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Abstract: In the past years, alternative drainage approaches have emerged, such as Sustainable
Urban Drainage Systems (SUDS), to prevent run-off and flooding impacts on the most vulnerable
zones of the cities. These systems not only provide the benefit of water regulation but also promote
other types of ecosystem services. Several studies have developed optimization tools to assist SUDS
selection, location, and design. However, they do not consider a comprehensive set of ecosystem
services (e.g., provision, regulation, cultural, and support services). This research proposes a flexible
and adaptable methodology to incorporate SUDS in different stages of urban projects using a multi-
objective optimization technique to minimize run-off, maximize ecosystem services and minimize
cost. The methodology comprises four phases: (1) the preliminary analysis of ecosystem services
potentially generated by each SUDS type, (2) the priority and opportunity index quantification,
(3) the physical feasibility analysis, and (4) the multi-objective optimization tool implementation.
The methodology was successfully applied to three different urban areas of Bogotá city (Colombia).
Results evidence that the interaction of the budget constraints and the available area restrict the
potential benefits of SUDS implementation. These results are helpful to support different urban
planning stages.

Keywords: ecosystem services; urban planning; decision support; Sustainable Urban Drainage
Systems; Green Infrastructure

1. Introduction

The rapid urbanization process, the development of informal settlements in risk zones,
and the inadequacy of drainage systems will spur the severity of damages caused by
extreme events [1,2]. Frequently, the vulnerable areas of the cities suffer the most drastic
environmental, social, and economic consequences of disruptive run-off and flooding
events [3]. To prevent these impacts, in the last 30–40 years, alternative approaches such
as Sustainable Urban Drainage Systems (SUDS) (also called in the literature: Low Impact
Development (LID), Water Sensitive Urban Design (WSUD), Best Management Practices
(BMP), and Innovative Storm-water Management) have emerged. According to Fletcher
et al. [4], SUDS are one of the Green Infrastructure (GI) techniques used to drain stormwa-
ter sustainably. Examples of SUDS are green roofs, permeable pavements, filter strips,
vegetated swales, infiltration trenches, soakaways, rain gardens, detention, and retention
basins, and constructed wetlands [5,6].

SUDS emulate and restore the pre-development hydrological processes by imple-
menting run-off management systems following a holistic philosophy that gives equal
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importance to four water management pillars: quality, quantity, amenity, and biodiver-
sity [5]. According to these pillars and the definition of ecosystem services (“aspects of
ecosystems utilized to produce human well-being” [7]), the implementation of SUDS not only
provides the benefit of water regulation but also promotes other types of services [8]. SUDS
implementation relates to the generation of provision, regulation, cultural, and support ser-
vices [9–17]. For example, the implementation of tree boxes in the urban context promotes
the provision of freshwater by the run-off infiltration and aquifer recharge, the microclimate
regulation service by the reduction of the heat island effect, and increases the aesthetic
value by the improvement of the urban landscape [13,17]. Another example is the wet
ponds, which enhance the educational values and provides regulation services due to the
presence of pollutant capturing vegetation [14,17].

The multiple functionalities offered by SUDS positioned them as a key element for
spatial planning and territorial development [18,19]. In this way, SUDS implementation
can be useful to promote ecosystem services, societal health, and wellbeing, support the
development of a green economy, and the sustainable management of water [20]. However,
the quantification of ecosystem services is a complex process that involves a large number of
variables, showing the importance of easy-to-use models and tools for ecosystem services
integration into the decision-making process [21,22]. These tools allow, among others,
(i) the analysis of urban ecosystems and their spatial distribution, (ii) the assessment of the
beneficiaries’ distribution and the demand for ecosystem services, and (iii) the definition
of the planning management tools of the city that determine who is benefited from these
services [23–25].

Common approaches to assessing ecosystem services (e.g., Environmental impact
assessment (EIA) and cost-benefit analysis (CBA)) have several flexibility limitations to in-
clude people’s perceptions and consider ecological and social evaluation. These limitations
positioned Multi-Criteria Decision Analysis (MCDA) methodologies as promising tools to
transform ecosystem services assessment to a more holistic approach [26].

MCDA is defined as a process to integrate multiple criteria into a decision process
to select the best alternatives [27]. One of the principal steps of the MCDA methods is
the weighting assignation criteria that measure the preferences of alternatives [28]. Three
categories of weighting methods have been defined: subjective, objective, or combined. In
subjective methods, the weights are determined by the preferences of experts or decision-
makers (e.g., Analytic Hierarchy Process (AHP), Analytic Network Process (ANP), and
Delphi methods) [28,29]. In objective methods, weights are assigned based on information
gathered through mathematical models or information without consideration of stake-
holders’ preferences (e.g., Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS), entropy, and multi-objective optimization) [28,29]. Finally, integrated methods
combine the subjective weights based on expert opinion with the relevant information
granted by the mathematical models [29].

MCDA has been widely used for ecosystem services assessment during the urban
planning process [30,31]. Various studies have focused on the GI distribution according to
ecosystem services potential and physical and social characteristics of particular case stud-
ies [32–37]. These studies developed decision-support tools, spatial models, and ecosystem
services assessments to guide the urban planning process at a fixed scale (municipal or
local). Other studies have focused on defining a methodology framework to determine
the location of SUDS in an urban context [38–46]. For example, Jiménez-Ariza et al. [40]
proposed a multiscale and multicriteria SUDS planning framework by integrating strategic
and priority urban drainage sub-catchments using MCDA entropy and Criteria Importance
Through Inter-criteria Correlation (CRITIC) methods for the development of the social and
environmental index. Menéndez Suárez-Inclán [45] developed a methodology to identify
strategic areas for SUDS implementation by the combination of Geographic Information
Systems (GIS) software and the MCDA Analytical Hierarchical Process (AHP). These
studies offered decision-support tools potentially replicable in another context, however,
fewer studies had analyzed the feasibility (e.g., environmental, social, and economic) of
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SUDS implementation simultaneously for different stages of urban projects (e.g., developed
project, planning phase, urban renewal planning).

