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Abstract: Increasing urbanization and climate change challenges are leading to relevant environmen-
tal, economic and social pressures on European cities. These include increasing flood hazards and
the urban heat island (UHI) effect. Nature-Based Solutions (NBS) are increasingly recognized within
strategies to provide multiple ecosystem services to mitigate existing risks and pressures, as well as
to make cities more resilient and livable. Although being increasingly addressed within the literature,
NBS implementation on the ground still faces many technical and financial barriers. This paper
aims to test the potential of selected NBS in mitigating the effects of identified climate change risks,
i.e., the UHI effect and urban floods, in the Turin urban area (north-western Italy). Four different
intervention NBS-based scenarios are developed. The supply of ecosystem services by NBS in each
scenario is assessed using InVEST models and the effectiveness of NBS investments is analyzed by
calculating and comparing the associated costs and benefits. Different results in terms of effectiveness
and economic viability are observed for each scenario and each NBS. Flood risk mitigation oriented
NBS seem to have the most impact, in particular forested green areas and retention ponds. The results
are relevant to suggest policy mix strategies to embed NBS in city planning.

Keywords: Nature-Based Solutions (NBS); ecosystem services; economic valuation; green

infrastructures; urban heat island (UHI) effect; urban flooding; sustainable cities; urban green

1. Introduction

According to the United Nations Department of Economic and Social Affairs (UN
DESA), for the first time in history, more than 55% of the world’s population lives in urban
areas with a forecasted increase up to 68-84% in Europe—by 2050 [1]. Urbanisation and the
increasing urban population lead to several environmental, social and economic challenges
that might result in negative impacts on the well-being of citizens and the environment
as a whole [2—4]. Soil sealing, due to the covering of ground by construction and artificial
materials, is one of the prevalent and challenging forms of soil degradation associated with
urban development and expansion [5]. It significantly modifies land use and land cover
characteristics, impacting both terrain and atmospheric conditions [6,7], and often results in
changes to the microclimatic dynamics within and around urban areas [5]. Among current
and future challenges faced by cities, climate change-related ones play a major role [8].
These include flood hazards deriving from soil sealing, which alter the hydrological cycle
of cities by increasing the impervious areas and, thereby, reducing the interception, storage
and infiltration capacity of rainwater vis-a-vis mutable precipitation patterns associated
with climate change, and in particular the occurrence of high-intensity short-duration
rainfall events [9-11]. Development processes and land use variation associated with
urbanization are also among drivers of the urban heat island (UHI) effect [12,13], which
causes the rise in temperatures within cities compared to the surrounding rural areas [14].
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The frequency and intensity of heatwaves are expected to rise in the near future [15,16] with
relevant impacts on human health [17,18], increasing mortality or morbidity, especially for
vulnerable categories (e.g., the elderly, children, homeless). The UHI effect also leads to
increased energy consumption due to air conditioning [19] and occupational heat stress,
reducing comfort and work productivity [20]. Adequate planning and management mea-
sures, effective in the short and long term, are needed for climate change adaptation and
mitigation of the associated risks (disaster risk reduction). By mimicking the processes of
natural ecosystems, Nature-Based Solutions (NBS) are increasingly recognized as possible
solutions to mitigate these pressures due to their potential to provide multiple ecosystem
services [11,21-23], supporting societies in achieving more resilient, livable and sustainable
cities [24,25]. NBS is an umbrella term referred to different kinds of interventions [26,27],
and this concept has been included within a substantial body of scientific literature since
its inception in 2015 [28]. Giving its accelerated uptake, many definitions have arisen in the
past years [29], highlighting the complexity and dynamism of the NBS, the existence of a
non-univocal terminology, the presence of multiple solutions and variants, as well as a lack
of consolidated agreement on the conceptualization of NBS [30].

A broad, though not exhaustive, list of interventions classified as NBS can be found
in [31]. The nomenclature used is also different among sectors and professions (e.g., urban
planning, building / construction engineering or green space management). In particular, as
an example, between the interventions aimed at urban water management that may fall
under the NBS group, depending on their design, there are: sustainable drainage systems
(SuDS), low impact development (LID), stormwater best management practices (BMPs),
and storm water control measures (SCMs) [32].

The recent resolution 5 by the United Nations Environment Assembly (UNEA-5
resolution) (2022) makes a relevant effort to harmonize the definition, stating that NBSs are
“actions to protect, conserve, restore, sustainably use and manage natural or modified terrestrial,
freshwater, coastal and marine ecosystems which address social, economic and environmental
challenges effectively and adaptively, while simultaneously providing human well-being, ecosystem
services, resilience and biodiversity benefits” [33].

In the last decade NBS have gained increasing visibility within international and
national policies, being given special emphasis by the European Commission. NBS are
directly or indirectly referred to, among others, in the Strategy for Biodiversity to 2030, the
Strategy for Green Infrastructures, the new European Forest Strategy, the Land Use, Land
Use Change and Forestry (LULUCF) Regulation, the Community Agricultural Policy, the
Water Directive, the Strategy on Adaptation to Climate Change, and the Action Plan for the
Implementation of the Sendai Framework for Disaster Risk Reduction, etc.

NBS can contribute to providing ecological, social and economic benefits in urban
areas [34-37]. They can absorb air pollutants [38], sequester CO; [39] and improve flood
control and water resource management [40], as well as water treatment [41] and lowering
the temperature within cities [42] and their surroundings [43,44]. Indeed, the strategical
introduction of vegetation and water bodies as green and blue infrastructures within cities
can reduce surface and air temperatures through shading, evapotranspiration and evap-
oration [45]. NBS can prevent natural hazard and climate extremes while contributing
to climate change mitigation [46], and can sustain or enhance biodiversity [47,48]. Fur-
thermore, NBS can contribute to quality of life and people’s wellbeing [49] in terms of,
for instance, recreation, sporting activities and healthier lifestyles [50], citizens physical
and mental conditions [51-54], social inclusion and relations [55], and reinforcement of
cultural identities and aesthetic value [56]. Overall, there is some evidence about the NBS
capacity to be more cost-effective compared to grey infrastructures and other more tradi-
tional solutions [57]. NBSs can contribute to improving the resilience of urban systems [58],
generating economic benefits in the long term, and creating healthier local economies [59].
Although academic research is increasingly recognizing NBS potentialities, there are still
wide barriers to their implementation and upscaling in urban areas [60]. Among these,
there are financing constraints [61] and difficulties in creating feasible governance models to
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design and implement efficient projects that match the participation of all the relevant stake-
holders, allowing responsibility sharing and collaboration [62]. Another relevant barrier is
represented by the assessment of the whole range of ES that NBS can provide, including
co-benefits and trade-offs [63], due to the lack of proper methodologies and standardized
accessible data and metrics [25]. Furthermore, conventional valuation and accounting
practices do not normally include these benefits [61], undermining the possibility to involve
ES production in public, corporate, or individual decision making strategies [64,65], and
consequently attracting funding resources, as well as providing efficiency evidence in
comparison to more traditional solutions [35,66]. As such, more cases and evidence about
the effectiveness and economic value generated by NBS [67] to inform policymakers and
implementers could help in the adoption of efficient policies and interventions to preserve
and enhance them [68] in urban planning [69].

Building on the above reported aspects, this paper aims to analyze the contribution of
selected NBS in improving urban resilience for selected climate change risks, namely the
UHI effect and urban floods. The Turin urban area (north-western Italy) is used as a case
study. In more detail, the study aims to:

(i) identify a set of NBS specifically intended to face the two selected climate risks;

(if) define possible combinations of selected NBS and test their effectiveness against the
two selected climate risks;

(iii) analyze costs and benefits associated with the different combinations tested;

(iv) draw conclusions that may inform future policy making to support climate-proof
urban planning.

