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Abstract: The development of the stormwater management strategies, e.g., low-impact development
(LID), water-sensitive urban design (WSUD), and sustainable drainage solutions (SUDS), was initiated
in the mid-1980s as a set of engineering approaches and technologies to reduce the harmful effects
of stormwater. Over time, all of them evolved in the holistic, multidisciplinary approaches and,
today, they are increasingly viewed and implemented under the umbrella term “Nature-based
Solutions” (NbS). The technical elements and measures of these NbS represent various technical
solutions, implemented i.a., according to the suitability of the site to achieve their maximum efficiency.
Currently, there are no standards or procedures for the application of NbS technologies in Serbia.
To overpass this and encourage implementation, we carried out preliminary assessment of NbS
elements suitability for application in eight urban settlements in the Region of Southern and Eastern
Serbia. The assessment is based on publicly available data and performed according to the existing
recommendations in the field of spatial planning and rainwater management for WSUD. The analyses
were conducted by GIS tools that involved spatial analyses of various terrain characteristics and
provided an insight into the criteria, i.e., constraints that are key to the placement of various technical
elements, including bioretention, rain garden, and permeable pavement. Research findings point
out that creation of the thematic maps with area suitability ratings for individual NbS stormwater
elements might represent a good starting point for further investigation, planning, and design. The
proposed framework for preliminary assessment is potentially useful for the countries and regions
without regulations in the field of NbS for stormwater management.

Keywords: natural conditions; NbS; physical conditions; spatial analysis; stormwater runoff;
urban scale

1. Introduction

Rapid urbanization and climate change are decades-long global development trends
and risks that, among other things, have shaped three basic challenges at the urban level that
need to be urgently addressed: (1) improving the quality of life in cities, (2) reducing their
ecological footprint, and (3) adapting cities to climate change [1]. One of the recognized
problems within the aforementioned risks and challenges is the increasingly frequent
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flooding caused by stormwater, both at the macro and micro urban level. In an attempt
to solve this problem in a sustainable and innovative way, several modern stormwater
management (SM) approaches have been developed in the last few decades. The best
known are Water Sensitive Urban Design (WSUD) in Australia [2–4], Sustainable Drainage
System (SuDS) and Sustainable Urban Drainage System (SUDS) in Great Britain [5–8], Best
Management Practices (BMPs) [9,10] and low-impact development (LID) in the United
States [11–13], Alternative Techniques (ATs) in French-speaking countries [14], and source
control in Canada [10].

Initially, their origin and purpose were motivated by the specific characteristics and
problems of each country. Although the approaches were conceptually based in a com-
pletely different way compared to traditional SM, to replace and/or increase the capacity of
the existing drainage system in urban watersheds by imitating the natural environment and
cycle [13], the approaches had an emphasized engineering dimension and were primarily
engaged in finding technical solutions for the problems of flooding of urban areas, reducing
the amount of surface runoff, and improving its quality. However, most of them evolved
in the meantime into integrated approaches, primarily in the sense of considering and
including other development aspects—spatial, ecological, and social, as well as additional
benefits of their application. It can be said that, today, almost all of the approaches are
holistic. Moreover, their evolution enabled synergy with current urban planning and design
concepts, primarily with those that are eco-oriented. Namely, these concepts, which were
introduced in the last few decades in the wider discussions on global development changes,
are also based on (re)integrating nature and natural processes into urban areas, which is
increasingly considered as a sustainable solution for reduction or removal of the effects of
rapid urbanization and climate change adaptation [15].

Four of the recently developed eco-oriented urban concepts, which have gained
prominence in academic debates and are increasingly referred to in policy making, are
the following: (1) Nature-based Solutions (NbS) [16,17]; (2) Ecosystem-based Adapta-
tions (EbA) [18,19]; (3) Urban Green Infrastructure (UGI) [20]; and (4) Ecosystem Services
(ESS) [21,22]. Due to numerous descriptions and the broad range of interested stakeholders
who promote them, it is difficult to establish clear differences between these concepts and
to determine their precise relationships. In addition, the concepts are closely interrelated,
partly overlap, and partly complement each other [23]. They share many features, starting
with urban green (and blue) spaces as their basic elements, multi-functionality, and the
provision of multiple ESS, which could be the most widely used to enhance the role of
nature in decision making [24]. It can be said that the biggest differences between concepts
arise from the breadth of the scope and level of operationalization of each of them [23].

Focusing on the relation between eco-oriented approaches, especially NbS, and SM
approaches, it can be concluded that there is a strong synergy between them; moreover,
NbS can be considered the umbrella approach of the SM approaches. Our research is based
on this initial assumption.