To advance the field of SUDS decision support tools and integrate other types of
criteria during feasibility analysis, other authors focused on using optimization tools to
assist SUDS selection location and design [47–56]. For example, Torres et al. [57] developed
a two-stage stochastic mixed-integer linear program (TS-MILP) to select the best SUDS
type and location. The objective of this optimization model was to minimize the use of
potable water for irrigation and reduce the water run-off at a minimum cost. In another
approach, McClymont et al. [3] applied a Standard Evolution Strategy with a cross-over
operator to optimize SUDS encompassing the amenity and biodiversity pillars of SUDS
through a quality-of-life index. The objectives were to maximize flood and water quality
resilience while minimizing SUDS capital costs. To the best of our knowledge [58,59],
optimization-based methodologies developed for SUDS selection currently do not consider
a comprehensive set of ecosystem services that include provision, regulation, and socio-
cultural categories from the Millennium Assessment (MA) [60] classification.

Given the gaps previously identified, i.e., (i) the lack of studies in which a SUDS
selection methodology is simultaneously applied to different stages of urban projects and
(ii) the limited analysis of the ecosystem services categories in multi-objective optimization
tools, this work aims to complement the preliminary selection criteria developed by Jiménez
-Ariza et al. [40] by the adaptation of the optimization model proposed by Torres et al. [57]
to propose a flexible and adaptable methodology to incorporate SUDS in different stages of
urban projects.

Previous studies used more than one MCDA method in order to complement the
strengths and weaknesses of each other and select the best alternative [61–63]. In this work,
the feasibility analysis of SUDS selection is amplified to a more holistic view, considering
case-specific characteristics of the project (e.g., available budget, benefits generation, run-
off reduction) as the main variables during multi-objective optimization analysis. In
addition, the ecosystem services assessment developed during the feasibility analysis is
integrated into the multi-objective optimization process as an objective function to consider
a comprehensive set of benefits (e.g., provision, regulation, and socio-cultural services)
during SUDS selection. This adaptation of methodologies will allow the possibility of more
sound decisions to select the best SUDS type.

The adaptability is related to the vast array of data that can be used as input (which
largely depends on the data availability of the case study). The flexibility refers to its
capacity to be altered for application to a diversity of urban spaces (e.g., recreational,
industrial, residential) and urban planning stages. An optimization-based methodology
that considers eight (8) ecosystem services of MA classification is presented. Three different
urban areas of Bogotá city (Colombia) were used for demonstration: Ciudad Verde macro-
development zone, Lagos de Torca expansion zone, and El Reencuentro renewal zone.

The three cases studies were strategically selected based on their contrasting urban
stages, which influence the determinants in the implementation of SUDS. Ciudad Verde is a
developed project that is already urbanized and consolidated in which SUDS implementa-
tion was not considered in the planning phase. In this context, the methodology allows the
identification of potential SUDS implementation in a post-development stage to solve the
problems in water management by integrating the prevalent dynamic of the area to answer
the inhabitant’s needs. Conversely, Lagos de Torca is in the planning phase with 34 urban
development plans. The methodology was implemented during the first phases of the
planning process to support the project design by the identification of ecosystem services
potential generation by SUDS. In this context, SUDS implementation can support the water
policies for better ecosystem restoration in the zone. El Reencuentro is also in the planning
phase; however, it corresponds to an already urbanized area. SUDS implementation in this
case study could support the sustainable transformation of public space. The manuscript is
divided into five sections: Section 2 details the methodology, Section 3 describes the case
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studies, Section 4 summarizes the main results for each case study, and Section 5 presents
the discussion.

2. Materials and Methods

Figure 1 summarizes the preliminary step and the four stages of the methodology.
Section 2.1 (corresponding to the Preliminary analysis in Figure 1) provides an analysis of
the ecosystem services potentially generated by each SUDS type. The process continues
with the priority index quantification (Phase 1 in Figure 1), which aims to recognize the
areas with a lack of ecosystem services. Next, Phase 2 evaluates the opportunity index to
identify the areas with a higher potential to generate ecosystem services by comparing the
public space zones available for intervention. Phase 3 corresponds to the evaluation of
the physical and geometric restrictions to identify feasible SUDS types. Finally, Phase 4 is
the multi-objective optimization tool for selecting the best water management strategy to
minimize run-off, maximize benefits (ecosystem services), and minimize construction costs.

Figure 1. Methodology flowchart. * Based on Jimenez-Ariza et al. [40] (Phase 3) and Torres et al. [57]
(Phase 4).

2.1. Preliminary Analysis

To build a comprehensive list of ecosystem services delivered by SUDS, different
references [9–17] were analyzed to identify ecosystem services potential generation in
13 types of SUDS, classified according to their function: detention based (tree boxes, green
roofs, dry extended retention basin, grassed swales, and bioretention zones), retention
based (contracted wetlands, wet ponds, and storage tanks), infiltration based (infiltration
basin, permeable pavement, and infiltration ponds), and filtration based (sand filters and
infiltration trenches). Four categories of ecosystem services were considered to build
a comparative matrix to identify the most relevant in each SUDS type by assigning a
score of 0 (zero potential of ecosystem service generation), 1 (low potential of ecosystem
service generation), 2 (potential of ecosystem service generation with design adjustment or
additional practices), 3 (moderated potential of ecosystem service generation), or 4 (high
potential of ecosystem service generation).

The results of the classification process can be found in Supplementary Materials
File S1. Following the analysis, the selected ecosystem services—considering the MA [60]
classification—are freshwater provision, water regulation, water quality regulation, air
quality regulation, microclimate regulation, global climate regulation, aesthetic value, and
educational value.

