil below
the layer (greater than IT01).

Through the analysis of these results, it can be observed that BR02 has been mainly used with
the purpose of reducing pollution load (solutions s-1 to s-10) as compared to the other two objectives.
From the three types of BR, BR02 differs from the other two due to the thickness of the soil layer, the rate
value at which water seeps into the native soil below the layer (both greater than BR01 and BR03) and
the draining type (it uses infiltration rather than underdrains). In line with the design characteristics,
for larger events the use of PP01 in the catchment increases in solutions s-8 and s-10 for pollution load
reduction and solutions s-18 and s-30 for peak runoff and flooding volume reduction, respectively.
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The main constraint of these optimal solutions is the amount of financial resources that is required
to the initial GI implementation, which is $19.9 million dollars. Within this framework important
investment cost reductions were obtained in terms of pollution load, peak runoff, and flooding
volume to $7 million, $6 million, and $7.4 million, respectively, for events up to 50 years. In terms
of the effect of a rapid increase in rainfall intensity and similar to the work that is presented in [41],
different return periods (2, 5, 10, 20, and 50-year) enable not only a better understanding to achieve
optimal solutions but also an effective GI placement minimizing erroneous and costly intervention for
urban runoff reduction.

According to other researches, although we manually determined subcatchment parameters
and GI process layers, much of this work could be automated. However, it is important to consider
the stakeholders input into the final design decisions for each subcatchment, possibly iteratively
applying this framework with additional constrains until a satisfactory solution is found see [22,25,27].
The methodological framework that is presented here demonstrates a possible way to select one
solution from different alternatives. For the case study area of Cali, these solutions that can maximise
environmental and economic objectives for up to a 50-year return period event could be considered as
preferred. However, since different GI type units can produce a similar performance, the preferred
combination of GIs would depend on the objectives that need to be achieved. In our future work,
we will address such issues by incorporating a preference-based multi-objective model within the
present methodological framework.

5. Conclusions

The present paper describes a novel methodological framework that aims to configure GI for
urban runoff and pollutant reduction using the optimal number of units. The present work addressed
the assessment of the performance of GI measures dealing with environmental and economic objectives.
The proposed methodological framework has been implemented in the coding environment LAZARUS,
which is a free-source Delphi compatible cross-platform. The code combines a hydrodynamic model
and an optimisation algorithm. Simulations of hydraulic, hydrologic and quality aspects were
performed within the SWMM package, while the NSGA-II model was used for process optimisation.
The mass of a pollutant transported during a storm event has been modelled as a coupled build-up and
wash-off process, providing the stormwater pollutant load that is generated from the urban catchment.
The work was demonstrated in a real-life case study of Cali (Colombia) where bio-retention-cells
(BR), infiltration trenches (IT), vegetative swales (VS), and porous pavement (PP) were evaluated
while considering pollution load, peak runoff, and flood volume objectives at the lowest possible
investment cost.

There are currently actions that are aiming to reduce the pollution load in the Meléndez river,
but its water quality is still continuing to decline. Similarly, in spite of substantial investment in flood
control structures in the catchment, there is still the risk of flooding as the investments are not executed
according to their priority and their true impact in the catchment.

The results of this study show that by investing an amount of $7.7 million with a higher number
of BR units (up to 83 units) within a specific configuration, a pollution load reduction for larger events
can be obtained with solution s-10. The solutions also show that an increase in the number of vs. units
(up to 76 units) with the same investment can yield a reduction in peak runoff for both smaller and
larger events (s-16 and s-18). Similarly, with the same level of investment and with a larger number of
PP units (up to 22 units), solution s-30 would help to reduce flood volume for shorter and larger events.