Preconditions for the origin and later evolution of modern SM approaches and their
involvement and synergy with eco-oriented urban concepts and policy appeared under the
paradigm “living with water” in the early 1980s, when there was a shift from the concept
of water as “urban and city life enemy” and “hidden element behind pipes” towards
water as an “element that contributes to the quality of life” [25]. In addition to creating
opportunities for integrating modern approaches into the urban planning and design
process, these circumstances have also led to radical changes in the urban planning and
design paradigm [26], primarily in terms of the evolution of the role of urban SM in the
planning process, their conceptual and methodological framework, and cumulative socio-
economic and ecological benefits. The basic intention of the new conceptual framework is
to establish a greater harmony between water as a key resource and the community in a
sustainable, socially rational, and responsible way [27]. A close connection with nature and
its involvement into the urban environment are at the core of this paradigm shift. In line
with this, modern SM approaches offer a set of different technologies and treatment modes,
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which also represent evolution and innovation in relation to the traditional approach.
There are four basic modes of runoff treatment, which can be applied separately or in
combination: (1) infiltration; (2) disposal; (3) storage; and/or (4) re-use [28]. Each of
them implies implementation of different technical elements. Although the typology and
significance of an element varies depending on the approach [5–7], in general, technical
elements are similar and serve the same purpose. The most known technical elements are
(1) swales (dry or wet); (2) bioretentions; (3) trenches; (4) sand filters; (5) ponds and lakes;
(6) porous paving; (7) wetlands; (8) rainwater tanks; (9) elements of landscape architecture;
and 10) green roofs. Best practice examples indicate that the most widely used technical
elements are bioretentions (i.e., rain gardens), vegetated swales, porous paving, and green
roofs [29].

While developed countries have arrived to procedures, standards, and technical design
solutions for elements in the SM NbS approach, the institutional implementation of this
approach in developing countries like Serbia is limited due to the lack of an established
planning framework, procedures, and standards [30]. The countries that join NbS SM
approach in the current development phase can capitalize on the achievements to date,
including growing scientific evidence about benefits, e.g., [29,31], detailed design guides
and standard drawings [32], performance modelling software, e.g., EPA SWMM [33],
but, also, the proofs about the malfunction [34]. Moreover, the source data required for
evaluating preliminary options for NbS stormwater element implementation are now
mostly publicly available on a regional, national, or global scale.

Therefore, the research goal in this paper is to propose a framework for a preliminary
analysis concerning suitability of NbS for stormwater management. Furthermore, the
proposed framework implicitly facilitates co-ordination among various stakeholders in the
urban planning process. The proposed framework relies on publicly available data sources
and is applied to urban settlements in the Region of Southern and Eastern Serbia.

In an attempt to suggest a conceptual framework for implementing the NbS SM
approach, our research complements the three-stage framework for a city/region that
has been proposed for incorporation of WSUD into local urban plans [35]. Stage 1 treats
WSUD technology parameters from an engineering perspective and stage 2 from an ur-
ban planning perspective. Stages 1 and 2 are conducted in parallel. Stage 3 integrates
stages 1 and 2 in one, providing selection of WSUD technologies based on the developed
integrated criteria [35]. However, the starting point of the three-stage framework is beyond
the current state of practice in developing countries such as Serbia. Thus, stage 0 is required
to conduct preliminary analysis to serve as a base for the three-stage framework.

Our research provides such a stage 0, which encompasses elements of the analyses
(reviews) at stages 1 and 2 but on a higher level. The analyses in the proposed stage 0 are
put in a broad context, when the objectives of WSUD-like technologies or, collectively, NbS
SM technologies are still not defined.

This paper is organized as follows. Section 2 describes the study area and data sources,
as well as the methodological framework used to evaluate urban settlement areas suitable
for different SM NbS technical elements and create thematic maps for location evaluation
from publicly available data sources. Section 3 shows the results of the detected areas in the
form of thematic maps for each studied SM NbS element for one urban settlement and a
summary for all studied urban settlements. Section 4 discusses the results, highlighting the
benefits and issues with data sources in the implemented approach for future applications.
Section 5 gives the key conclusions of the presented work.

2. Data and Methods
2.1. Study Area

This study is conducted for eight urban settlements (USs) in the Region of Southern
and Eastern Serbia in Southeast Europe (Figure 1), the least economically developed in
Serbia. The USs are selected as suitable for the study according to population size (>25,000),
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different types of urban fabrics and density, diversity of topographic features, and relevant
natural conditions.
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Figure 1. The urban settlements in the Region of Southern and Eastern Serbia selected for the study.