2.2. Phase 1—Priority Index

The quantification of the priority index aims to recognize the areas with a lack of
ecosystem services by comparing their physical and social characteristics. These areas can
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be established by physical limits or by the use of the division zones defined in the planning
tools of the project. In any case, it should be considered that the size of the areas (e.g.,
property units, street blocks, neighborhoods) also defines the spatial resolution of the results.
The smaller the areas, the more detailed the analysis. The output of this methodological
phase is the identification of areas with high demands for ecosystem services that can be
promoted by SUDS.

According to the identification of ecosystem services provided by SUDS (see Section 2.1),
a physical spatially quantifiable variable is assigned as an evaluation criterion to analyze
the status of each ecosystem service in the area. To calculate the evaluation criteria, it is
necessary to analyze the line base conditions before the project development. For this
purpose, spatial information about the socio-economic status (e.g., population density,
percentage of household, and vulnerable population), land use categories distribution,
public space characteristics (e.g., roads, sidewalks, parks), and risk assessment information
(i.e., flooding risk) is required. The evaluation criteria vary according to the available
information in each project. In Ciudad Verde, this information was obtained by a citizens
survey, land use maps [64], Google Earth images (2019), and the orthophoto of Bogotá city
(2017) [65]. In Lagos de Torca, the main source of information is the urban development
plans [66,67] and in El Reencuentro the information was obtained through the socio-economic
baseline analysis [68]. In Lagos de Torca and El Reencuentro, the flood risk analysis was made
according to the city flood risk map [69] and in Ciudad Verde by the national government
information [70].

The measurement of the corresponding spatial characteristics of evaluation criteria
(i.e., area, distance, length) brings the first approximation to population requirements or
problems derived from the poor provision of ecosystem services. For example, for the
status of freshwater provision service, the evaluation criteria are green areas because these
areas imply a need for seasonal vegetation irrigation. Another example is the air quality
regulation service, where the evaluation criterion, is the area of high traffic roads because
the population who live near this infrastructure has higher exposure to air pollution (e.g.,
PM2.5, PM10, and NOX) and respiratory diseases [71]. The complete list of ecosystem
services and their corresponding evaluation criterion are summarized in Table 1.

Table 1. Priority index evaluation criteria.

Ecosystem Services Evaluation Criteria

Provision Fresh water Irrigation water Green areas

Regulation

Water regulation Run-off problems
Impervious areas

Pipe overflow
Flooding hazard

Water treatment Run-off water quality Population density
Land uses

Microclimate regulation Surfaces Impervious surface
Commercial land use

Global climate
regulation Carbon sequestration Tree presence

Green areas

Air quality regulation
Air quality High traffic road

Population Vulnerable population

Socio-Cultural Aesthetic value
Public space Green areas

Population Socio- economic status

Educational value Population Population density

Once these evaluation criteria are quantified, the priority index is calculated to compare
the ecosystem services status among the areas. As shown in Equations (1)–(4), the minimum
value of the evaluation criterion category is subtracted from each evaluation criterion. This
value is normalized by the difference between the maximum and minimum values in each
area. Then, the evaluation criteria are aggregated by ecosystem service assuming all the
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ecosystem services are equally important to calculate the priority index. Finally, the score
obtained by the priority index in each area is reclassified as a percentile (1.0, 0.8, 0.6, 0.4,
0.2, 0) to make objective comparisons between them (i.e., areas with a percentile of 1.0 have
a relative lack of ecosystem services).

Nci =
Ci −min(C)

max(C)−min(C)
(1)

Aci =
Nci + N.ci+1... + Ncin

n
(2)

Np, Nr, or Nc =
Aci + A.ci+1... + Acin

n
(3)

PI =
Np + Nr + Nc

3
(4)

Ci: evaluation criterion per service.
max(C): maximum value for evaluation criterion
min(C): minimum value for evaluation criterion
Nci: normalized evaluated criterion
Aci: aggregated benefit value
n: number of criteria per ecosystem service category
Np: normalized provisioning service
Nr: normalized regulating service
Nc: normalized socio-cultural service
PI : priority index.

2.3. Phase 2—Opportunity Index

The second phase consists in quantifying the opportunity index for the ecosystem
services identified in Section 2.1. For this purpose, the intervention zones of the case study
(e.g., parks, sidewalks, street isolators, river buffer connection zones, environmental control
zones) are evaluated to identify their potential to generate ecosystem services. The output
of this methodological phase is the identification of the intervention zones with the highest
potential to promote ecosystems services by SUDS implementation.

In this case, the evaluation criteria are associated with the presence or absence of urban
assets that contribute to the generation of ecosystem services (see Table 2). These criteria
are defined according to the data availability in each project (same data requirements of
priority index). For example, for the provision service, the evaluation criterion is the run-off
quality quantified according to the distance to principal roads that estimate potential water
contamination. Zones with abundant high-quality water provide the opportunity of using
the resource for different uses (e.g., infiltration and irrigation). The evaluation criteria of
the potential for regulation services are the infiltration rate and the available green area; a
high score in these criteria indicates larger potential run-off volume management. Finally,
socio-cultural services such as the aesthetic value are evaluated by the available vegetation
area and/or the types of public space (e.g., parks and sidewalks). The educational value
is evaluated by the potential for passive (e.g., looking at the SUDS structure) or active
(e.g., educational activities) interaction with SUDS considering the pedestrian traffic or the
presence of key infrastructure [72] (see Table 2).

Similar to the priority index, in the opportunity index each criterion is normalized and
then aggregated by the ecosystem service (Equations (1)–(4)). The opportunity index score
obtained the opportunity index in each intervention zone is reclassified as a percentile to
compare the potential to provide ecosystem services (i.e., zones with a percentile of 1.0 had
a high potential to provide ecosystem services).
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Table 2. Opportunity index evaluation criteria.