The application of multi-objective optimisation processes for GI configuration may become a
good choice in terms of reducing investment cost without compromising the efficiency of the drainage
system. The results show an advantage of having an optimal number of GIs, as the GI types mainly
reflect the impact on the reduction of the three objectives. This suggests that if the type of GI measure
and its number of units are taken into account within the optimisation process, it is possible to
achieve optimal solutions to reduce the proposed reduction objectives with a lower investment cost.
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In terms of disadvantages, one of the key disadvantages is that this approach is not able to incorporate
surface water infiltration process into the hydrodynamic model based on a given infiltration equation
(i.e., modified Horton method) in a 1D-2D modelling approach while taking into account the expensive
computational time which limits its application for real-life purposes.

The present work also demonstrates how different performance can be used to address different
objectives and to identify a solution that can be suitable for the study area. In our future research, we plan
to extend the present methodological framework by taking into consideration a preference-based
multi-objective model that can reflect different preferences for different performance measures.
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Appendix A

Table A1. Summary table of the implemented GI.

Sub Catchment GI Type Area
(Ha) % Imper Drainage

Area (Ha)
Flow

(m3/s)
Volume

(m3)
Size Depth

(m)
Width

(m)
Unit Area

(m2) GI # Units % Imper
Area Treated GI Unit Cost GI Total Cost

1 126.58 0.72
BR03 2 202 4858 1.6 3036 25 54.76 $27,439 $685,726
IT02 2 202 4858 1.4 7.5 3470 16 35.05 $30,812 $308,119
VS01 51 1214 1.6 10 759 16 8.76 $23,966 $383,448

2 65.08 0.76
BR02 2 212 5099 1.6 3187 10 40.59 $32,122 $321,224
IT02 2 212 5099 1.4 7.5 3642 10 40.59 $30,812 $308,119
VS01 0.5 53 1275 1.6 10 797 13 13.19 $23,966 $311,552
PP01 0.054 6 540 16 1.75 $122,812 $1,964,990

3 39.58 0.72
BR02 2 202 4849 1.6 3030 5 35.09 $32,122 $160,612
IT02 2 202 4849 1.4 7.5 3463 5 35.09 $30,812 $154,059
VS01 0.5 51 1212 1.6 10 758 15 26.32 $23,966 $359,483

4 29.03 0.76
BR02 2 212 5095 1.6 3185 5 45.53 $32,122 $160,612
IT01 2 212 5095 1.4 7.5 3639 4 36.42 $30,182 $123,248
VS01 0.5 53 1274 1.6 10 796 7 15.94 $23,966 $167,759
PP01 0.054 6 540 8 1.97 $122,182 $982,495

5 97.57 0.11
BR03 2 31 736 1.6 460 2 37.51 $27,429 $54,858
IT01 2 31 736 1.4 7.5 526 2 37.51 $30,812 $61,624
VS01 0.5 8 184 1.6 10 115 5 23.44 $23,966 $119,828

6 41.5 0.67
BR02 2 188 4508 1.6 2818 4 28.80 $32,122 $128,490
IT02 2 188 4508 1.4 7.5 3220 6 43.20 $30,812 $184,871
VS01 0.5 47 1127 1.6 10 704 13 23.40 $23,966 $311,552
PP01 0.054 6 540 16 3.11 $122,812 $1,964,990

7 58.65 0.76
BR02 2 214 5125 1.6 3203 12 53.77 $32,122 $385,469
IT02 2 214 5125 1.4 7.5 3661 8 35.85 $29,508 $246,495
VS01 0.5 53 1281 1.6 10 801 8 8.96 $23,965 $191,724

8 31.57 0.76
BR02 2 212 5090 1.6 3181 5 41.91 $32,122 $160,612
IT02 2 212 5090 1.4 7.5 3636 4 33.53 $30,812 $118,033
VS01 0.5 53 1272 1.6 10 795 11 23.05 $23,966 $263,615
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Table A1. Cont.