Among the studied USs, the city of Niš (US#3 in Figure 1) is the largest with a
population of 187,544 according to the 2011 Census [36] and is also the cultural, industrial,
educational, and administrative centre of the study area. The range between the smallest,
US1, with 27,333 inhabitants [36] and US3 includes three of four city size categories in
Serbia according to hierarchical division of cities in [37]. The only first-tier city in Serbia is
the capital Belgrade with more than 1 million inhabitants. The cities for this study were
selected as representatives of various size categories: (1) US3 Niš as the second-tier city (the
only one in the whole region); (2) US4 Leskovac and US5 Vranje as the third-tier cities; and
(3) US1 Prokuplje, US2 Pirot, US6 Zaječar, US7 Bor, and US8 Knjaževac as the fourth-tier
cities. Therefore, the study results allow others to replicate and build on them.

2.1.1. Present and Future Climate Conditions

The climate of Serbia is predominantly moderate-continental with more or less pro-
nounced local characteristics [38]. Spatial distribution of climate parameters is determined
by a variety of factors, where, for the study area, the geographic features that characterize
the weather and climate include the valley of the Velika Morava River and its extensions
along tributaries where US2−US5 are situated and the Carpathian Mountains, important
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for climate in US6−US8. According to the altitude, the studied USs belong to the lowlands
of the country, the lowest being US6 at 144 m (above Adriatic Sea level), and the highest,
US5, at 432 m.

The mean annual temperature in the recent 30-year period (1991–2020) observed for
US3−US6 is 12.4 ◦C, 11.6 ◦C, 11.6 ◦C, and 11.4 ◦C, respectively, while annual precipitation
sums are 613.8 mm, 660.6 mm, 606.0 mm, and 610.0 mm [39]. Besides the Pannonian
Plain in the north of the Danube and Sava River, the study area is considered the driest
in the country, with precipitation below the country annual average estimate of 730 mm
for the 1946–2006 period [40]. In the period 2001–2020, potential evapotranspiration rates
have increased by over 5% in most of Serbia and the impact of higher temperatures on
evapotranspiration is notably increasing [41].

According to Vuković et al. [42] spatial distribution of temperature increase, inten-
sification of high precipitation events, and decrease in summer precipitation by the year
2100 show intrusion of subtropical climate over Serbia and increase in high temperature
and high precipitation risks. In that sense, the study area exhibits a significant anomaly in
the rise in summer mean temperature and reduction in accumulated precipitation for the
periods 2016–2035, 2046–2065, and 2081–2100 with respect to 1986–2005, according to the
Representative Concentration Pathway 4.5 [42].

Both studies [41,42] point to increased risk from both droughts [41] and floods [42].

2.1.2. Stormwater Management

Urban drainage of the public spaces in the study area is managed by the local Public
Communal Companies. Except in US5 and US8, where the sewer system is designed as
separate, other USs’ sewer systems are combined or mixed. There are two wastewater treat-
ment plants (WWTP) in operation (in US4 and US5), while the rest are under construction
(US3) or designed, pending construction tendering process.

In 2020, National Alliance for Local Economic Development (NALED) published the
situational analysis results in the wastewater management sector [43]. In addition to the
general recommendation for prioritizing the construction of the WWTP for settlements with
more than 10,000 inhabitants where recipients are smaller watercourses, especially those
with a high degree of connection to public sewage systems, a specific recommendation
calls for carrying out a detailed inspection of the existing sewer network to determine the
necessary replacement, reconstruction, and existence of illegal connections. These illegal
connections mean that users connected their homes and yards on the sewer system, be it
combined or separate, and that there is no evidence about it in the local Public Communal
Company. Among the recommendations for improving the reporting and information
exchange system, it is noted that it would be necessary to define and build links of existing
data and information [43]. Some of the data and information in question concerning the
sewer system are crucial for stormwater system modelling. The contemporary systems
comprise both grey, traditional, and green NbS technical elements.

2.2. Methodology

The methodological framework comprises two phases, the first is literature and public
data sources review and the second spatial analysis (Figure 2). The steps in the first
phase cover (1) selection of an appropriate NbS SM elements typology, (2) definition of
evaluation criteria for their implementation, and (3) identification of publicly available data
sources for the evaluation criteria application. The following steps in the second phase
lead to the creation of thematic maps showing suitability of NbS SM elements: (1) spatial
data (base data and maps) acquisition and processing to derive appropriate maps for
constraint presentation, (2) transformation of derived maps into constraint maps, and
(3) combining constraint maps to obtain thematic maps with constraint ratings for selected
NbS SM elements.
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2.2.1. NbS SM Elements Typology

Among the different SM approaches, NbS SM elements typology relies on the EPA
LID/GI technology in this research, due to the EPA−SWMM software [33] capabilities
intended for use in the next research/implementation phase. These elements are called
LID controls in the EPA−SWMM [33] Hydrology menu, and they comprise (1) Rain Barrel,
(2) Bio-Retention Cell, (3) Infiltration Trench, (4) Porous Pavement, (5) Vegetative Swale,
(6) Green Roof, (7) Rain Garden, and (8) Rooftop Disconnection.