Ecosystem Services Evaluation Criteria

Provision Fresh water Available water Run-off quality

Regulation

Water regulation Peak discharge
reduction

Infiltration rate
Available area for intervention

Water treatment Improvements on
run-off water quality Available green area

Microclimate regulation Microclimate creation Available green area

Global climate
regulation Carbon sequestration Available green area

Air quality regulation Air contaminant
capturing Available green area

Socio-Cultural
Aesthetic value Enhancing amenity

Available green area

Public space type

Educational value Public (users)
Key infrastructure

Pedestrian traffic

2.4. Phase 3—Feasibility Analysis

The physical conditions (i.e., water table distance, infiltration rate, and slope) and the
preliminary designs of the project have to be defined to identify the intervention areas. This
information was provided by technical feasibility studies on Lagos de Torca [73], previous
local SUDS projects [74], and the urban development plans of each project [64,65,73].

Using a Geographic Information System (GIS) physical and geometric restrictions (see
Table 3) are analyzed and feasible SUDS types are identified [40]. Depending on the spatial
resolution and accuracy of the data, the methods to determine SUDS suitability in an area
can be strict (a single unfilled criterion makes the whole area unfeasible), or less restrictive
(using methodologies to relax the nullifying criteria) [75,76].

Table 3. Physical and geometric restriction per SUDS type a.

SUDS Type

Physical Restrictions Geometric Restrictions

Slope (%) Water Table
Distance (m)

Infiltration
Rate (mm/h) Area (m2) Wide (m) Length (m)

Max Min Min Min Min Min Min

Gassed swales 10 1 1.5 13 15 0.5 30

Infiltration trenches 5 1 3 7 15 0.5 30

Permeable pavement 5 0.5 3 13 1 1 1

Wet ponds 15 - 1.3 - 150 8 20

Bioretention zones 10 - 1.8 7 1 0.6 1.2

Tree boxes 10 - 1 7 2.2 1.5 1.5

Constructed wetlands 15 1 1.3 - 1000 18 56

Infiltration basins 3 0 1.2 13 45 5 9

Extended dry retention
basin 15 1 3 7 45 5 9

a Based on Jimenez Ariza et al., 2019 [40].

2.5. Phase 4—Optimization

A multi-objective optimization model was built using the python language and solved
using the Gurobi Optimizer [77]. The model is a modification of the Two Stage Mixed
Integer Linear Program (TS-MILP) developed by Torres et al. [35] for rainwater harvesting
and run-off management. In the original model, the objectives are the reduction of runoff
and the reuse of the intercepted water for irrigation purposes. The model selects the best
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location and typologies to match the stormwater offer with the demand. Since in this
adaptation the irrigation demanding areas are not considered, there is no set of demanding
nodes. In this version, all potential locations for SUDS are classified as “offering nodes” N ,
and a new set for ecosystem services B is added. Additionally, the set of time steps S and
the set of typologies T are maintained from the original model.

The parameters required to model the flow of water among nodes are eliminated,
while the SUDS storage dimensioning and costs parameters (generic depth αt and the
unitary costs ςt for each typology t ∈ T ) and the inventory parameters (potential evap-
otranspiration εt for each typology t ∈ T and infiltration δn for each node n ∈ N ) are
kept. The feasibility analysis (see Section 2.4) dictates the boundaries (minimum µot
and maximum τot areas) for SUDS implementation. A priority-coefficient parameter
(γbn for each benefit b ∈ B and node n ∈ N ) and an ecosystem service provision parameter
(θbt for each benefit b ∈ B and typology t ∈ T ) are included to account for the ecosystem
services needs of each site and the potential services provision of each SUDS typology,
respectively (see Sections 2.2 and 2.3).

The variable run-off volume stored in the SUDS (βns) is calculated using the rational
method, for each node n ∈ N and time step s ∈ S . This means that previous to the
optimization process, the drainage area to each potential SUDS site has to be delineated
(commonly from a Digital Surface Model) and a run-off coefficient determined (frequently
from a land-use classification or an impervious cover shapefile). If the project is in its
planning stages, the potential run-off generation is calculated based on the analysis of the
projected land use. The variable xnt is a binary variable that takes the value of 1 if the
typology t is selected for node n ∈ N and 0 otherwise; while ynt is a variable that represents
the area of the typology t ∈ T to be installed in the node n ∈ N .

The three objective functions defined in this model are run-off minimization, ecosystem
services generation maximization, and cost minimization, following the ranking provided
by the stakeholders. The model, often called the ε− constraint model [78], handles the
objectives following a pre-defined lexicographic order. The first objective is the sum of the
run-off contributions from all the sites including areas with and without assigned SUDS
(see Equation (5)). The second objective is the multiplication of the priority index (a larger
index value corresponds to sites most needed for the ecosystem service), the SUDS area (a
larger area provides a larger benefit), and the ecosystem service provision parameter (see
Equation (6)). The third and last objective is the minimization of the unitary cost of the
SUDS multiplied by its area (see Equation (7)).

min ∑n∈N ∑s∈S rns (5)

rns: runo f f volume generated in node n ∈ N and time step s ∈ S

max ∑n∈N ∑b∈B∑t∈T γbnθbtynt (6)

γbn: priority coe f f icient o f bene f it b ∈ B and node n ∈ N
θbt: ecosystem service provision o f bene f it b ∈ B and typology t ∈ T
ynt: area per SUDS type n ∈ N and typology t ∈ T

min ∑n∈N ∑t∈T ςtynt (7)

ςt: cost per type of SUDS
ynt: area per SUDS type and typology t ∈ T

Four budget scenarios were defined as percentages of the total budget assigned for
public space interventions on each project. The criteria to define the percentages were
based on the feasibility of public space inversion according to the project profiles. Scenario
A represents the selection without budget restriction, scenario B is 5% of the total budget,
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scenario C is 10%, and scenario D is 20%. For more details on the optimization model, refer
to Torres et al. [35].

