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Rethinking cities in a more sustainable and integrated way is a key opportunity for successful climate change
adaptation and disaster risk management. Nature-based solutions and green infrastructures can help to safeguard
urban nature and biodiversity while providing multiple benefits to reduce climate risks and improve human well-

PDzH:lalgteion exposed being. Nature-based solutions help to mitigate flood risk by regulating storm-water runoff and peak-flow. This
Cofmectivity P paper investigates the effects of nature-based solutions and green infrastructure networks on pluvial flood risk in

the Milan metropolitan area in terms of direct economic damage to buildings and population exposed. Results
show that extending the urban green networks by 25 % can potentially halve the pluvial flood damages and
reduce the population exposed by 40 %. For all analysed rainfall intensities, damages to buildings and share of
population exposed decrease (up to 60 % and 50 % respectively) as green area coverage increases, with slightly
higher flood risk reduction for lower-intensity events. The applied methodological framework makes it possible
to identify priority-action urban areas and hence inform decision-making processes as for where green solutions

Risk reduction

are most efficient.

1. Introduction

The Sixth Assessment Report of IPCC (Intergovernmental Panel on
Climate Change) identifies cities and urban environments as hotspots of
impacts and risks associated with climate change, but it also recognises
the important role they can play to fight the climate crisis (IPCC, 2022).

Nowadays, about half of world population is living in cities while in
Europe and Italy urban population is even higher (63.5 % and 56 %,
respectively) (ISTAT, 2020). Urbanisation is a major cause of fragmen-
tation and degradation of natural ecosystems, potentially exacerbating
the economic, social, and environmental impacts of climate change
(UNEP and UN-Habitat, 2021). Under future climate conditions, urban
areas are likely to be at higher risk of extreme weather events and
increased impacts in terms of casualties and economic losses and dam-
ages (IPCC, 2022; Spano et al., 2021b).

Hydrological and meteorological hazards (e.g. floods, mass
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movement and storms) are accountable for the largest economic losses
from weather- and climate-related events in Europe (EEA, 2022). Italy is
one of the European countries with the highest economic flood risk, with
damages exceeding 38 billion Euros over the period 1980-2020 (Mysiak
et al., 2022). These impacts are not equally distributed: Lombardy, for
instance, is among the regions with the highest economic damages, ac-
counting for the 14 % of national losses in the 2000s (Carrera et al.,
2015), and with the highest exposure to flood hazard (Lastoria et al.,
2021). In a +2 °C warmer world, the annual flood damages in Italy are
expected to exceed 3 billion Euro and to affect almost 40,000 people
every year if no adaptation actions are taken (Dottori et al., 2020).
Without adaptation actions, Lombardy is expected to suffer economic
losses around 140 million Euro/year due to floods in the 2080s (Carrera
et al., 2015).

Pluvial flood (i.e. due to rainfall intensity exceeding infiltration ca-
pacity) risk is particularly pronounced in urban environments due to the
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generally lower permeability of the soil surface in these areas. Indeed,
urbanisation and soil sealing contribute to increasing pluvial flood risks
due to lower infiltration rates and higher surface runoff values (EEA,
2017).

Rethinking cities in a more sustainable and integrated way offers a
key opportunity for climate change adaptation and mitigation. Green
and energy-efficient buildings (Cirrincione et al., 2021; Ercolani et al.,
2018), sustainable transport systems (Sharifi, 2021; fukaszkiewicz
et al., 2021), and urban green spaces (Misiune and Kazys, 2022; EEA,
2021; Pamukcu-Albers et al., 2021) can provide a viable contribution to
climate- and weather-related risk reduction. These so-called nature--
based solutions (NBS), i.e. actions inspired and supported by nature that
simultaneously provide environmental, social and economic benefits,
can help building resilience to climate change (EC, 2015).