The Rooftop Disconnection, Rain Barrel, and Green Roof LID controls are not included
in the research. The Rooftop Disconnection is not a technical element but a measure, while
both Rain Barrel and Green Roof require a different type of the analysis compared to the
rest of the elements that are fully “land-based”. Moreover, a conversion of flat roofs into
peached roofs, instead of retrofitting into green roofs, is observed in the study area [44].
Regardless of the green roof benefits, e.g., [45], there is an absence of population interest
for application of this element due to the inadequate socio-economic conditions for its
implementation in the study area: higher installation and maintenance costs compared to
the traditional solutions on one hand and mistrust of its operational capability and function
on the other. An implementation of green roofs on public buildings is also not present in
the study area due to the already mentioned lack of institutional implementation of the
NbS SM approach.

Finally, a total of five NbS SM technical elements is considered for the study: (1) bio-retention
cell, (2) rain garden, (3) infiltration trench, (4) porous pavement, and (5) vegetative swale.

2.2.2. Criteria for Implementation of NbS SM Elements

The natural and physical conditions for implementation of NbS SM elements are the
base for our preliminary assessment. They include topographical features, hydrographic
characteristics, geology and soil properties, and land use in the studied USs.

The preliminary assessment is conducted according to the site constraints shown in
Table 1, translated into criteria for NbS SM element implementation. Table 1 is based on the
original table in [46], where we kept SM elements corresponding to six considered for the
study, eliminated three of nine constraints, and showed the constraint levels as digits 0, 1,
and 2, appropriate for operations with layers in GIS. One of the eliminated constraints is
related to salt water and, therefore, not applicable in the study area, while the constraints
“hydraulic head loss” (loss of pressure required for an element operation) and “sediment
load” require detailed data and cannot be a part of preliminary assessment.
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Table 1. Site constraints for implementation of NbS SM elements shown as digits 0, 1, and 2 1. Based
on [46].

Label NbS SM Element
Constraint 2

C−1 C−2 C−3 C−4 C−5 C−6

E1 Bioretention Cell/System 1 2 0 2 1 1
E2 Rain Garden 1 2 0 2 1 1
E3 Infiltration trench 1 1 1 0 1 2
E4a Porous Pavement (infiltration) 1 1 1 0 1 1
E4b Porous Pavement (detention) 1 2 0 2 1 1
E5 Vegetative Swale 1 2 0 0 2 1

Notes: 1 0—generally not a constraint, 1—constraint may preclude the use of this element, 2—constraint
may be overcome with appropriate modification to design. 2 C−1: Steep site; C−2: shallow bedrock;
C−3: low-permeability soils; C−4: high-permeability soils; C−5: high water table; C−6: land availability.

2.2.3. Identification of Data Sources

The research was performed in two stages, one year apart. Stage one aimed at the USs
in Southern Serbia (1 to 5 in Figure 1) and stage two, USs 6, 7, and 8 (Figure 1), in Eastern
Serbia. The data sources identified for each constraint are shown in Table 2, followed by
respective references. There are two different data sources for both constraint C–1 and C–2
in the studied USs, depending on the research phase (US1 to US5 and US6 to US8). The
same data source is used for constraints C–3 and C–4 in all USs. Concerning constraint C–5,
the data source for US1 is found through literature review, the data are not found for US2
and US5, which is denoted by “x”, a common data source is used for US3 and US4, while
US6 to US8 have the same two data sources. For constraint C–6, in addition to the group
display of data sources (for US1 and US2, US3, US4, and US5, and US6–US8), a share of
mapped buildings is shown below the data sources.

Table 2. The data sources for preliminary suitability assessment of NbS SM elements per US.

Label Site Constraint
US# 1

1 2 3 4 5 6 7 8

C−1 Steep site EU DEM [47] Google Earth Pro [48]
C−2 Shallow bedrock Geological Map of Serbia [49] Geoliss [50]
C−3 Low-permeability soils

Harmonized World Soil DB [51]C−4 High-permeability soils
C−5 High groundwater table [52] x RHMSS [53] x RHMSS [53], FHM [54]
C−6 Land availability 2 OSM [55] OSM [55], CLC [56] OSM [55] OSM [55], CLC [56]

100% 70% 60% 40% 15% 40% 90% 30%

Notes: 1 1—Prokuplje; 2—Pirot; 3—Niš; 4—Leskovac; 5—Vranje; 6—Zaječar; 7—Bor; 8—Knjaževac. 2 A share of
mapped buildings compared to the ground truth is shown in the last row.