3. Case Study

Bogotá is located on the eastern plateau of the Andes mountains (2600 m. a. s. l). With
approximately 1600 km2 it is the largest city in Colombia and is considered a sprawling
city [79,80]. The urbanization process of the city started in the twentieth century (the 1950s)
with the boundary’s expansion to the north, west, and south. In the 1970s, this growth
promotes developers to create important commercial and housing investment projects that
influenced the socio-economical population distribution in the territory [80].

The investment projects generated a socio-spatial segregation of the population, which
resulted in high-income citizens living in the northeast part of the city and lower-income
citizens in the south and peripheries. This pattern obeys a long process of migration to
Bogotá and its highlands [80]. In the last 30 years, the city grew from less than five million
inhabitants to seven million. The last census data (2018) reports a total of 7,181.469 habitants
in the city area with a population increment of 6.5% in the period 2005–2018 [81].

In the three cases studies, the implementation of SUDS has a specific objective. In
Ciudad Verde, SUDS could solve problems in water management by integrating the prevalent
dynamic of the area to fulfill the inhabitant’s needs. Conversely, in Lagos de Torca these
systems could improve the ecosystem restoration and in El Reencuentro could support the
sustainable transformation of public space.

3.1. Ciudad Verde

This project is situated in Soacha, located in the southwest part of Bogotá (see Figure 2).
By 2010, when it was proposed, the project objectives were to introduce Leadership Energy
& Environmental Design (LEED) principles for the construction of 51,616-unit urban houses
and the development of amenities to improve the citizens’ quality of life. The project
comprises 3.19 km2, it has a construction index of 2400 dwellings per ha, and an average of
3.6 inhabitants per housing unit. Although for 2019, 40,535 housing units were already built,
only 14% of the planned amenities were in place. This construction dynamic has led to a
failure in the provision of essential services. In addition, an analysis of urban ecology shows
that green areas were not large enough or functional diverse according to the population
density requirements. The latter increases the potential risk of changing vegetated surfaces
by impervious surfaces due to failures in maintenance and management [82].

Figure 2. (a) City of Bogotá location on the national territory, (b) location of the three projects under
study shaded in green and labeled. Pictures references [83–85].
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3.2. Lagos de Torca

The high-scale urban expansion project Lagos de Torca is in the north area of the city
of Bogotá (see Figure 2). Its eastern limit is a forest protection zone, the western limit is a
rural area, and the southern limits are the main urban roads of the zone. The main drivers
of this project are the restoration of the Torca-Guaymaral wetland, the development of a
1.5 km2 metropolitan park, the enhancement of social cohesion between habitats, and the
construction of 125,000 unit-housings.

The extension of the project is about 18 km2 divided into thirty-four (34) urban de-
velopment plans (The urban development plans called in Spanish Plan parcial, are used to
articulate the objectives of territorial distribution with land use management policies. These
plans, include technical, juridical, and economic requirements, as well as urban designs
for the development of a project [86]). These plans consider the restoration of the ecology
corridors of the territory, and the expansion and adaptation of the principal infrastructure
(e.g., roads, hospitals, transport facilities, and other urban amenities). Given the current
phase of each plan, two urban development plans in the adoption phase were analyzed
(i.e., El Bosque and Tibabita) given the information available.

3.3. El Reencuentro

El Reencuentro is an urban renewal area in the eastern center of the city (see Figure 2),
between three (3) urban localities. It is located at a strategic point connected to important
urban facilities and infrastructure. For this analysis, an area of 0.51 km2 was selected
in which two urban development plans are development process (named Calle 26 and
Calle 24) [87].

The case study area contains nodal points, which involve cultural, historical, recre-
ational, and transport infrastructure. The aim of the urban planning projects in the study is
to give a different meaning to the territory, enhance the quality of public spaces, integrate
the physical and social public space, improve the environmental quality of the zone, and
consolidate the system for equitable mobility.

4. Results
4.1. Preliminary Analysis

Figure 3 presents the graphical relationship between the ecosystem services and the
nine (9) SUDS types selected in this study (i.e., grassed swales, bioretention zone, tree
boxes, extended dry retention basin, infiltration trenches, permeable pavement, wet pond,
constructed wetland, and infiltration basins) (see Supplementary Materials File S1). From
this analysis, can be identified the systems that promote a specific service and the intensity
of the relation. For example, constructed wetlands (retention SUDS type) and bioretention
zones (detention SUDS type) are related to the generation of almost all the services (score 4),
and infiltration trenches (infiltration SUDS type) are closely related to water management
services promoting water regulation, water treatment, and freshwater provision.
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Figure 3. Score matrix Benefit-SUDS types (a) detention SUDS, (b) retention SUDS, and (c) infiltration
and filtration SUDS types. Score 0 zero potential of ecosystem service generation, score 1 low potential
of ecosystem service generation, score 2 potential of ecosystem service generation with design
adjustment or additional practices, score 3 moderated potential of ecosystem service generation, and
score 4 high potential of ecosystem service generation.

4.2. Priority Index

Figure 4 illustrates the seven areas studied in Ciudad Verde. The priority index shows
that area 7 has the lowest priority (percentile 0.2) (lighter green in Figure 4a). This area has a
smaller proportion of principal roads, impervious areas, and the highest proportion of parks
and green areas compared to the other areas. These characteristics decrease the demand for
regulation services (e.g., microclimate regulation, global climate regulation, and air quality
regulation), socio-cultural services, and increase the requirements of provision services. On
the other hand, area 4 has the highest priority index (percentile 1.0), which is explained by
its high proportion of principal highways, impervious areas, and less percentage of parks
and green areas, affecting the requirements of regulation services.
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Figure 4. Priority index in (a) Ciudad Verde, (b) Lagos de Torca, and (c) El Reencuentro.