The paper is organized into five main sections: Section 1 introduces the research topic
as well as the objectives and structure of the article; Section 2 provides information about
the case study area and methodological aspects; Section 3 delivers results that are then
discussed in Section 4; and finally, Section 5 draws conclusions. The Appendix A and
Supplementary Materials provide further data and elaborations developed for the aims of
this study.

2. Materials and Methods

This section presents the case study area (Section 2.1) and the methodological approach
adopted by the research (Section 2.2).

2.1. Case Study Area

The city of Turin (Piedmont, north-western Italy; Figure 1a) is located within the Po
Valley and extends over a flat urban area (239 m asl) embraced by the river Po and three of
its tributaries at the foot of hills reaching up to 715 m asl [70]. It stretches over a total area
of about 130 km? and there are 848,196 inhabitants within its municipal boundaries [71].
Piedmont ranks fourth among Italian regions with the highest annual soil sealing [72], i.e.,
man-induced replacement of non-artificial land cover (agricultural, natural or semi-natural
land) with artificial [73]. Despite some slowing between 2017 and 2018, Turin has shown a
continuously increasing soil sealing trend since 2012, with some 8.43 ha of municipal land
being consumed on average every year. At present, the total proportion of soil sealing at
the municipal scale corresponds to about 65% of the overall municipal area [74] (Figure 1b).

Land use and soil sealing dynamics, coupled with changing climate conditions, have
led to an increased frequency and intensity of extreme events. In 1994, 2000 and 2016,
the city suffered severe floods and in 2003 experienced the first emergency status due to
intense heat waves, which have increased during the last years [75]. According to Munafo
(2022) [72], Turin shows the highest land surface temperature (LST) difference between
urban and rural areas in summer (about 6.3 °C) among metropolitan areas in Italy.
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(a)

Legend
[] ntalian national boundaries

I Turin municipal area

I 11100: Continuous Urban fabric (S.L. > 80%)

B 11210: Discontinuous Dense Urban Fabric (S.L.: 50% - 80%)

I 11220: Discontinuous Medium Density Urban Fabric (S.L.: 30% - 50%)
11230: Discontinuous Low Density Urban Fabric (S.L.: 10% - 30%)
11240: Discontinuous very low density urban fabric (S.L. < 10%)

I 11300: Isclated Structures

B 12100: Industrial, commercial, public, military and private units

I 12210: Fast transit roads and associated land
12220: Other roads and associated land

Piedmont B 12230: Railways and associated land
12300: Portareas
12400: Aiports

B 13100: Mineral extraction and dump sites
13300: Construction sites

I 13400: Land without current use
14100: Green urban areas
14200: Sports and leisure faciities
21000 Arable land (annual crops)

22000: Permanent crops

23000: Pastures

24000: Complex and mixed cultivation patters
25000; Orchads

I 31000: Forests.

32000: Herbaceous vegetation associations

33000: Open spaces with litte of no vegetations
40000: Wetlands
50000: Water

(b)

Figure 1. Case study location (a) and Turin urban core main land use classes according to Urban
Atlas 2018 [76] (b).

2.2. Methodological Approach

This study adopted a stepwise approach to test and analyze different sets of NBS to
address climate risks in terms of the UHI effect and urban floods within the Turin municipal
area. Each methodological step is described below.

(a) Selection of areas under climate risks

Urban areas under climate risks were selected based on the 2020 Climate Resilience
Plan developed by the Turin municipality [21]. Reference was made to: (i) areas under
moderate to high UHI effect risk, altogether corresponding to about 46% of the total
municipal area (Figure 2a); and (ii) medium to high flood-prone areas, defined according to
Directive 2007/60/EC on the assessment and management of flood risks and corresponding
to about 40% of the total municipal area (Figure 2b). Based on inputs from expert staff at the
Turin municipality, this was complemented by parts of the municipal road network subject
to floods under frequent and intense precipitation regimes (Figure 2c). All areas under
climate risk conditions were identified and mapped using Q-GIS 3.16 [77]. To consider
possible spillover effects of the interventions in the surrounding areas, a 200 m-wide buffer
was considered around all areas identified through the above-reported criteria and included
within areas under climate risks for the aims of this study.

(b) Identification and selection of potential NBS

A preliminary screening of available NBS databases and online platforms (e.g., EU Cli-
mate Adaptation Platform, Oppla, Urban Nature Atlas, etc.), as well as specialized studies,
was conducted, considering both the scientific and the grey literature. By building on these
sources, a set of 25 different NBS (see Table A1 in Appendix A for the complete list) was
identified, taking into consideration solutions specifically intended to address the UHI effect
and/or flood risks. For each selected NBS, key-information was collected and organized
into a Microsoft Excel database. Selected NBS were then short-listed via brainstorming
with expert staff at the Turin municipality and based on exclusion criteria, including;:

e financial viability: very costly solutions were excluded (e.g., vertical urban forests);
e  presence of a prevalent green NBS component: solutions with an exclusive or prevalent
role of grey components were not considered (e.g., geocellular storage systems);
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e  direct effects on climate risks: NBS requiring integration into broader solutions to
influence climate risks were not considered (e.g., swales). The rationale behind this
choice was to analyze single NBS, being able to account separately for their effects.

— Road network
B Green areas

Risk level:

B Null
Low
Medium

B High

Figure 2. Distribution of risk classes (null, low, medium and high) for (a) UHI, (b) flooding areas and
(c) roads subject to flooding.

In a similar manner, NBS that could take several forms were grouped into a single
category (e.g., intensive and extensive green roofs were simply reported as green roofs).
While this may result in the loss of some details, it was a necessary simplification to ensure
totally alternative and comparable scenarios (see the next point), while at the same time
keeping modeling and analysis simple and feasible. As a result, 15 NBS were finally selected
according to the above reported criteria (Table 1). Brief descriptions of the selected NBS are
available in Appendix A (Table A2). For each of the 15 selected NBS, additional information
was added to the database with reference to effectiveness against the two targeted climate
risks, potential co-benefits, and costs. For the latter, both building and maintenance unit
costs (i.e., per m?) were identified from existing NBS databases and the literature. Indirect
and general costs, e.g., for designing the NBS or administrative costs, were not considered
as it is not possible to standardize them. For the same reason, land acquisition costs were
not considered. Values for each NBS were averaged and transformed into annual values
assuming two different discount rates (r), i.e., 3% and 5% [78], and a time span to 2030
(Table 1). For each of the selected NBS, a performance assessment was conducted by
adapting the assessment from the Natural Water Retention Measures (NWRM) initiative.
Building on the NWRM scoring system, each NBS was assigned a score ranging from 0 (no
impact) to 3 (high impact), with reference to a set of possible benefits associated with the
two climate risks considered within this study. NBS co-benefits—biodiversity conservation,
recreational opportunities, etc.—were assessed according to the same approach. Details
about NBS assessment are available in Table 2. Assigned scores were revised and validated
by expert staff at Turin Municipality. It is important to stress that our analysis was limited
to the assessment of two ecosystem services (i.e., temperature regulation to tackle the
UHI effect and flood risk mitigation) and additional co-benefits were only preliminarily
considered for the analysis and selection of NBS, but not specifically assessed.
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Table 1. Costs of nature-based solutions (NBS).
Costs
Average Average
Code Name Installation Maintenance Annual Cost  Annual Cost
(EUR/m?) (EUR/m?) by 2030 by 2030
(EUR/m?) (EUR/m?)

r=3% r=5%
1 Forested green areas 1.32 2.49 0.47 0.49
2 Rain gardens 1.08 0.3 0.43 0.44
3 Urban gardens 3.85 3.85 4.3 4.35
4 Green roofs 77.5 55 64.09 65.04
5 Green facades 100 3.5 15.22 16.45
6 Roadside trees and green paths 33.78 34.22 10.57 10.41
7 Green rails 210 2.4 27.05 29.63
8 Green urban furniture 80 (n/a) 9.38 10.36
9 Permeable surfaces 65 3 10.62 11.42
10 Rainwater harvesting 32.5 0.63 4.44 4.84
11 Infiltration basins 26.25 2.83 5.9 6.22
12 Infiltration trenches 80 2.12 11.5 12.48
13 Retention ponds 14 3 4.64 4.81
14 Restoration of rivers for the control of infiltrations 3.8 1.7 2.16 2.19
15 Creation of floodplains and riparian forests 0.75 0.05 0.14 0.15

(c) NBS scenario building

Building on the selected NBS and their features and using a land-use map for the city
of Turin, alternative scenarios combining different sets of NBS were built.