2.2.4. The Acquired Data, Spatial Data Processing, and Constraint Mapping

For each US, the borders of the US proper were digitalized in the Geosrbija geoportal [49],
and then the georeferenced shape files were imported into Quantum GIS (QGIS) [57].

As a part of topographical conditions, the steepness assessment (constraint C−1) is
performed from the Digital Elevation Model (DEM). For each US from research phase one,
the DEM is downloaded from the EU DEM platform [47], while the DEMs for the USs in
research phase two are constructed in QGIS from Google Earth Pro data [48] (Table 2). EU
DEM resolution is 25 m, with vertical accuracy of +/− 7 m RMSE [47], while the Google
Earth Pro elevation data is based on the 30 m Shuttle Radar Topography Mission (SRTM),
with an absolute vertical accuracy of 5 to 10 m [58].

The constraint slope maps are derived from the DEMs showing three slope classes: flat
area (<1%), gentle slope (<5%), and steep slope (>5%). A threshold of 5% is adopted due
to a slope constraint for porous pavement of 5%, e.g., [59], stricter than that for vegetative
swale of 6% [46,59].
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The locations of bedrock required for constraint C−2 are mapped based on two data
sources: GeoSrbija [49], the National Spatial Data Infrastructure digital platform where
the Geological Map of Serbia could be found, and a geological map from the Geological
Information System of Serbia GeolISS [50]. Both these data sources are derived by digitizing
physical 1:1,000,000 scale maps provided in the form of shapefiles. GeoSrbija [49] is used for
US1−US5, while, for US6−US8, the data source is GeolISS [50]. The data source change was
caused by the reduction in contents in the GeoSrbija [49] digital platform due to an intensive
hacking attack in June 2022 [60] that occurred between the two research stages. The bedrock
locations presenting constraints are mapped without knowledge about its depth.

Both constraint C−3 and C−4, referring to soil permeability, are defined from the data
downloaded from the Harmonized World Soil data base of the UN Food and Agriculture
Organization (FAO) [51]. The GIS layers created from the data for each US comprised
two required classes presenting constraints: low- and high-permeability soils. Among
the 7 soil permeability classes in [51], classes 1–3 are mapped as low and classes 5–7 as
high-permeability soils. The resolution of the data is 30 arc-seconds or approximately
700 m for the given latitude of the US locations.

A hydrographic constraint, C−5, is assessed based on the publicly available ground-
water monitoring data provided by the Republic Hydrometeorological Service of Serbia
(RHMSS) [53]. The data are analyzed from the RHMSS Yearbooks for the 30-year pe-
riod 1991–2020 [53]. To deduce if the groundwater table is high at the hydrologic station
(piezometer) location, the threshold of gauged annual maxima is set to 2 m below ground
level. The NbS elements with a primary infiltration role require at least 1 m distance of
subgrade to the ground water table for operation (e.g., [46,59]). Hence, providing 1 m for
the element structure below the ground and an additional 1 m of the required distance
to the groundwater table leads to the applied 2 m threshold. The gauged groundwater
tables higher than the threshold level are considered high and mapped along the corre-
sponding terrain contour of the piezometer on both sides of the riverbed, forming the high
groundwater table zone, i.e., constraint map.

Not all of the studied USs have the groundwater hydrological stations in the bound-
aries of the analyzed area or in its vicinity (denoted “x” in Table 2). Constraint C−5 is not
applied in these USs. As US 1 was used as a pilot case, the data about groundwater table
are found in [52]. Similar publicly available sources were not found for other USs.

An additional hydrographic constraint is considered under C−5, specifically, a 100-year
flood hazard zone [54], although it could be interpreted as constraint C−6 land availability
as well. It is applied for USs 6–8 from the second research phase because the flood hazard
maps for Serbia were not publicly available during the first research stage.

The Open Street Maps (OSM) data [55] in combination with the Corine Land Cover
2018 data [56] were used to assess land availability, as required for constraint C−6. Land
availability is considered by a simple presentation of built-up areas at the level of larger
buildings and parking lots under urban fabric land use classes of 25 ha/100 m (Min. mapping
unit/width). Although a highly valuable data source, OSM has its known data incomplete-
ness, an important one for this research being missing buildings in the dataset at the time
the analysis was conducted. In the research pilot case, US 1, the augmentation of the build-
ings was performed by manual digitalization from the orthophoto based on the satellite
imagery, one of the layers in GeoSrbija [49]. This was a labor-intensive and time-consuming
operation for the US1 proper area of 7.74 km2 with 70% of buildings present in the OSM.
The other methods for building augmentation involve sophisticated techniques, e.g., [61],
beyond the scope of this research. Therefore, we adopted the existing data on buildings for
the US2−US8 “as is” and provided an approximate share of mapped buildings in the OSM
in the last row of Table 2. The results related to this constraint are interpreted with caution.