In this working-with-nature framework, green infrastructures (GI)
play a prominent role, especially in the urban environment. GI are
defined as “strategically planned network of natural and semi-natural areas
with other environmental features designed and managed to deliver a wide
range of ecosystem services” (EC, 2013a). GI provide multiple ecosystem
services that contribute to reducing climate risks and improving human
well-being, such as carbon sequestration, food and water provision,
flood and climate regulation, recreational and social opportunities.
Protecting urban nature and biodiversity is a key function of GI. They act
on flood regulation by increasing the water retention or infiltration ca-
pacity of the soil (EC, 2013b). In urban environments, GI such as urban
parks, rain gardens, green alleys, green roofs, and permeable pavements
can increase water retention capacity. This helps to reduce stormwater
runoff and peak flows, which in turn limits the economic and social
losses and damage (EEA, 2017, 2021).

In this context, Du et al. (2019) investigated the role of concave
green land in mitigating urban flooding in central Shanghai, China, by
integrating urban flood simulation, scenario analysis, and mitigation
assessment, concluding that GI can not only mitigate direct runoff and
inundation, but also reduce population exposure and enhance commu-
nity resilience. Similarly, La Rosa and Pappalardo (2020) explored the
role of sustainable urban drainage systems (in particular, green roofs) in
reducing the intensity of pluvial flood hazard in densely populated
catchments in Sicily, Italy, concluding that this type of nature-based
solution can not only reduce the intensity of flood hazard but also the
overall pluvial flood risk measured in terms of population affected. In
turn, Andrés-Doménech et al. (2018) monitored and evaluated the
performance of green roofs at building and city scales under in Bena-
guasil, Valencia, Spain, concluding that green roofs can potentially
reduce flood risks at the building and city scales even in relatively dry
climates such as the Mediterranean. Other examples of recent ad-
vancements in flood regulation by means of GI include the assessment of
the effectiveness of planning and building regulations in coping with
urban flooding under precipitation uncertainty (Piyumi et al., 2021), a
multi-dimensional urban flood risk assessment supported by stake-
holders’ perceptions for the ranking/prioritization of districts (Ekmek-
cioglu et al., 2022), an innovative multi-attribute and non-stationary
decision model for managing flood risks in urban areas under climatic
and demographic changes (da Silva et al., 2022), and the development of
an urban flood vulnerability index based on an interlinked
social-ecological-technological systems vulnerability framework (Chang
et al., 2021).

The positive impacts of GI in reducing urban flood risk are well
addressed in the literature. However, there is a significant knowledge
gap in terms of peer-reviewed and empirically sound studies that
quantitatively measure the performance of these solutions (Sudmeier--
Rieux et al., 2021). Particularly, how GI distribution and connectivity
across a city influence their effectiveness is barely considered in the
context of disaster risk reduction and climate adaptation. To enhance
the expected benefits, including flood regulation capacity, GI should be
also strategically connected across the space (Staccione et al., 2022a).
Building a green urban network and improve connectivity and proximity
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of green areas is fundamental to maintain healthy and well-functioning
ecosystems that can support multiple ecological functions and delivery
the expected services (Mitchell et al., 2015; Monteiro et al., 2020). This
is also in line with the emerging “15-minutes City” approach for a more
sustainable and resilient urban development, already applied in several
cities as Paris, Barcelona and Melbourne, that aim to include all the daily
services for citizens in a walking or cycling radius of around 15 minutes
(Moreno et al., 2021).

This paper contributes to address this gap, including the network
perspective in flood risk analysis. Combining pluvial flood hazard
modelling and GI network design, the paper aims to evaluate the
implementation and impact of GI measures in the context of disaster risk
reduction, considering the unique characteristics of the urban study
areas. The study defines implementation scenarios for GI in the city of
Milan, Italy, considering new and diverse criteria, such us flood risk,
connectivity, accessibility to green spaces, and feasibility of conversion.
Based on these criteria, the study proposes tailored scenarios for green
conversion, enabling decision-makers to prioritize interventions based
on their specific development and adaptation goals. This approach al-
lows for the assessment of expected impacts and helps in identifying
suitable solutions for achieving desired outcomes, providing an over-
view and mapping of possibilities. GI effectiveness is reported in terms of
direct economic damages to building and population exposed.

The paper presents the case study of Milan in Section 2. The method
section is structured in three parts: (i) analysis of the current green
network (Section 3.1), (ii) definition of scenarios for green network
improvement (Section 3.2), and (iii) the assessment of green network
scenarios effects on pluvial flood risk (Section 3.3). Results are presented
in Section 4, followed by a discussion of the main findings and impli-
cations of the study (Section 5), and conclusions (Section 6).