Each NBS was associated to one or more current land use category and considered as
alternative or complementary to each of them. Scenarios are aimed to achieve specific goals
and NBS were selected accordingly. Therefore, in the case of multiple possible NBS, the
most effective one as per the targeted goal was chosen based on the information available
within the NBS database.

The four scenarios developed are:

o Complete scenario (S1). It includes the most effective NBS with reference to both
targeted climate risks and co-benefits. Both alternative and complementary solutions
are considered with respect to the current land use.

o  Integrative scenario (S2). It includes the most effective NBS with reference to both
targeted climate risks and co-benefits. Only complementary solutions are considered
with respect to the current land use.

e  Flood scenario (S3). It includes the most effective NBS with reference to flood risks. Both
alternative and complementary solutions are considered with respect to the current
land use.

e  UHI scenario (S4). It includes the most effective NBS with reference to the UHI effect
risks. Both alternative and complementary solutions are considered with respect to
the current land use.

For each scenario, dedicated shapefiles were developed starting from the land-use map
and within the scope of areas identified at point a) above. Different shapefiles were created
considering both public and private land together, and just public (i.e., municipal) land.

(d) NBS scenario modeling

Climate risks were modeled using InVEST (Integrated Valuation of Ecosystem Ser-
vices and Tradeoffs) 3.9.0 models for urban ecosystem services, i.e., the “Urban Cooling”
and the “Urban Flood Risk Mitigation” models. For the former, the “Weighted Factors”
method was selected. To account for the ability of green space to regulate temperature,
the model calculates the heat mitigation index (HMI)—as a weighted function of shading,
evapotranspiration and albedo assigned to different land-use and cover categories—which
is then used to estimate the average cooling capacity on air temperature and monetary
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value associated with the vegetation cooling. HMI ranges between 0 (no cooling effect)
and 1 (highest cooling effect), and areas with high HMI are more resilient to the higher
temperatures associated with the UHI effect [79,80]. The model also calculates the energy
saved for building cooling and conditioning thanks to the vegetation cooling capacity.
As regards the Urban Flood Risk Mitigation model, the economic value of the service
was estimated via the cost of substitute goods [81] using lamination basins as substitutes.
Technical details about the models are available within the online INVEST User’s Guide [79].
Models were fed using data summarized in Appendix A (Table A3) and run for both the
current land use conditions (baseline) and each scenario, distinguishing between total (i.e.,
both public and private) area and just public ones.

Table 2. Performance valuation of NBS.

Effectiveness Heat Island .
. Environmental Total
Code Name against Effect Co-Benefits Score
Flood Risk Reduction
1 Forested green areas 1.9 3 23 72
2 Rain gardens 1.6 1.5 1.7 4.8
3 Urban gardens 1.2 2 1.6 4.8
4 Green roofs 1 1.5 1 3.5
5 Green facades 0.1 1 0.7 1.8
6 Roadside trees and green paths 1.6 3 22 6.8
7 Green rails 1 2 1 4
8 Green urban furniture 1 2 1 4
9 Permeable surfaces 0.7 0 0.7 14
10 Rainwater harvesting 0.1 0 0.5 0.6
11 Infiltration basins 1.6 1.5 2 5.1
12 Infiltration trenches 1 0 1.2 2.2
13 Retention ponds 1.6 15 21 52
14 Restoration of rivers for the control of infiltrations 1.2 0 1.6 2.8
15  Creation of floodplains and riparian forests 2.8 2 3 7.8

(e) NBS scenario analysis

Biophysical and economic values of targeted ecosystem services (i.e., temperature
regulation and flood mitigation) were computed for each NBS under each scenario, finally
summing up values for all NBS implemented under each scenario. Model results were
analyzed by comparing outcome values for the baseline and the different scenarios to
obtain the measurement of the mitigation impact generated by the NBS implementation.
Furthermore, to evaluate the feasibility and economic convenience of the selected NBS,
economic benefits resulting from modeling were compared with the NBS building (or
planting) and maintenance costs (up to year 2030), as indicated in Table 1. Again, this
analysis was conducted for each of the four scenarios, for total and only public areas, as
well as for each individual NBS.

3. Results

Results presented in this section focus on the last three steps of the methodological
approach, i.e., NBS scenario building (Section 3.1), modeling (Section 3.2) and analysis
(Section 3.3).

3.1. NBS Scenario Building

The four scenarios show different NBS mixes, as well as a different total land use by
implemented measures. S1 includes 11 different types of NBS, S2 includes 10, S3 includes
11 and 54 includes 8. Some NBS among the 15 previously selected were excluded in the
development of some scenarios because of their low performance scores in absolute terms
or relative to other NBS.

The NBS identified as the most relevant due to their broad spectrum of impacts are
forested green areas and roadside trees, followed by infiltration basins, rain gardens and
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urban gardens. The creation of floodplains and riparian woods has a very high score but
at the same time a very limited application potential within the reference context due to
limited availability of appropriate areas for its implementation.

The composition and extension of NBS under each scenario, considering total and only
public area, is summarized in Figure 3, while Table A4 (in Appendix A) reports detailed
data about the spatial distribution of each NBS under different scenarios. Table A4 reports,
for all scenarios, the maximum potential areas for the implementation of the identified NBS,
areas expected to be actually used for the implementation of each NBS and the relative (%)
incidence of the former over the latter. This means, for example, that if for a given NBS
all the maximum potential area is expected to be used, the corresponding percentage will
be 100%, while if the area expected to be used is smaller than the maximum potential one,
the corresponding percentage will be proportionally lower than 100%. Any discrepancies
between the maximum potential areas and actual areas (i.e., any case where the percentage
is <100%) are due to the fact that it was chosen to implement NBS only on those areas
where NBS were expected to perform the best according to their suitability to land use
characteristics, as well as considering the specific scenario objectives.
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Figure 3. NBS application areas for each scenario, hectares.

S1 shows the largest area where NBS are expected to be implemented (about 27% of the
total municipal area potentially devoted to the development of identified NBS), followed
by S2 (26%) and 54 (22%) with similar value, while S3 was the smallest (7%). In the case of
green facades, the area reported refers to polygons where this NBS is implemented, but
the actual area of intervention considered for the modeling and analysis reported in 3.3 is
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different. The facades surface has been calculated from data on the perimeter and height of
polygons classified as buildings. Due to the lack of more detailed data and information, a
precautionary approach was adopted, assuming that green facades are implemented on
just one facade per building.

3.2. NBS Scenario Modeling
This section reports the results of the InNVEST models applied to the four scenarios.

3.2.1. Temperature Regulation

The InVEST “Urban Cooling” model was run for each of the four scenarios. Since tem-
perature regulation measures operate at a scale that is broader than the one corresponding
to intervention areas, the analysis was conducted at the municipal scale and the impact of
NBS was then calculated as the difference between each scenario and the baseline (i.e., the
current state without additional NBS being implemented).

For all scenarios, the results show an increase in the HMI due to the implementation of
the NBS. As expected, total impacts are higher in the case of NBS development considering
total (i.e., public and private) areas compared to interventions applied only to public areas
(Figure 4a,b). The highest relative increase of the average HMI values is observed for S1
and S2 (both +121%), followed by S4, that presents HMI values more than twice higher than
those observed in the baseline. The increase of the HMI for S3 is significantly lower (+27%).
Notably, forested green areas play a major role under S1 and S4 in determining HMI peaks
and ultimately having a significant influence on changes compared to the baseline.