Sub Catchment GI Type Area
(Ha) % Imper Drainage

Area (Ha)
Flow

(m3/s)
Volume

(m3)
Size Depth

(m)
Width

(m)
Unit Area

(m2) GI # Units % Imper
Area Treated GI Unit Cost GI Total Cost

9 61.32 0.81
BR01 2 228 5474 1.6 3421 11 44.14 $32,122 $353,347
IT01 2 228 5474 1.4 7.5 3910 8 32.10 $30,812 $246,495
VS01 0.5 57 1369 1.6 10 855 23 23.07 $23,966 $551,207

10 87.57 0.80
BR01 2 224 5388 1.6 3367 8 22.84 $31,122 $256,979
IT01 2 224 5388 1.4 7.5 3848 18 51.39 $30,811 $554,602
VS01 0.5 56 1347 1.6 10 842 13 9.28 $23,966 $311,552
PP01 0.054 6 540 14 1.08 $122,812 $1,719,366

11 68.76 0.10
BR01 2 29 694 1.6 434 1 28.21 $32,122 $32,122
IT01 2 29 694 1.4 7.5 496 2 56.42 $30,812 $61,624
VS01 0.5 7 174 1.6 10 108 2 14.11 $23,966 $47,931

12 34.91 0.30
BR02 2 84 2020 1.6 1263 2 38.19 $32,122 $64,245
IT02 2 84 2020 1.4 7.5 1443 2 38.19 $30,812 $61,624
VS01 0.5 21 505 1.6 10 316 4 19.10 $23,966 $95,862
PP01 0.054 6 540 6 3.09 $122,812 $736,871

13 32.45 0.77
BR02 2 215 5159 1.6 3225 5 40.23 $32,122 $160,612
IT02 2 215 5159 1.4 7.5 3685 6 48.27 $30,812 $184,871
VS01 0.5 54 1290 1.6 10 806 5 10.06 $23,966 $119,828

14 37.56 0.67
BR02 2 189 4526 1.6 2828 5 39.62 $32,122 $160,612
IT02 2 189 4526 1.4 7.5 3233 5 39.62 $30,812 $154,059
VS01 0.5 47 1131 1.6 10 707 10 19.81 $23,966 $239,655
PP01 0.054 6 540 4 0.86 $122,812 $491,248

15 8.5 0.82
BR01 2 231 5546 1.6 3466 2 57.14 $32,122 $64,245
IT01 2 231 5546 1.4 7.5 3961 1 28.57 $30,812 $30,812
VS01 0.5 58 1386 1.6 10 867 2 14.29 $23,966 $47,931

16 27.2 0.75
BR02 2 210 5039 1.6 3150 4 39.30 $32,122 $128,490
IT02 2 210 5039 1.4 7.5 3600 5 49.13 $30,812 $30,812
VS01 0.5 52 1260 1.6 10 787 4 9.83 $23,966 $47,931

17 9.32 0.48
BR02 2 135 3237 1.6 2023 1 44.64 $32,122 $32,122
IT02 2 135 3237 1.4 7.5 2312 1 44.64 $30,812 $30,812
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Table A1. Cont.

Sub Catchment GI Type Area
(Ha) % Imper Drainage

Area (Ha)
Flow

(m3/s)
Volume

(m3)
Size Depth

(m)
Width

(m)
Unit Area

(m2) GI # Units % Imper
Area Treated GI Unit Cost GI Total Cost

18 25.7 0.77
BR02 2 217 5217 1.6 3261 4 40.18 $32,122 $128,490
IT02 2 217 5217 1.4 7.5 3727 5 50.23 $30,812 $154,059
VS01 0.5 54 1304 1.6 10 815 3 7.53 $23,966 $71,897

19 40.72 0.78
BR02 2 218 5225 1.6 3265 5 31.66 $32,122 $160,612
IT02 2 218 5225 1.4 7.5 3732 8 50.65 $30,812 $246,495
VS01 0.5 54 1306 1.6 10 816 10 15.83 $23,966 $239,655
PP01 0.054 6 540 8 1.37 $122,812 $982,495

Total: $19,941,227.
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