Figure 4b presents the priority index for Lagos de Torca. The area with the highest
priority index (percentile 1.0) was Tibabita (Figure 4b area 12). This area has the highest
proportion of roads and a lower proportion of green areas that affect the air quality and
global climate regulations services. In addition, this area has the lowest proportion of
green area per citizen and a high distance to the principal wetland of the zone, affecting the
generation of socio-cultural services. On the other hand, El Rosario (Figure 4b area 10) had
the lowest priority (percentile 0.2) because of the higher potential of socio-cultural services
related to the high proportion of green area per citizen that improve the aesthetic value of
the area.

Figure 4c shows the results of the priority index in the urban planning projects of
El Reencuentro. This analysis provides evidence that the urban planning project Calle 26
(Figure 4c area 2) has a higher priority (percentile 1.0) compared to the urban planning
project Calle 24 (Figure 4c area 1). These results are attributed to the high presence of green
areas, which required more water for irrigation affecting the provision of services, and the
high distance to key infrastructure (such as El Renacimiento park) which implies a scarcity
in provisioning and socio-cultural services.

Detailed priority index results obtained by ecosystem service in each case study can
be consulted in Supplementary Materials File S2.

4.3. Opportunity Index

The opportunity index allowed the quantification of the potential to provide ecosystem
services in comparison to the zones of intervention in the public space. Figure 5a shows the
results of this index for Ciudad Verde. The intervention zones identified with the highest
potential to provide ecosystem services are Areas 0, 2, 3, 5, 6, and 7 refer to Figure 4a)
due to the high proportion of green areas and low proportion of highways. Additionally,
the opportunity index evidenced that just 32 polygons of the urban assets have a high
opportunity index (percentile 1.0), and among them: 62.5% are parks, 15.6% are streets
isolators, 9.4% are river buffer protection zones, 9.4% are environmental control zones and
the 3.1% are sidewalks. Furthermore, the urban assets with the highest potential to provide
ecosystem services are located in area 7.
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Figure 5. Opportunity index in (a) Ciudad Verde, (b) Lagos de Torca El Bosque, (c) Lagos de Torca Tibabita,
and (d) El Reencuentro.

In Lagos de Torca, just two of the 34 urban development plans are formally accepted for
implementation (refer to Figure 4b area 12 (Tibabita) and area 26 (El Bosque)). Figure 5b,c
present the opportunity zones for El Bosque and Tibabita, respectively. The zone with the
highest potential provision of ecosystem services in El Bosque is Parque Guaymaral (percentile
1.0). This zone has a higher potential to generate high-quality run-off since it has a larger
available green area and less distance to activity nodes that promote water regulating and
socio-cultural services. Among the public space areas with a percentile near 1.0, 16.7% are
environmental control zones, 50% are parks, and 33.3% are ecologic connectivity zones. In
the case of Tibabita, the areas with the highest potential for ecosystem services generation
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were the parks in the center of the zone across the case study (calle 39 and 37) mainly because
of their large areas (8023.4 m2 and 7512.4 m2, respectively) in comparison with the other
zones that promote regulating and socio-cultural services. Just four (4) public spaces areas
provide a high opportunity index (percentile 1.0) 25% are environmental control zones and
75% are parks.

Figure 5d presents the results of the opportunity index for El Reencuentro showing
that most zones with a higher potential to generate ecosystem services are located on the
Calle 24 (refer to area 1 Figure 4c) urban planning project, where a higher potential for
regulating and socio-cultural services is available. Furthermore, the public space areas with
an opportunity index percentile near 1.0 are pedestrian traffic recovery zones 9.1%, median
27.3%, parks 9.1%, and squares 54.5%.

Detailed opportunity index results obtained by ecosystem service in each case study
can be found in Supplementary Materials File S3.

4.4. Feasibility Analysis and Optimization

Four budget scenarios were defined as percentages of the total budget assigned for
public space interventions on each project. Scenario A represents the selection without
budget restriction, scenario B is 5% of the total budget, scenario C is 10%, and scenario
D is 20% (see Table 4). Table 5 presents the main results associated with the budget
scenarios, run-off attenuation, area available for SUDS implementation, and ecosystem
benefits generation in each case study. The case study with the highest budget in the urban
planning project Calle 26 in El Reencuentro (see Table 4). However, due to the physical
restrictions of this area, the budget does not have an impact on the type of SUDS selected
(just feasible tree boxes). The budget, however, does, impacts the available area for SUDS
implementation affecting the potential run-off attenuation. For example, in scenario A
(not budget restrictions) this available area can be potentially 100% in El Reencuentro in
comparison with the other case studies.

Table 4. Budget by scenarios in each case study.

Aspect Sc. Ciudad Verde
Lagos de

Torca
(El Bosque)

Lagos de
Torca

(Tibabita)

El
Reencuentro

(Calle 24)

El
Reencuentro

(Calle 26)

Budget by
scenario
(USD 1)

A - - - - -

B $393,405 $209,185 $239,597 $205,628 $ 10,346,264

C $786,810 $418,371 $479,195 $411,254 $ 20,692,529

D $1,573,620 $836,742 $958,390 $822,509 $ 41,385,059

Total budget
(USD 1) - $ 7,868,100 2 $ 4,183,711 3 $ 4,791,953 3 $ 4,112,547 4 $189, 945,452 5

1 Based on the average representative market rate (in Spanish TRM) of 2019: $3281.09COP/USD-National Republic
Bank of Colombia. 2 Budget assigned by the Soacha municipality for public infrastructure. 3 Budget assigned
to adequacy zones for environmental control and parks. 4 Pre-estimated urban costs of urban planning project
(Calle 24): sidewalk+ isolator and public space interventions. 5 Pre-estimated direct cost of urban planning project
(Calle 26).