(a) Total area

Baseline

Scenario 4

"] 0000
10193
[ 0386
B o578
o771
I 0964
Bl Areas subject to NBS

Figure 4. Cont.
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(b) Public areas
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Scenario 4

[J 0000
[ 0193
[ 0386
B 0578
o771

I 0964 Y
B Areas subject to NES% b %

Figure 4. Heat mitigation index for baseline and the four scenarios on total (a) and public areas
only (b).

Where only public areas are considered, the variations are much less pronounced:
about a +9% HMI increase for S1 and S2, +6% for S4 and +3% for S3. However, when
focusing on the public areas hosting NBS, a significant increase is observed both in terms
of the range of values (with an increase in the maximum extreme of the index from 0.85
to 0.96 for all scenarios), and of average value, with which results nearly tripled under
all scenarios.

The relative variations of energy consumption saved for building cooling and condi-
tioning are greater for S1, S2 and S3 (up to 6 times the values referred to the baseline, in the
case of total areas) and more contained for S3. In general—and with the sole exception of
S3—the increases observed with respect to total areas are approximately double compared
to those observed for public areas alone. Concerning the economic value of the benefits,
more pronounced percentage variations are observed than those found for the HMI, with
overall higher variations where only public areas are considered instead of total ones. The
results of the “Urban Cooling” model are reported in the summary in Figure 5, and in more
detail in Table S1 within the Supplementary Materials.
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Figure 5. InVEST Urban Cooling model outputs for the four scenarios applied to the total and
public areas.

3.2.2. Protection from Flood Risks

The InVEST “Urban Flood Risk Mitigation” model outputs are strictly referred to
the targeted area. Three different values of the rainfall depth parameter (i.e., the amount
of rain (mm) fallen in a time (t) equal to one hour) were considered: lower (32.21 mm),
intermediate (45.50 mm) and upper (55.32 mm).

Figure 6 shows a summary of the results relating to different values of rain depth,
considering both total and only public areas. More details are available within the
Supplementary Materials (Table S2).

Total runoff results (Qmm, expressed in mm, Table S2 within the Supplementary
Materials) for the four scenarios and the three rainfall depths are significantly different.
While 45.50 mm and 55.32 mm rainfall depths show the highest absolute values for all
scenarios, S3 and the 32.21 mm rainfall depth return the lowest ones. The highest runoff
value for the 32.21 rain depth is shown by 54, followed by S2 and S1.

However, in terms of runoff reduction relative to the baseline conditions, S1 and S3
stand at similar values (53-69%), though with S1 showing higher relative values, followed
by S2 (49-65%) and S4 with systematically lower values (44-58%) compared to all other
scenarios (Table S2 within the Supplementary Materials). This is confirmed also when
focusing on public areas only.

The average unit runoff (mm of runoff per single m?) observed for the public areas is
lower than that observed for the total one.

The highest retained runoff values are observed, respectively, for S2, S1 and 54, and
rain amounts equal to 45.50 mm and 55.32 mm, while lower values are reported for S3
considering all the rain amounts, with the lowest value observed in the case of a 32.21 mm
rainfall depth. This is associated to higher performances in terms of increased runoff
retainment capacity relative to the baseline for S1 and, to a lesser extent, S2 and S4, while
S3 shows a lower increase mainly due to a lower contribution, among others, of green roofs
and green facades, which are less implemented under this scenario, and a significantly
higher baseline compared to the other three scenarios. However, when considering the
retention runoff index, i.e., retained runoff relative to rainfall depth (Table S2 within the
Supplementary Materials), 53 is systematically characterized by higher values, in particular
for a 32.21 mm rainfall depth. On the contrary, S1 shows the lower average value when the
total area is considered, and 54 shows the lower one, in particular with a 55.32 mm rainfall
depth, when only public areas are made reference to.
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Figure 6. Summary of the main results of the InVEST Urban Flood Risk Mitigation model applied to
the four scenarios in the total and public areas.

Although the total retained runoff is higher when larger areas are targeted by NBS
implementation, NBS implemented on public areas are 14-48% more effective in terms of
average unit values of retained runoff (i.e., m? of runoff per single m?).

The economic value of the protection from flood risks provided by the NBS is signifi-
cantly higher when NBS are implemented over large areas, namely in the case of S1 and S2
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and high rainfall depth (55.32 mm). The lower values correspond systematically to S3, both
in the case of total and public areas.

The average unit economic value (EUR/m?) increases as rainfall depth increases in
all scenarios. The highest average value is observed, both in the case of total and public
areas, for S3 (respectively, 12 EUR/m? and 14.70 EUR/m?), while the lowest values are
observed for Sl if considering the total area, and for S4 if considering only the public areas.
The average economic unit value of benefits deriving from NBS implemented on public
areas shows average unit values 14-48% higher than those delivered by NBS implemented
on both public and private areas.

3.3. Scenario Analysis

This section provides summary results concerning the comparison between costs and
benefits for the four scenarios, both as aggregated values for the whole set of NBS and
per single NBS. The comparison of costs and expected benefits highlights different results
for the total (Table 3) and public areas (Table 4). The results are summarized in Figure 7
(total area) and Figure 8 (public areas). Considering the total area, the costs exceed the
expected benefits in terms of both temperature regulation and protection from flood risk
under all the scenarios considered but S3, which was expressly designed to optimize the
performance of NBS with respect to flood risk. For S3, when moving from the low to high
rainfall depth values and considering a 3% discount rate, net benefits correspond to EUR
13.2,75.8 and 124.8 million. When considering a 5% rate, estimated values are EUR 4.8, 67.4
and 116.4 million. The corresponding unit benefits (i.e., per single m?) fall, respectively, in
ranges between 0.55-5.16 EUR/m? and 0.20-4.81 EUR/m?.

Table 3. Comparison of costs and benefits associated with the implementation of the NBS under each
scenario and using two different discount rates—total areas (public and private), EUR/year.

e ol Tkl g cosu) i S
Scenario 32.21 45.5 55.32 32.21 45.5 55.32 32.21 45.5 55.32
S1 1160.20 529.23 896.60 1015 —630.96  —263.59  —144.40 —6.85 —2.86 —1.57
S2 1243.71 714.17 898.22 1009 —529.53 34548  —233.80 —5.90 —3.85 —2.61
S3 238.20 205.66 268.20 317.25 —32.54 29.99 79.04 —1.35 1.24 3.27
S4 1050.45 614.55 770.59 864.25 —43589  —279.86 —186.19 —5.69 —3.65 —2.43
r=3% g?,t;ls Temperature Regulation, Value Benefits —Costs (Total)) (Urgflzlzflittlse,_lglj);tlinz)
S1 1.16 79.46 —1080.73 —11.74
S2 1.24 85.97 —1157.74 —73.65
S3 238.20 45.79 —192.40 —2.14
S4 1050.45 78.80 —971.64 —72.64
r=3% g(())tsatl foul ‘I?I‘(I)L(l)fi(llgglzce:r; .fl'om Benefits —Costs (Total)) (Urgflz/zlfliltlse,_}zclj)ls{t/inz)
Temperature Regulation)
S1 1.16 608.70 976.07 1095.27  —551.49  —184.12 —64.93 —5.99 —2.00 —-0.71
S2 1.24 800.14 984.19 1095.87  —44356  —259.51  —147.83 —4.94 —2.89 —1.65
S3 238.20 251.46 313.99 363.05 13.25 75.79 124.84 0.55 3.13 5.16
S4 1050.45 693.36 849.40 943.06 —357.08 —201.05 —107.38 —4.66 —2.63 —1.40
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Table 3. Cont.