2.2.5. Thematic Maps for Preliminary Location Evaluation for NbS SM Technical Elements

The thematic maps for each NbS SM technical element are created from the corre-
sponding GIS layers containing constraint ratings 0, 1, and 2 as shown in Table 1. The final
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result for each element in each US is obtained by overlaying layers of the constraints rated
1 and 2. Basic GIS tools are used in all operations, including measuring the area suitable (0),
not suitable (1), and potentially suitable (2) for a particular NbS SM element in each US.

3. Results
3.1. Suitability Assessment Results at the Urban Settlement Level

The results for one US comprise the review of created GIS layers with processed
source data specific for individual constraints and thematic maps showing suitability for
implementation of NbS SM elements. We selected US8 to present the results at the US level.
Figure 3 shows the defined boundary of US8.
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3.1.1. Source Data (Maps), Derived Maps, and GIS Layers Showing Constraints

The source data for identification of constraint levels for implementation of NbS SM
elements in US 8 are illustrated in Figures 4–8.
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3.1.2. Thematic Maps Presenting Suitability for Implementation of NbS SM Elements

The results for US8 are grouped per NbS SM elements characterized by the same
constraints. Figure 9a shows suitability of the US area for the runoff detention elements and
Figure 9b for infiltration trench. Figure 10a presents conditions for installing porous pave-
ment with infiltration and Figure 10b areas suitable for vegetative swale implementation.
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3.2. Suitability of All USs per NbS SM Element

The summary of the results for all USs is shown in Figures 11–13 and Table 3, focusing
on the individual NbS SM elements. For the comparability of the results, the implemen-
tation potential of the technical elements is shown as a share (%) of the US proper area
that is generally suitable, not suitable, and conditionally suitable for implementation of a
particular element.
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element(s) design.
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Table 3. Preliminary spatial analysis results per US and NbS SM element in % of the US area.

Label NbS SM Element Constraint Level 1
US# 2

1 2 3 4 5 6 7 8

E1 Bioretention Cell/System
0 12 57 81 81 47 0 58 0
1 88 43 19 19 53 57 42 91
2 1 0 0 0 0 43 0 9

E2 Rain Garden
0 12 57 81 81 47 0 58 0
1 88 43 19 19 53 57 42 91
2 1 0 0 0 0 43 0 9
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Table 3. Cont.

Label NbS SM Element Constraint Level 1
US# 2

1 2 3 4 5 6 7 8

E3 Infiltration trench
0 0 0 81 81 47 31 0 2
1 100 100 19 19 53 62 100 98
2 0 0 0 0 0 7 0 0

E4a
Porous Pavement

(infiltration)
0 0 0 81 81 47 31 0 2
1 100 100 19 19 53 69 100 98

E4b
Porous Pavement

(detention)

0 12 57 81 81 47 0 58 0
1 88 43 19 19 53 57 42 91
2 1 0 0 0 0 43 0 9

E5 Vegetative Swale
0 12 57 81 81 47 22 58 2
1 77 43 19 19 53 72 20 63
2 11 0 0 0 0 5 22 36

Notes: 1 0 (white), area generally suitable; 1 (red), area generally not suitable; 2 (pink), area conditionally suitable
with modification to the element design. 2 1—Prokuplje; 2—Pirot; 3—Niš; 4—Leskovac; 5—Vranje; 6—Zaječar;
7—Bor; 8—Knjaževac.

In half of the studied USs (US2, US3, US4, and US5), the preliminary results are “black
and white” regarding implementation of individual NbS SM elements, where practically
none of the elements can be modified to overcome area constraints (Figure 11c, Figure 12c,
and Figure 13c; also rows “2” in Table 3).

Among the studied SM elements, vegetative swale (E5) is generally the most appropri-
ate of all elements in a majority of the USs (Figure 13a, Table 3), followed by bioretention
cell (E1), rain garden (E2), and porous pavement with runoff detention (E4b) as shown in
Figure 11a and Table 3, and the least appropriate are infiltration trench (E3), and porous
pavement with runoff detention (E4a) except in US4 and US5 (Figure 12a, Table 3).

The results are reviewed in Section 4, Discussion, mostly regarding NbS SM elements’
potential area assessment stemming from source data accuracy.

4. Discussion

Given the specific conditions of our research, that is the emphasis on the research
framework rather than on source data accuracy, the results should be interpreted with
caution, in particular, the obtained shares of the USs area, suitable for NbS elements. Table 3
shows a summary of the results and it should be interpreted in combination with the data
provided in the last row of Table 2, showing a percentage of mapped buildings, important
for the land availability constraint. From this perspective, the most reliable results are
obtained for US1 and US7, followed by US2 and US3. In US4, US5, US6, and US8, and the
share of mapped buildings is 40% and less.