2. Case study: the metropolitan area of Milan

The Metropolitan City of Milan is the administrative centre of
Lombardy Region (Fig. 1). It is the second-largest city in Italy, highly
developed with strong economic and industrial sectors, and densely
populated, being home to 3.3 million residents.

Milan is located in the Padan Plain, an alluvial plain generated by the
Po River and its major tributaries, and is crossed by Lambro, Seveso and
Olona rivers. Due to its orographic and hydrographic conformation, the
city is exposed to a significant flood risk, enough to be one of the Italian
cities with the highest number of disaster events in Italy, especially
linked to urban floods (Spano et al., 2021a). The 4 % of municipal land
resulted to be subjected to High Probability Flood Hazard (HPH) and

Metropolitan Area of Milan
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Fig. 1. Metropolitan Area of Milan. The map shows the main classes derived
from ESM (Ferri et al., 2017), particularly the green areas used in the analysis.
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10.9 % of land subjected to Low Probability Flood Hazard (LPH); with
1.5 % of population living in HPH areas and 9 % of population living in
LHP areas (Lastoria et al., 2021). In the period 2010-2020, the city
experienced 29 disaster events linked to intense precipitation, causing
20 river floods, 19 days of stop for transportation systems, several
electricity black-out events, with severe economic and social impacts
(Zanchini et al., 2020). In the past decades, the climate in Milan has been
characterised by increasing temperature, increasing number of tropical
nights and decreasing of total precipitation (ISTAT, 2022). The climate
projections for 2100 are following the same trends of temperature and
precipitation, but with increasing frequency and intensity of extreme
rain events (IPCC, 2021; Myhre et al., 2019; Fischer and Knutti, 2016;
Spano et al., 2021a). This will increase, at the same time, the risk of
urban pluvial floods and heat waves (Spano et al., 2021a).

Milan has established a series of plans and strategies to address
climate change. Urban green spaces and infrastructures are among the
key actions identified. Today, the green areas cover about 13.8 % of
municipal territory, mainly urban parks, gardens and historical green
areas and green urban design elements (ISTAT, 2022). There are about
37 trees for 100 inhabitants, corresponding to 18 m? per inhabitant of
green area (Laurenti and Bono, 2020). Important are the larger parks
surrounding the city (such as Parco Nord, Parco Agricolo Sud, Parco
della Media Valle del Lambro), which have aesthetic and ecological
characteristics relevant to the city and act as elements of connection
with the regional ecological network (Comune di Milano, 2019a). As
part of the Covenant of Mayor for Climate and Energy, C40 Cities
Climate and Leadership Group and 100 Resilient Cities Network initia-
tives (C40 Cities - Milan, 2024; Resilient Cities Network - Milan, 2024),
the city aims to become more sustainable and resilient through urban
green regeneration. The Urban Development Plan for 2030 (Comune di
Milano, 2019b) and the Air and Climate Plan (Comune di Milano, 2020)
address heat waves and flood risks through a strong implementation of
NBS to increase water infiltration and limit the soil sealing. To this end,
the city is investing in several project to plant 3 million of trees and
increase the canopy coverage of 5 % by 2030, support the installation of
green roofs and walls in private and commercial buildings, reopen and
greening the channel network, create permeable surface, green areas,
vegetated rails and bus stops.

Existing
green network

w
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3. Methods

Fig. 2 shows the methodological framework underpinning this study.
The analysis follows three main phases that are described in detail in the
next sections. The analysis of the existing urban green infrastructure
network (Fig. 2.1, Section 3.1) aims to assess the current coverage,
distribution and connection of green areas. This will help identify areas
that require interventions, such as green conversion and increased green
accessibility, or areas that must be preserved. The existing GI network is
then used as baseline to define different network improvement scenarios
(Fig. 2.2, Section 3.2) aimed at reducing flood risk by introducing new
green areas and elements. Finally, the study assesses the effects of
different scenarios (baseline and green conversion scenarios) on pluvial
flood risk using a pluvial flood hazard mapping model and a risk-centred
damage function (Fig. 2.3, Section 3.3).