=S Coms L Riske value Benefits—Costs (ttal) (Unit Value, EUR/m)
Scenario 32.21 45.5 55.32 32.21 45.5 55.32 32.21 45.5 55.32
S1 1202.96 529.23 896.60 1015.80 —673.72  —30635 —187.16 —7.32 —3.33 —2.03
S2 1382.27 714.17 898.22 1009.90 —668.09  —48405 —372.36 —7.45 —5.40 —4.15
S3 246.61 205.66 268.20 317.25 —40.95 21.58 70.63 —1.69 0.89 292
S4 1084.80 614.55 770.59 864.25 —470.24  —31420 —220.54 —6.14 —4.10 —2.88
r=5% g((:::l Temperature Regulation, Value Benefits— Costs (Total)) (Urgfl\lzi;ilth]ECl?Is{t/;z)
S1 1202.96 79.46 —1080.73 —11.74
S2 1382.27 85.97 —1157.74 —73.65
S3 246.61 45.79 —192.40 —2.14
S4 1084.80 78.80 —971.64 —72.64
r=5% gzt;ls ol \lfllxl)l(l)fi(gir:lzc:r; 'ffom Benefits — Costs (Total)) (Ulgfr\lz,fliltil_}gcg;t/jn%
Temperature Regulation)
S1 1202.96 608.70 976.07 1095.27 —59425  —226.88 —107.69 —6.46 —2.46 -1.17
S2 1382.27 800.14 984.19 1095.87 —582.12  —398.07  —286.39 —6.49 —4.44 —3.19
S3 246.61 251.46 313.99 363.05 4.84 67.38 116.43 0.20 2.79 481
S4 1084.80 693.367 849.40 943.06 —39143  —23539 —141.73 —5.11 —3.07 —1.85
Table 4. Comparison of costs and benefits associated with the implementation of the NBS under each
scenario and using two different discount rates—public areas, EUR/year.
s Do o e conon g S
Scenario 32.21 45.5 55.32 32.21 45.5 55.32 32.21 45.5 55.32
S1 120.91 140.15 136.96 206.78 19.23 16.04 85.87 1.22 1.02 5.46
S2 134.59 136.96 179.43 206.78 2.36 44.83 72.19 0.18 3.35 5.40
S3 37.12 60.00 81.87 96.89 22.87 44.75 59.77 4.02 7.85 10.49
S4 102.10 109.74 140.32 158.91 7.64 38.22 56.80 0.69 3.45 512
r=3% ggt;ls Temperature Regulation, Value Benefits — Costs (Total)) (Ur?ifr\l/(;fliltlse,_ECL(I)ls{t/jnz)
S1 120.91 34.53 —86.38 —0.94
S2 134.59 34.23 —100.36 —6.38
S3 37.12 32.25 —4.86 —0.05
S4 102.10 33.00 —69.10 —5.17
r=3% g(;t;ls ol \1;?:;21(1[::122:; .fl'om Benefits —Costs (Total)) (Urgflzl'eaflittlse,_lflj)ls{t/inz)
Temperature Regulation)
S1 12091 174.67 171.45 241.31 53.76 50.57 120.40 3.42 3.22 7.66
S2 134.59 171.19 213.66 241.02 36.59 79.07 106.42 2.74 5.91 7.96
S3 37.12 92.25 114.13 129.15 55.13 77.00 92.03 9.68 13.52 16.15
S4 102.10 142.74 173.32 191.91 40.64 71.22 89.81 3.66 6.42 8.10
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Table 4. Cont.

Total Protection from Flood Benefits — Costs
— [0, 1ts —
r=5% Costs Risks, Value Benefits —Costs (Total)) (Unit Value, EUR/m?)
Scenario 32.21 45.5 55.32 32.21 45.5 55.32 32.21 45.5 55.32
S1 124.87 140.15 136.96 206.78 15.27 12.08 81.91 0.97 0.77 5.21
S2 139.68 136.96 179.43 206.78 —2.72 39.75 67.10 —0.20 2.97 5.02
S3 38.41 60.00 81.87 96.89 21.58 43.45 58.47 3.79 7.63 10.26
S4 104.33 109.74 140.32 158.91 5.40 35.98 54.57 0.49 3.24 4.92
Total Benefits — Costs
— RO . . _
r=5% Costs Temperature Regulation, Value Benefits — Costs (Total)) (Unit Value, EUR/m?)
S1 124.87 34.52 —90.35 —0.98
S2 139.68 34.23 —105.45 —6.71
S3 38.41 32.25 —6.16 —0.07
S4 104.33 33.00 —71.33 —5.33
Total Value (Protection from .
r=5% Total Flood Risks and Benefits — Costs (Total)) B'eneﬁts—Costs 2
Costs . (Unit Value, EUR/m*)
Temperature Regulation)
S1 124.87 174.67 171.48 241.31 49.80 46.80 116.43 3.17 2.96 741
S2 139.68 171.19 213.66 241.02 31.51 73.84 101.33 2.36 5.53 7.58
S3 38.41 92.25 114.13 129.15 53.84 75.71 90.73 9.45 13.29 15.93
S4 104.33 142.74 173.32 191.91 38.40 68.98 87.57 3.46 6.22 7.89
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Figure 7. Cont.
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Figure 7. Comparative analysis of costs and benefits associated with the implementation of NBS
under each scenario and using two different discount rates—total area (public and private), EUR/year.
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Figure 8. Comparative analysis of costs and benefits associated with implementation of the NBS
selected under each scenario and using two different discount rates—public areas, EUR/year.

Where only NBS implemented in public areas are considered (see Table 4), costs exceed
benefits just for UHI effect risks. With reference to the protection from flood risk, benefits
exceed costs under all scenarios, regardless of the rainfall depth values considered, when a
3% rate is adopted. Similar results are observed also when a 5% rate is used, except for S2
and a 32.21 mm rainfall depth.

The total net benefits in terms of protection from flood risks fluctuate between EUR
2.4 million (S2, 32.21 mm) and EUR 85.9 million (51, 55.32 mm) when using a 3% rate,
and between EUR 5.4 million (54, 32.21 mm) and EUR 81.9 million (51, 55.32 mm) with a
5% rate. The net unit benefits show a maximum value in the case of S3 and a 55.32 mm
rainfall depth (10.49 EUR/ m?) and a minimum one for $4 and a 32.21 mm rainfall depth
(0.69 EUR/m?), when a 3% rate is used. This is also confirmed in the case of a 5% rate
(10.26 EUR/m? and 0.49 EUR/m?, respectively).

If considering the overall net benefits associated to protection from both the UHI effect
and flood risk, the net values range between approximately EUR 36.6 million (S2, 32.21 mm)
and EUR 120.4 million (S1, 55.32 mm), for a 3% rate, and between EUR 31.5 million (S2,
32.21 mm) and EUR 116.4 million (S1, 55.32 mm), for a 5% rate. The net unit benefits result
range between 16.15 EUR/ m? (83, 55.32 mm) and 2.74 EUR/m? (S2, 32.21 mm) when using
a 3% rate, and between 15.93 EUR/m? (S3, 55.32 mm) and 2.36 EUR/m? (S2, 32.21 mm)
when using a 5% rate.

A summary of the cost-benefit comparison by single NBS is reported in Figures 9-12
and more in detail within the Supplementary Materials (Tables S3-57). Net benefits are
generally found for retention ponds, creation of floodplains and riparian woods, urban
gardens (envisaged and assessed under 54 only), forested green areas, roadside trees and
green paths, and, finally, green urban furniture.
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Figure 9. Costs and benefits relating to individual NBS (S1), EUR millions.
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Figure 10. Costs and benefits relating to individual NBS (52), EUR millions.
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Figure 11. Costs and benefits relating to individual NBS (S3), EUR millions.
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Figure 12. Costs and benefits relating to individual NBS (S4), EUR millions.