All the case studies reflect an increment in the ecosystem services generation with an
increasing budget, area for SUDS implementation, and run-off attenuation. The case study
with the highest potential to generate ecosystem services is El Bosque. This result can be
related to the presence of Parque Guaymaral as the main green area of the zone promoting
regulation services.
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Table 5. Budget by scenario, run-off attenuation and area for SUDS implementation.

Aspect Sc. Ciudad Verde Lagos de Torca
(El Bosque)

Lagos de Torca
(Tibabita)

El Reencuentro
(Calle 24)

El Reencuentro
(Calle 26)

Budget optimized
value by scenario

(USD)

A $6,600,313 $7,183,294 $3,710,985 $1,645,068

B $372,322 $188,267 $232,702 $193,464

C $763,165 $390,141 $468,978 $371,682

D $1,561,588 $775,971 $ 942,696 $793,655

Run-off attenuation
(m3/year)

A 15,797 13,589 7318 16,512

B 2515 4576 2255 14,607

C 10,781 9134 6428 15,937

D 15,639 12,410 7109 16,508

Total run-off potential
(m3/year) - 15,813 15,220 7708 16,961

Area for SUDS (m2)

A 285,379 177,594 55,936 49,727

B 105,029 130,616 20,312 36,888

C 246,655 159,011 43,829 47,633

D 285,379 184,598 55,936 49,727

Total area for SUDS
implementation (m2) - 330,515 348,499 130,132 49,727

Benefits generation-
ecosystem services (-)

A 99,202 327,112 109,717 109,533

B 26,132 18,110 9,336 18,523

C 38,612 30,895 16,031 34,071

D 79,684 52.611 24,442 109,533

The best scenario in each case study was selected based on the inflection point between
the percentage of run-off attenuation and the optimized cost of SUDS implementation in
each scenario (see Supplementary Materials File S4). Detailed analyses of the optimization
results for each case study are described in Supplementary Materials File S4. In Ciudad Verde,
scenario C was the best choice for run-off management. This scenario achieved a 68.22% of
run-off volume reduction (10,781.01 m3/year) at a total optimized cost of $763,165 USD.
The types of SUDS included in this scenario promote detention (grassed swales and dry
extended retention basin) and retention (wet pond) of run-off (see Figure 6a). In El Bosque,
the optimization model indicates scenario D is the best choice for SUDS configuration
with a run-off volume reduction of 12,410 m3/year (81.5%) at a total optimized cost of
$775,971 USD. In Tibabita, scenario C is the best option with 6428.47 m3/year (83.4%) at
a total optimized cost of $468,978 USD. In the case of El Bosque, this selection promotes
the detention (grassed swales and bioretention zones) and retention (wet ponds) func-
tions (see Figure 6b,c). While in the Tibabita plan, the most effective processes to manage
stormwater were infiltration (infiltration basin) and retention (wet pond). Finally, for El
Reencuentro the C option was selected from the optimized scenarios. In that case, the run-off
volume reduction was (15,937 m3/year—94.0%) with an optimized cost of $371,682.41 USD.
Figure 6c illustrates the optimization process results in each scenario. In this option, the
main processes promoted by the SUDS are detention (tree boxes, bioretention zones, and
grassed swales) and infiltration (infiltration basin).
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Figure 6. Results optimization analysis (a) Ciudad Verde- Best choice scenario C, (b) El Bosque- Best
choice scenario C, (c) Tibabita- Best choice scenario C, and (d) El Reencuentro- Best choice scenario B.

5. Discussion

In this study, there are no significant differences in terms of spatial resolution or accu-
racy of the information used in the case studies, making the results obtained comparable.
Results evidence that benefits generation by SUDS implementation (run-off and ecosystem
services generation) is restricted by the interaction among two main characteristics of each
case study: the budget restrictions and the area available. These characteristics define the
types of SUDS selected in each scenario and case study. For example, in scenarios, B and C
of Ciudad Verde, the same types of SUDS were selected (wet ponds, grassed swales, and
extended dry detention basins). However, in scenario C the budget restriction gives more
space to wet ponds and grassed swales than extended dry detention basins in comparison
to scenario B. These changes in the area increase the ecosystem services generation by 32.3%
and the run-off attenuation by 52.3%. Moreover, when the budget is not a predominant
restriction (scenarios D and A), the area available for SUDS implementation is just limited
by the geometric and physical characteristics of the case study, and the benefit generation
is associated with the types of SUDS selected. In this way, the comparison among scenarios
A and D of Ciudad Verde reflects an increment of 19.7% in ecosystem services’ generation
and 1% in run-off attenuation attributable to the change in the types of SUDS selected in
the same area.

The influence of these variables had the same pattern in all case studies highlighting
the importance of the case study characteristics in the urban development plan. This
influence has been previously studied by Gomes et al. [88] at a basing scale, concluding that
this process has to be oriented by the watershed characteristics to achieve better efficiency in
run-off control. However, to make a comparative analysis among projects in other contexts
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is important to consider the differences in the spatial resolution of data and the availability
of the information to define the evaluation criteria.

Ecosystem services generation does not present the same pattern in all case studies.
In the Ciudad Verde and Lagos de Torca ecosystem services generation had a continuous
slope that tends to increase according to the budget scenario (see Figure 6a–c). This result
suggests that the available budget and area for SUDS implementation are not enough to
achieve the potential generation of ecosystem services in these projects. In El Reencuentro,
this pattern is not reflected because of the physical characteristics of the case study that
restrict the type of SUDS selected in the south zone (tree boxes without infiltration process).