4.1. Source Data

Using publicly available data in this research has its benefits and shortcomings. The
obvious benefit is the possibility to conduct the research at all and to have a common
ground for the research worldwide. However, the datasets with global or continental
coverage come with shortcomings for use on a smaller scale like the urban scale used here.

The vertical accuracy of the used DEMs is coarse; as a consequence, the derived
slope maps, transformed to the C−1 constraint maps, only roughly specify suitable and
unsuitable terrain slopes.

The geological map provides an acceptable insight into the types of geological forma-
tions and the boundaries between them, but the depth to the bedrock (C−2 constraint) is
unknown and additional data are required for a clear presentation of this constraint map.

The soil type datasets used refer to the top soil of undefined depth, according to the
data sources [51]. The soil type is classified based on the dominant type in the soil map
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unit; thus, heterogeneity can be expected both across soil depth and the mapped soil unit.
Given that the digitized source map has a 30 arc-second spatial resolution and presents the
dominant soil type, the created C−3 and C−4 constraint maps are the least reliable of all
the constraint maps. This issue is mostly pronounced in the smaller analyzed areas like
US1 and US8.

The threat to NbS SM elements from high groundwater table was the most difficult
constraint to map out (C−5) due to the absence of suitable spatial groundwater data
and limited gauged groundwater table numerical data at all US locations. The analyzed
groundwater gauge data were spatially interpolated to obtain a rough spatial representation
of the respective high groundwater level constraint.

At this initial or preliminary assessment, a simple land availability constraint map
(C−6) consisting of larger building footprints shown within urban fabric land classes is used.
The effects of including all buildings and traffic-related structures on the C−6 constraint
map are shown in the following subsection. It should be noted that land availability
constraints include more details referring to physical structures like supply and other
networks that were not considered at this assessment stage.

4.2. Land Availability Source Data Update Effects

Upon the OSM data update and synchronization with the official cadaster registry, we
have conducted a comparative analysis of the effects of land availability data completeness
and coverage on NbS suitability mapping, i.e., thematic maps. Spatial suitability analysis
was conducted with the updated OSM data set, which includes street axis, parking lots,
and a far larger number of buildings in US8, compared to the previous, i.e., initial data
set version, which held only a limited number of larger buildings. The complete OSM
data set was converted to a 2.5 m raster land availability grid with roads approximated
by generating 6 m (two lanes) buffer zones around the road axis, and the parking lots and
building footprints were rasterized.

The result of area suitability reassessment in US8 is illustrated in Figures 14a and 14b
for the case of vegetative swale (E5), and the reassessed implementation potential of all
NbS SM elements is shown in Table 4 by the digits and colors: 0 (white/transparent), area
generally suitable; 1 (red), area generally not suitable; 2 (pink), area conditionally suitable
with modification to the element(s) design.
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Table 4. Preliminary spatial analysis results in US8 upon the source data set update for land availabil-
ity constraint. NbS SM element suitability shown in % of the US8 area.

NbS SM Element Label
US8

Updated Initial Updated−Initial
0 1 2 0 1 2 0 1 2

E1, E2, E4b 0 94 6 0 91 9 0 3 −3
E3 1 98 1 2 98 0 −1 0 1
E4a 1 99 0 2 98 0 −1 1 0
E5 2 75 23 2 63 35 0 12 −12

Note: 0 (white), area generally suitable; 1 (red), area generally not suitable; 2 (pink), area conditionally suitable
with modification to the element design.

The only significant change, as can be seen in Table 4, is noted for the vegetative swale
(E5). This is not only the result of improved land availability source data but also the initial
share of large area conditionally suitable for this element according to natural conditions.
The changes in other elements are insignificant due to the initial large area unsuitability
assessed based on natural conditions.

This exercise shows that unfavorable natural conditions may play a more significant
role in the assessment of area suitability for NbS SM elements, compared to the physical
constraints as treated under the land availability constraint in this assessment.

4.3. Transferability of the Research Results and Further Research and/or Implementation Steps

The transferability of the presented research results should focus on the framework and
provision of more precise data at an individual US level, regarding all considered constraints.

An attempt to include more precise constraint data at the urban municipal scale for a
broader range of SM elements is conducted also for the US3 in [30]. The analyzed area of
US3 was smaller than the one studied in this research. There, the data about soil, geology,
and water table were used from several geological projects and spatially interpolated to
enable more precise definition of constraints, still at the urban planning level. This kind of
project is obligatory in the process of issuing construction permit; hence, municipal and/or
city institutions have the necessary data to start building their databases and use publicly
available data merely for comparison.