Costs were found to systematically exceed the benefits in the case of green roofs, green
facades and green rails.
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4. Discussion

The potential of NBS to provide ecosystem services—namely temperature regulation
and flood risk mitigation—has been verified via IN'VEST models considering four possible
NBS scenarios in the Turin urban area.

Comparative analysis of the costs and benefits associated to the development of the
NBS scenarios has highlighted positive results only for S3 when the total area is considered,
thanks to the impact of the protection from flood risks. This service is determinant also
when only public areas are considered, and limited scale interventions are selected, ensuring
the reach of net benefits associated to the joint implementation of NBS targeted for all the
scenarios considered.

The number of NBS generating net benefits increases when passing from a 33.21 mm
to a 55.45 mm rainfall depth, due to an increase in benefits against fixed costs. Since
different temperature scenarios were not considered, it is not possible to formulate similar
considerations with reference to the temperature regulation service and the contrast to
the UHL

The difference in unit value between scenarios is imputable to their different purposes.
S3 and S4 aimed at maximizing, respectively, the benefits in terms of protection from
flood risks and temperature regulation in contrast to the UHI. So, the difference in value
is essentially indicative of the possible trade-offs between the ecosystem service values
in the hypothesis of making choices that maximize one of the two ecosystem services
separately rather than opting for synergy conditions between them, as in the case of S1
and S2. Different economic performances were observed for single NBS. Net benefits
were mainly observed for retention ponds, creation of floodplains and riparian woods,
urban gardens, forested green areas, roadside trees and green paths, and finally, green
urban furniture. Not considering any technical limitations related to the actual feasibility
according to the characteristics of each individual implementation site, these NBS seem to
represent a starting set of solutions for any NBS planning/implementation interventions
against the risks considered within the Turin urban area. Green roofs and green facades
are among the NBS showing costs exceeding benefits in a systematic way. This may be
mainly due to the high unit costs associated to their implementation that do not make ex-
tensive application, such as those hypothesized here, due to modeling needs, economically
worthwhile. Instead, these NBS would require design and implementation in a targeted
and specific manner. Results for all other NBS are variable depending on the scenario and
rainfall depth considered.

Even if the scope of our study is limited to the assessment of only two specific ecosys-
tem services associated to the implementation of NBS chosen consistently with the two
major climatic risks identified for the Turin municipality [21], our results can inform the
elaboration of general guidelines for future climate proofing strategies in the study context.
First of all, the hypothesis of extensive interventions on public and private areas appears
to be practically unrealistic and economically unviable. It is advisable to define criteria
for tailoring risk and site-specific interventions, setting priorities for those areas showing
higher climate risks. Due to lower transaction costs, the development of NBS over public
areas is likely to be easier and cheaper for public authorities. This is consistent with the
idea that NBS could be primarily framed within the urban infrastructure domain that tradi-
tionally falls within public investments [61]. At the same time, public NBS might be seen
as best practices for private owners who could be provided with guidance and support in
their choice to implement NBS. Rapid urban development coupled with increasing climate
risks and limited public budget, however, may render the involvement of private investors
attractive, and sometimes even necessary. This would require coordinated funding between
public and private financiers, while potentially making NBS implementation attractive also
for private land-owners [82]. Maes and Jacobs (2015), for example, suggest that subsidies
and public funds could support the management of NBS by private entities, whenever
long-term societal benefits fail to concur with short-term business interests [83].
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Difficulties encountered in effectively implementing concrete response measures to
climate impacts are attributable not only to “traditional” economic, ecological and tech-
nological barriers, but also to political, regulatory and institutional obstacles, as well as to
governance and behavioral ones [84]. Following these considerations, the effective selection,
design and implementation of NBS should probably rely on a policy mix [85] combining
(i) regulatory, (ii) financial (or economic) and (iii) soft (or supportive) instruments ([86-88]),
inspired by the “sticks, carrots and sermons” metaphor [89]. More specifically this should
include (i) regulatory instruments, such as local or higher regulations and constraints,
varying from “command and control” regulation to agreements negotiated with a broad
range of societal stakeholders [88,90]; (ii) financial instruments, comprising disincentives or
incentives, for example, by considering the adoption of the NBS as a condition that allows
rewarding elements with respect to the concession for the management of public areas or
access to simplifications of technical-administrative practices relating to the management of
private areas; and (iii) soft (or supportive) instruments consisting of informational as well
as organizational instruments aimed at voluntarily (re)organizing processes [91], such as
sharing guidelines, good practices, voluntary agreements by industry or non-hierarchical
network opportunities with the government [86]. For example, the adoption and imple-
mentation of NBS in public areas to highlight the feasibility and effectiveness of the same,
stimulating its adoption also by other actors.

The same concepts are also reflected on the four lines of interventions for urban NBS
implementation provided by The Economics of Ecosystems and Biodiversity (TEEB) initia-
tive: (1) information provision—e.g., monitoring activities and environmental accounting;
(2) support for cooperation—e.g., between institutions as well as different offices and
departments of the same institution, but also between public and private subjects, both at
an intra- and inter-municipal scale; (3) the development of planning and guidance tools;
and (4) the definition of incentive mechanisms and financial support for NBS adoption [92].
Valuable NBS projects cannot disregard consideration of the local urban structure speci-
ficities, such as technical characteristics, but also possible regulatory and administrative
constraints and stakeholders” involvement and preferences in the planning, implementa-
tion and monitoring phases. General guidelines and frameworks have been developed by
researchers [93] and practitioners, such as the IUCN Global standard [94], to support NBS
design and development.

Governing through policy mixes is key to the mainstreaming of urban NBS because
complex and large-scale transition needs a long-term, multi-actor and multi-instrumental
approach [95-98]. The delegation of some steering powers to non-governmental actors
and the promotion of interactive modes of governance is also an option to be consid-
ered [99-101]. For example, urban sustainability is increasingly governed through ‘the
politics of experimentation’ [102]. The partnering of different actors in the governance
of NBS is perceived as a way to reduce barriers/constraints to adopting NBS on a wider
scale [34,62]. Participatory approaches are also essential for the effectiveness of NBS, while
top-down processes might make the NBS more difficult to accept and inefficient in defining
the share of responsibilities to develop a win-win solution [103].

NBS should moreover be framed within an appropriate hierarchy of climate risk man-
agement and mitigation interventions, inspired by existing and consolidated models, such
as the mitigation hierarchy defined by BPOP and UNEPFI [104]. This defines subsequent
steps of intervention, according to a logic of (i) identification and analysis of risks and
expected impacts; (ii) avoidance, i.e., measures aimed at avoiding risks and impacts, for
example, through preventive actions and planning of interventions; (iii) minimization, i.e.,
minimization of risks and unavoidable impacts, through targeted design and operational
choices; (iv) rehabilitation/restoration, in terms of restoring any compromised functionality
upstream or downstream of the interventions; (v) offset, to be understood as physical
compensation of risks and impacts that cannot otherwise be avoided through the previous
actions; and (vi) compensation, i.e., economic compensation of risks and residual impacts.
The NBS can effectively intervene in phases (iii) and, above all, (iv) and (v).
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Finally, integrated solutions should also be considered whenever possible. This means,
for example, integrating the management of existing resources (e.g., existing public green)
with new improvement solutions (e.g., NBS introduced from scratch), but also to integrate
gray and green interventions, to optimize the effectiveness and persistence of positive
impacts. In a broader vision, it also means integrating mitigation with adaptation objectives
and increasing the level of relationship between voluntary pathways and ordinary planning.
Integration is also to be understood, as previously mentioned, with reference to the nature
of the actors and resources to be handled. The creation of new public-private partnership
collaborations, the co-design and co-financing of initiatives would, for instance, lead to
the sharing of investment risks and so make these interventions more attractive also to the
private sector.