The results also evidence the influence of the maximization of benefits on the types
of SUDS selected. For example, Ciudad Verde is the case study with the highest scarcity of
ecosystem services (mainly regulation services). In this way, the results of the scenarios
without budget or area restriction (A) tend to promote SUDS types that increase these regu-
lation services with a score higher or equal to three (3) (i.e., tree boxes, infiltration basins,
bioretention zones, etc.). Another example is the El Bosque project, in which ecosystem
services scarcity is related to the provision of services, and the SUDS types selected promote
this service (i.e., wet ponds and bioretention zone). The same pattern was observed in the
other projects.

This study analyzed the benefits generation using the MA [60] ecosystem services
framework and hence is subject to the limitation inherent to the framework. The new
IPBES framework nature’s contribution to people (NCP) approach introduces the role of
culture as a transversal edge of analysis of the services or disservices provided by nature
and transforms the generalizing perspective of the MA into a context-specific perspective [89].
While the MA cultural ecosystem services are considered an isolated category, in the NCP
approach culture has a protagonist role by shaping the perception of nature and permeating
the three main NCP categories (i.e., material, non-material and regulation services) [89,90].
Furthermore, the main criticism of the MA is related to the use of this approach to evaluate
and evaluate the stock-and-flow of the relationship between people and nature, leaving
behind the influence of social sciences [90]. Therefore, using the MA approach in this
study restricts the analysis of the role of culture on the perception of the benefits of SUDS
implementation.

Regarding the socio-cultural priority index proposed, it can be affected by the hetero-
geneity of social structure reflected in differences in socio-cultural behaviors. These changes
are not perceived by the priority index because there is a weak relationship between the
evaluation criteria proposed and the socio-economic context. In addition, the proposed
methodology does not integrate the local resistance to the traditional patterns of water
management in the urban planning process that affect the implementation of different
types of SUDS. This limitation is particularly important in the case study El Reencuentro
because, usually renewal project zones are surrounded by social and economic problems
such as loss of social cohesion, evaluation of policy development, affection for vulnera-
ble groups, and impacts on the living environment. Such problems, affect the viability
of all types of sustainable development highlighting the importance of defining a clear
scope of socio-economic objectives in parallel with the sustainable vision of the projected
interventions [91].

On the other hand, the availability of the input data determines the adaptability of
the methodology. The implementation of the methodology in the three (3) case studies
of this research required the use of information that was provided by private or public
institutions developers of the projects. Commonly, the information on land use distribution,
socio-economical distribution, and preliminarily project designs are part of prefeasibility
phase of the planning process. In this way, is necessary that the context of replication of this
methodology involve the presence of several stakeholders and developers allowed to share
this information. Additionally, some improvements can be done during the prefeasibility
analysis (phase 3) of the methodology by the development of infiltration and water table
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in situ tests to adapt these physical characteristics to the scale of the project for more
accurate results.

The literature strongly recommends the implementation of SUDS linked together to
form SUDS management trains to improve the efficiency of management of pollution, flow
rates, and volume [17,39,92]. However, fewer studies analyzed the implementation of
SUDS from a “train” perspective, and those who consider multiple structures tend to select
them according to their individual efficiency or stakeholders’ recommendations [93]. From
this perspective, the results reported in this study had to be considered as a starting point
to identify the feasibility of the structures in each case study.

Similarly, the results reported in Table 5 are considered as a reference magnitude of the
aggregated ecosystem services generation, but this quantity is not related to a specific unit
for analysis. This limitation affects the use of this quantity for future economic valuation of
the services.

In this way, this methodology is a tool that supports the decision of urban planners
during the first phase of analysis but requires validation by technical experts. Additionally,
the selection of SUDS trains to achieve the local goals of the projects (e.g., water quality, air
quality regulation, run-off management) can require additional assessment.

In order to amplify the influence of this methodology on the decision planning pro-
cess, future work will be required for the integration of qualitative socio-cultural tools to
measure the stakeholder’s appreciation of ecosystem services (phase 1). To achieve this
socio-economic integration is necessary to extend the SUDS definition to the umbrella con-
cept of Nature-based Solutions (NBS) defined by the European Commission as “solutions
that are inspired and supported by nature, which are cost-effective, simultaneously provide environ-
mental, social and economic benefits and help build resilience” [94]. This new perspective creates
multifunctional solutions that generate different types of co-benefits (e.g., social engage-
ment, air quality improvements) and recognized the resilience capacity of ecosystems to
support perturbations [95]. In addition, it is essential to implement standard environmental,
social, and economic monitoring processes to quantify the flux of ecosystem services to
evaluate the benefits provided by NBS implementation.

6. Conclusions

This research developed a flexible and adaptable methodology for SUDS selection
and location using a multi-objective optimization technique to minimize run-off, maximize
ecosystem services and minimize cost. The methodology proves to be adaptable to diverse
planning project stages (e.g., developed project, planning phase, and renewal project) and
to be flexible to different types of urban projects with particular restrictions (e.g., available
urban space and soil types): Ciudad Verde, Lagos de Torca, and El Reencuentro.

The results of this research highlight the importance of evaluation criteria to identify
urban zones with the scarcity of ecosystem services potentially compensable by SUDS
implementation. These results are helpful to support the early stages of urban planning
tools by allowing the identification of existing and future needs that should be addressed
in the planning process, supporting the selection of alternative solutions, and aiding the
design of planning tools (i.e., standards, policy objectives, or regulations) to maximize
ecosystem services.

Future work includes stakeholders’ appreciation of ecosystem services delivered
by SUDS considering the integration of a qualitative or quantitative approach into the
preliminary analysis. Besides this, it is also important to include a “train” perspective
during the optimization phase for the analysis of the integration of multiple structures
and their impact on benefiting generation efficiency (e.g., ecosystem services, run-off
attenuation). Finally, the methodology can be improved by carrying out an economic
valuation of benefits either using ecosystem service measurements or by using literature
transfer of benefits.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14084560/s1, File S1: Preliminary ecosystem services analysis.
File S2: Priority index analysis per service. File S3: Opportunity index analysis per service. File S4:
Optimization analysis.
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