The updated OSM data, as shown in Section 4.2, have led to an improvement in
the spatial detail of suitable areas, although without significant changes to the shares
of the areas for the analyzed US8, where the present natural constraints are dominant.
Using a detailed Land Use/Land Cover classification data sets should lead to more refined
results in the next phases of generating a detailed suitability map for the implementation
of NbSs. Moreover, among the constraints that contribute to land availability reduction,
the land ownership, planned land use, and already mentioned placement of supply and
other networks and infrastructure are expected within review stage 2, dedicated to urban
planning and design [35].

A rare result of previous research in the study area focused on smaller scale for
application of NbS SM elements, like the implementation of vegetative swales (E5) in
Duvanište residential district, City of Niš (US3), performed in [62]. However, this research,
being an example of a review stage 2 analysis [35], presents an urban design perspective,
whereas our research is focused on a broader, urban planning perspective.

To decrease the level of initial uncertainty of input data in this research and set a
general framework, two constraints were not included: sediment load and hydraulic head
loss. These constraints may have led to a decrease in the available area for the considered
NbS SM elements in the cases where these constraints may preclude the use of an element.
This limitation of our research may be overcome in the next implementing stage when
NbS SM approach is further refined and stage 1 entered [35]. At that stage, more focused
hydraulic engineering assessments are performed, e.g., [63–65]. Specifically, the pressure
(head) loss coefficients are calculated within a drainage system, defining the changes
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between the hydraulic grade line and the total energy line, where the hydraulic grade line
is the most crucial property for a drainage system operation [66].

When the objectives of NbS SM technologies are defined, an implementation of NbS
SM elements would require a previous feasibility study, where it should be examined
whether the investments are needed in basic sewage facilities and grey infrastructure,
exclusively in NbS SM elements, or in their combination.

Further research directions are twofold. One is pointed out to the provision of
more detailed source data for the assessment and the other to investigation of the ele-
ments/measures related to roofs: rooftop disconnection, rain barrel, and green roof.

5. Conclusions

In the preliminary investigation of nature-based solutions for stormwater management,
the natural and physical conditions, i.e., constraints, for the implementation are considered
in the proposed methodological framework. The publicly available data sets are used as
source data for the research of suitability potential of five nature-based solution stormwater
management elements in eight urban settlements from the Region of Southern and Eastern
Serbia. The conclusions are as follows:

1. The proposed methodological framework is able to distinguish areas suitable for
nature-based solutions with large variations between multiple urban settlements.
This shows that the methodology is applicable for a preliminary suitability analysis
and can be used to underpin the strategic decision making, needed in the field of
nature-based solution application for further tackling of stormwater (and wastewater)
management in developing countries like Serbia, given the current state of legislation
and research in this field.

2. The preliminary assessment conducted in this investigation pointed out to the short-
comings with the selected publicly available sources, i.e., input data. However, an
initial picture about suitability of all elements at an urban scale is useful for the studied
urban settlements, while further refinement of the results based on more detailed
source data for all constraints regarding included conditions is necessary.

3. Among the five studied nature-based solution stormwater management elements:
(1) bio-retention cell, (2) rain garden, (3) infiltration trench, (4) porous pavement,
and (5) vegetative swale, the least suitable for implementation in the majority of
the studied urban settlements are the infiltration trench and porous pavement with
runoff detention.

4. US3 (Leskovac) and US4 (Vranje), third-tier cities, which both hold functioning
wastewater treatment plants, based on the stage 0 analysis, seem to be the most
suitable for nature-based solution stormwater management elements implementation
according to natural constraints.

5. The research findings indicate that among the smaller studied urban settlements,
US2 (Pirot) and US7 (Bor), which belong to the fourth-tier city category, have a lot of
potential for the implementation of nature-based solution stormwater management
elements due to the natural conditions and lower built-up area density.

The results provided in the research require further verification on a wider set of data
by the researchers but also by the respective institutions and decision makers to close the
gap between the nature-based solution planning and implementation, for the start, by
the civil/hydraulic engineers and urban planners. Moreover, the proposed framework
could be applied for promoting the importance of nature-based solutions for stormwater
management as a pilot or demonstration project, because neither the legislation related to
urban water management nor the one related to urban planning recognizes the application
of nature-based solutions for stormwater management in Serbia. This is an attempt to
conceptually recognize the tools and methodology of integrating nature-based solutions
into urban planning and design, which is preceded by a long-term process of change and
adjustment of the management and planning paradigm in Serbia.
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change in Serbia for the period 1961-2100. Therm. Sci. 2018, 22, 2267–2280. [CrossRef]

43. NALED. Analiza 360◦—Stanje u Oblasti Upravljanja Otpadnim Vodama. Available online: https://naled.rs/publikacija.php?id=
5100 (accessed on 16 September 2023).
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