5. Conclusions

In this study, we assessed the potential of selected NBS to mitigate flood risks and the
UHI effect in the Turin urban area. The economic value of benefits from the selected NBS,
in terms of expected ecosystem services, was assessed through InVEST models applied to
four intervention scenarios, comprising different sets of NBS, and compared with the NBS
implementation and maintenance costs.

Our analyses highlighted positive results especially regarding protection against flood
risks, particularly when limited-scale interventions are considered. Benefits in terms of
flood-risk reduction also drive those linked to temperature regulation, suggesting possible
synergies and trade-offs when NBS are jointly implemented.

Results can be used as a starting point for the elaboration of general guidelines for
future climate strategies in the study context. These strategies should rely on tailored
solutions targeted at identified risks, and a site-specific approach rather than considering
extensive interventions. Setting priorities in terms of intervention areas and integration of
the existing resources management with new improvement solutions, including integrating
green and gray solutions to various degrees, seems to be advisable. The adoption of a
policy mix strategy and the involvement of different actors and financing resources is key
to mainstream NBS. Public bodies, such as municipalities, might play a pivotal role in
driving and organizing planning activities, as well as in implementing solutions that could
serve as best practices inspiring the private sector.

Despite our efforts, the paper has some limitations. Firstly, the scope of our study is
limited to the assessment of only two ecosystem services associated to the implementation
of identified NBS, without considering in-depth further co-benefits and trade-offs, nor
the benefit demand by potential beneficiaries. This is a choice made consistently with the
two main climatic risks identified by the 2020 Climate Resilience Plan developed by the
Turin municipality [21], as well as to make data modeling and analysis technically feasible.
Capturing the total economic value of the whole benefits generated by the selected NBS
was beyond the scope of our research; however, the selected NBS are likely to generate
additional environmental and social benefits in addition to those estimated in this study.
Another limitation is linked to the fact that traditional estimation approaches and software-
based models require some assumption and simplification to tackle data gaps in terms of
quality/scale and quantity and technical constraints.

Future research might overcome these limits, enlarging the series of NBS potentially
considered for implementation and the range of benefits being estimated, thus also consid-
ering possible co-benefits and trade-offs [63], in consistency with the widely accepted idea
that NBS are to be understood as “multifunctional solutions that ensure multiple services and
benefits simultaneously” [105]. Furthermore, the range of costs considered to implement NBS
could also be enlarged, including indirect and general costs of the projects. However, to be
fully reliable, these calculations should be tailored to a specific project because NBS design
and associated features may vary accordingly as they are strictly dependent on different
locations. Finally, further research could also explore stakeholders’ needs and preferences,
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providing additional inputs for setting priorities in decision-making and planning activities
associated with NBS development.

Despite being just a preliminary assessment, the analysis presented within this paper
confirms how research and practice can be integrated to provide relevant information for
urban development planning with respect to challenges posed by urban development
trends, as well as the climate crisis.
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model applied to the four scenarios considering the total (i) and public (ii) areas; Table S3: Costs
associated with the creation of the NBS selected for each scenario considered and for two different
discount rates—total area, values expressed in millions EUR/year; Table S4: Comparison of total and
unit costs and benefits associated with the creation of the individual NBS selected for scenario 1 (S1)
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rates—total area and only public areas, values expressed in EUR/year; Table S7: Comparison of total
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4 (S4) and for two different discount rates—total area and only public areas, values expressed in
EUR/year.
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Appendix A

Table A1. NBS identified and the climate risk to which they respond (“x” means that the effect of
NBS on mitigating climate risk is considered positive).

Climate Risk
Code Name Heat Floods— Floods
Island Effect Surface Water —Rivers
1 Forested green areas X X
2 Rain gardens X X
3 Urban gardens X X
4 Intensive green roofs X X
5 Estensive green roofs X X



https://www.mdpi.com/article/10.3390/land12020280/s1
https://www.mdpi.com/article/10.3390/land12020280/s1

Land 2023, 12, 280 24 of 32

Table Al. Cont.

Climate Risk
Code Name Heat Floods— Floods
Island Effect Surface Water —Rivers
6 Traditional green facade X
7 Green facades “double skin” X
8 Green or living walls X
9 Vertical forest X
10 Roadside trees and green paths X X
11 Green rails X X
12 Green urban furniture X
13 Permeable surfaces X
14 Rainwater harvesting X
15 Infiltration basins X
16 Infiltration trenches X
17 Drainage wells X
18 Swales X
19 Vegetated canals and streams X
22 Retention basins X
23 Retention ponds X
24 Geocellular storage system X
25 Blue roofs X
24 Restoration of rivers for the control of infiltrations X
25 Creation of floodplains and riparian forests X
Table A2. Description of selected NBS.
Code Name Description
Urban parks, forests and other green spaces in cities. They constitute green corridors
1 Forested green areas that provide many benefits to mitigate the climatic risks.
They can be designed in different forms, albeit the most effective involve the planting
of trees and a large surface.
Small gardens used for storage and infiltration. Often also called “bioretention areas”.
Typically, they are implemented at the level of a single property, near buildings, for
example, to collect water infiltrating from the roofs. They are formed by different
2 Rain gardens components, including strips of filtering meadow, small stagnation basins, areas of
constructed wetlands, sand beds, vegetation. The water can be collected and returned
to the collector system or infiltrated into the subsoil. In the case of intense events, it
can be connected to a SuDS.
Urban and community gardens: areas used for agriculture and urban gardening with
3 U a positive contribution to adaptation to climate change, when compared to paved
rban gardens land. Th be further adapted for climate impacts by introduci
and. These green areas can be further adapted for climate impacts by introducing
vegetation and appropriate crops.
Intensive—Also called roof gardens or terraces, they are composed of lush vegetation
and are based on a relatively deep and nutrient-rich substrate. They can support large
4 Green roofs plants and conventional lawns. Extensive—Characterized by little growing medium
deep and self-sufficient and low planting maintenance covering the entire roof area.
They are sometimes called “sedum roofs”.
Traditional green facades—Woody climbing plants or herbaceous plants usually
planted at the base of a wall. “Double skin” green facades—Include support structures
5 G engineered for the creeper vegetation and an insulating air layer between the foliage
reen facades

and the wall of the building. Green walls—Generally more complex than green
facades, they are based on a supporting structure with several fixing methods, such as
panels or planters or a tissue culture substrate (felt), on which vegetation grows.
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Table A2. Cont.

Code

Name

Description

Roadside trees and green paths

Planting greenery next to infrastructure, including high-rise infrastructure capabilities
such as highways and railways.

Green rails

Grassing of tram traffic areas.

Green urban furniture

Outdoor furniture made of natural materials, such as bus shelters, benches, etc.

Permeable surfaces

Permeable surfaces allow rainwater to through the surface into the underlying layers.
They are placed at the beginning of a train of SuDS, unless it is in an area with
permeable subsoil, in which case it is possible to consider allowing groundwater
infiltration. However, performance improves if it is placed in a SuDS.

10

Rainwater harvesting

Collecting and storing rainwater for later use. It is traditionally collected from roofs
but can also be retained by all other impermeable surfaces, such as industrial
buildings or car parks. It is stored in individual barrels, in underground cisterns or
large storage tanks. There are different collection systems (gravity or pump). It can be
placed at the head of a SuDS train or deliver water for irrigation or other purposes. It
can include active management systems of the amount stored, which can be activated
in anticipation of extreme events.

11

Infiltration basins

Infiltration basins are vegetated depressions designed to retain runoff from
waterproof surfaces, allow sediment and pollutants to settle, and allow the water to
infiltrate the underlying soils. Infiltration basins are dry, except in periods of heavy
rain, and they can be used for other functions (for example recreation). They provide
storage and control of the outflow as part of a SuDS. The measure improves the soil’s
natural ability to drain water by providing a large contact surface with the
surrounding land, through which water can reach the layers below.