3.1. Urban green infrastructure network analysis

The analysis is based on the framework developed in Staccione et al.
(2022b). The first step is to define the green elements to be included in
the network. To achieve this, all the existing green spaces identified in
the European Settlement Map (resolution 2.5 m — Fig. 1), reclassified on
a regular grid of 100 m, have been used (Ferri et al., 2017). Only cells
with more than 25 % of green coverage are included in the network. The
resulting grid is then used as input to perform the morphological spatial
pattern analysis, identifying GI network elements as core areas (network
nodes) and connectors (network links) (Vogt et al., 2009; Soille and
Vogt, 2009). This allows for investigation of network connectivity using
a landscape connectivity index. Landscape connectivity indices are
valuable for analysing network structure from a spatial perspective,
considering the location, quantity and characteristics of landscape ele-
ments (Staccione et al., 2022a). The Integrate Index of Connectivity (IIC)
has been selected for this purpose (Pascual-Hortal and Saura, 2006). The
IIC is a simple binary graph-based index that analyses the presence or
absence of connections. It informs about the connectivity status of the
entire network with low data requirements. The IIC increases from O to 1
as the connectivity increases. The IIC has the ability to assess and rank
the contribution and importance of each core area to the overall network
connectivity, detecting the critical areas that require conservation or

Pluvial
flood risk
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hazard (water depth)
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Rank suitable
areas

To minimise flood damage
To minimise population exposed

Fig. 2. Methodological framework of the analysis. The overall process consists of three main phases that aim to 1) assess the current status of urban green network, 2)
develop scenarios of green network improvement, and 3) assess the impact of each scenario in reducing pluvial flood risk, in terms of direct damage to buildings and

population exposed.
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intervention (Pascual-Hortal and Saura, 2006; Saura and Rubio, 2010).
The formulas and details for IIC are provided in the Annex.

3.2. Urban green infrastructure improvement scenarios

Three scenarios of green conversion have been hypothesised based
on the current green coverage: (i) Green Buildings (GB), which involves
the establishment of new green roofs; (ii) Green Spaces (GS), which
entails converting open, ground spaces to additional green spaces; and
(iii) Green City (GC), which combines both GB and GS. Each scenario for
green conversion investigates four different incremental percentages of
green conversion: 25 %, 50 %, 75 %, and 100 % of all potential green
areas.

Within scenarios, the areas to be converted to green have been
identified according to a set of criteria, that help to define potentially
relevant areas in terms of connectivity and potential reduction of pluvial
flood risks. In line with the goal and plan of Milan’s city administration
to improve proximity and accessibility to different services and green
spaces (Comune di Milano, 2019b), a first criterion used is the walking
distance (5 to 10 minutes) from existing green areas. This allows to
select areas that can enhance the connectivity of exiting green network
and can play a role in a wider climate adaptation strategy. The walking
distance criteria determine the suitable cells that could guarantee
accessibility to a green area every 5-10 minutes of walk, encompassing
both existing and potential areas. Then, for the scope of the analysis, the
identified areas were characterised by: (i) the cumulative flood direct
damages to buildings, obtained from Essenfelder et al. (2022), measured
as the existing potential damage per cell in RP100 events (Fig. 3a); (ii)
the current residential population per cell, obtained from Schiavina
et al. (2019) and SISI (2021) (Fig. 3b); (iii) the share of existing open
spaces that can be turned to green per cell, obtained from Ferri et al.
(2017) (Fig. 3c); (iv) the share of roofs that are suitable to green roofs

to Buildings
0-0
0-0,25

™ 0,25-0,5

=(,5-0,75

-0,75-1

Potential Green

Spaces Area Roofs Area
0-0 0-0
0-0,25 0-0,25
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installation per cell, obtained from Comune di Milano (2016) (Fig. 3d)
and (v) the impact of potential conversion to green roofs per cell, defined
as a function of sealed areas in the surrounding area (i.e. the higher the
imperviousness of the area, the higher the expected impact) and ob-
tained from Comune di Milano (2016) (Fig. 3e). These criteria allow to
characterise each suitable cell in terms of potential flood risk (measured
as the direct cumulative economic damage and population exposed) and
potential land use conversion (measured as the percentage of the cell
that can be converted to green). All the above-mentioned criteria were
then normalised by feature-scaling, with resulting values ranging be-
tween 0 and 1. Feature-scaling normalisation has been applied as it
provides feature-independent results in the same range for all the
considered criteria, avoiding any penalty or bias towards one criterion
over the other.