12

Infiltration trenches

Shallow excavations filled with debris or stones allowing water to infiltrate from
adjacent impermeable surfaces. They can also be designed with direct inflows. They
reduce runoff through infiltration and contribute to the recharge of the aquifer and
others by maintaining the base flow of rivers. They purify the runoff through filtration
in strata and soil. They work best as part of a SuDS system.

13

Retention ponds

Ponds designed with additional storage capacity to provide washout mitigation
during rain events and slowly release the runoff. They consist of a permanent pond
area with natural banks. They are made using a natural depression, digging a new one
or building levees. It would be better not to use natural water bodies to avoid running
the risk that pollution and low-quality water disturb or damage the natural ecosystem.
They are designed with an outlet to the collector system in the case of being overfull.

14

Restoration of rivers for the
control of infiltrations

Measures to restore the natural state and function of rivers: renaturalization of the
riverbed; renaturalization of the riverbed material; removal of
embankments protection.

15

Creation of floodplains and
riparian forests

Restoring/creating connections and transitioning between terrestrial and aquatic
ecosystems, including lowlands alluvial and adjacent terraces.

Source: Modified from Morello et al. (2019) [31].

Table A3. Summary of model input and output data.

Urban Cooling

Urban Flood Risk Mitigation Model

Input Data

Input Data

Land Cover Map

Raster of land use/land cover
(LULC) for each pixel
(resolution 1 m x 1 m).

Raster of land use/land cover
(LULC) for each pixel (resolution
Im X 1m).

Land Cover Map
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Table A3. Cont.

Urban Cooling

Urban Flood Risk Mitigation Model

Input Data

Input Data

.csv file reporting for each
LULC type:

.csv file reporting Curve number

e  Shade, range: [0-1] (CN) values for each LULC type
Biophysical Table *  crop coefficient [107] Biophysical Table and each hydrological group. CN

° albedo ([108]) values were derived from USDA

° green area (either 0 or 1) (1986) [106].

e  building intensity,

range: [0-1]

Raster of reference Vector of the main watersheds

Reference evapotranspiration according to relative to the study area (i.e.,

Evapotranspiration (mm)

the FAO Penman-Monteith
methodology [107].

Watershed Vector

Dora Riparia, Po, Sangone and
Stura di Lanzo) [109].

Vector of the administrative

Three values, i.e., minimum (32.21
mm), intermediate (45.50 mm)

Area of interest boundaries of the Depth of rainfall (mm) and maximum (55.32 mm),
Turin municipality. identified from Turin Millefonti
rain gauge data.
Raster of categorical hydrological
Distance over which large Biedmont Lithclogiat Map [10]
Green Area Maximum Cooling  urban parks (>2 ha) have a Soils Hydrological according to [11 O]g Pixel vflues
Distance (m) cooling effect. Defined as 130 m  Group Raster & '

based on Aram et al. (2019) [43].

are limited to 1, 2, 3, or 4, which
correspond to soil hydrologic
group A, B, C, or D, respectively.

Baseline air temperature (°C)

20.4°C[111]

Unit cost for a lamination
basin (EUR)

300 EUR/m?>

Authors’ estimation based on unit
costs available from the 2020
regional public price lists for
public works [112].

Magnitude of the UHI effect 6.2°C[72] Output data
. . 2000 m

Air Temperature Maximum

Blend ing Distance(m) Default value set by the Runoff values (Q, mm) Raster with runoff values.
InVEST model.
Vector with built infrastructure
iﬁg?i?;;sl\ii;i?paeﬁ TE?E??CZ? Raster with runoff retention

Building Footprints p Runoff retention index values (no unit, relative to

Map (Carta Tecnica Comunale),
using the reference vector
“Edificio” (i.e., building).

precipitation volume).

Energy Consumption Table

Residential (0.15 EUR/Kwh),
industrial (0.12 EUR/Kwh) and
other (0.10 EUR/Kwh). Derived
as an average value from online
data by the Italian Regulatory
Authority for Energy, Networks
and Environment (Autorita di
Regolazione per Energia Reti e
Ambiente, ARERA).

0.54% increase of the daily
electricity load for each degree
of temperature increase [110]
(Santamouris et al., 2015).

Runoff retention
volume (m3)

Raster with runoff retention
volume values.
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Urban Cooling

Urban Flood Risk Mitigation Model

Input Data

Input Data

Average relative humidity

73.8% (University of Turin,
2021) [111]

Ecosystem service value (€)

Value of the ecosystem service

calculated as unit cost of the

substitute good (lamination basin)
times the runoff retention volume.

Shade: 0.6, Albedo: 0.2,

Weights for factors Evapotranspiration: 0.2.
Default values set by the
InVEST model.

Output data

Heat mitigation index (hm)

Raster with hm values
(adimensional) showing the
cooling effect of NBS.

Avoided energy consumption

Energy savings (KWh) due to the cooling effects
of NBS.
Avoided costs associated with
. avoided energy consumption
E € .
nergy savings (€) due to the cooling effects
of NBS.
Table A4. Areas of application of the NBS (in hectares) and as a percentage for each scenario.
Code NBS Potential Area Scenario 1 Scenario 2 Scenario 3 Scenario 4
Total Public Total Public Total Public Total Public Total Public
ha 1875.9 3771 1875.9 377.1 0 0 355.4 34.5 1574.2 138.4
1 Forested green areas
% 100 100 0 0 19 9 84 37
ha 34274 971.9 0 0 0 0 0 0 0 0
2 Rain gardens
% 0 0 0 0 0 0 0 0
ha 34274 971.9 0 0 0 0 0 0 1514.4 691
3 Urban gardens
% 0 0 0 0 0 0 44 71
ha 2301.6 160.5 772.9 74.4 772.9 74.4 139 12.5 761 73.4
4
Green roofs % 34 46 34 46 6 8 33 46
ha 2301.6 160.5 1528.7 86.1 1528.7 86.1 243.6 15.8 1493.1 83.9
5
Green facades % 66 54 66 54 11 10 65 52
ha 21285 133.7 2128.5 133.7 21285 133.7 453.4 40.9 2059.1 125.9
6  Roadside trees and green paths
% 100 100 100 100 21 31 97 94
ha 1195 2.3 119.5 2.3 119.5 2.3 8.6 0 119.3 2.3
7 .
Green rails % 100 100 100 100 7 0 100 100
ha 1631.1 814 10 8.4 10 8.4 2.5 2.2 9.5 8
3 .
Green urban furniture % 1 ] 1 1 0 0 1 1
ha 2781.1 259.4 246.2 42 1785 150.5 79.7 12.6 0 0
9
Permeable surfaces % 9 16 o4 58 3 5 0 0
ha 2301.6 160.5 0 0 0 0 0 0 0 0
10  Rainwater harvesting
% 0 0 0 0 0 0 0 0
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Table A4. Cont.

Code NBS

Potential Area Scenario 1 Scenario 2 Scenario 3 Scenario 4

Total Public Total Public Total Public Total Public Total Public

11

ha 34274 9719 0 0 0 0 0 0 0 0
% 0 0 0 0 0 0

Infiltration basins

12

ha 50945 1058.7 338 219 440.7 56.1 79.9 9
Y% 7 2 9 5 2 1

Infiltration trenches

13

Retention ponds
% 52 85 52 85 22 45

14

Restoration of rivers for the ha 246.6 9.3 246.6 9.3 246.6 9.3 231.6 74
control of infiltrations % 100 100 100 100 94 79

0 0
0 0
0 0
ha 34274 9719 1786 829.2 1786 829.2 751.5 433.9 0 0
0 0
0 0
0 0

15

Creation of floodplains and ha 537 49 53.7 49 53.7 49 53.7 49 27 3.1
riparian forests % 100 100 100 100 100 100 50 64

Total

ha 345453 70285 9106 1589.3 8871.6 1354.9 2398.9 573.7 7557.6 1126
%o 26.4% 23% 25.7% 19% 7% 8% 22% 16%
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