Finally, the criteria have been combined to rank the suitable areas
based on their contribution to reducing flood risk. Two different rank-
ings have been computed for two different prioritisation goals: (i)
minimising flood damages and (ii) minimising population exposed. The
ranking identifies priority-areas for the total percentages of green con-
version in each scenario by selecting the top-ranked areas up to the total
area defined for the green conversion scenario (e.g. 25 %, 50 %, etc.).
This is done first by computing the scenario with 100 % green conver-
sion, and then by ordering the resulting prioritisation goals metrics and
selecting the cells from the highest values to the lowest. The ranking
analysis assumed an equally-weighted product function approach be-
tween the criteria (i.e. by means of a simple product aggregation method
to rank the areas where a higher potential for minimising direct damages
to buildings and to population exposed to floods exist). A product
function approach is chosen as it allows for detecting and exacerbating
highly undesirable situations when a single criterion might perform the
worst (e.g. a situation of maximum flood damage or maximum popu-
lation exposed is highly undesirable, irrespectively on how well any

Population
0-0
0-0,25

= 0,25-0,5

m(,5-0,75
=-(075-1

Potential Green
Roofs Impact
0-0
0-0,25
™= 0,25 - 0,5
=0,5-0,84
=-0,84-1

Fig. 3. Characterisation of the suitable areas for green conversion according to the defined evaluation criteria: a) damage to buildings; b) residential population; c)
potential green spaces area; d) potential green roofs area; e) potential green roofs impact.
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Table 1
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Ranking functions for each scenario. Cells have been ranked from higher to lower values.

Minimise Flood Damage

Minimise Population Exposed

Green Buildings
Green Spaces
Green City

Damage x Green Roof Area x Green Roof Impact
Damage x Green Space Area

Damage x Green Roof Area x Green Roof Impact x Green Space Area

Population x Green Roof Area x Green Roof Impact
Population x Green Space Area
Population x Green Roof Area x Green Roof Impact x Green Space Area

other criteria behaves; moreover, by considering an equally-weighted
approach, a greening scenario leading to either maximum flood dam-
age or maximum population exposed is never selected as a desirable
solution). The equally-weighted approach is motivated by the fact that
no preference is given to a flood damage reduction over population
exposure (and vice-versa); here, preferences from a decision-maker
could play a role in deciding which criteria could be more relevant,
but without having access to such information the adoption of an
equally-weighted approach was preferred. The equally-weighted prod-
uct function approach, while not directly assigning preferences to one
criterium over another, is still on itself the result of the combination of
the selected criteria by means of a function, thus based on a value
judgment on how the index is built and computed. As such, potential
users of the here proposed methodology are advised to carefully eval-
uate the suitable of the index for their specific applications. The equa-
tions shown below indicate the generic aggregation functions for flood
damage (Eq. 1) and population exposure (Eq. 2).

(D)™ -(Gra) " -(Gr)**"-(Gsa) ™" (€]
(P)*"-(Gra) " -(Grr)"*"-(Gsa )" (2)

Where, for every cell, D is the normalized flood damage reduction po-
tential, P is the normalized population exposure reduction potential, Gra
is the normalized green roof area, Gg; is the normalized green roof
impact, Gsa is the normalized green space area, wy is the weight
parameter for prioritising flood damage reduction, wg, is the weight
parameter for prioritising population exposure reduction, wg, is the
weight parameter for prioritising the conversion of areas to green roofs,
g is the weight parameter for prioritising the conversion of areas to
green roofs impacts, and wyg, is the weight parameter for prioritising the
conversion of areas to green spaces.

For the design of the different greening scenarios, we consider three
different greening scenarios, each focusing on different conversion types
to green areas and their respective combination with either potential
flood damage reduction D or potential population exposure reduction P.
The greening scenarios are: (i) green buildings (Gra and Ggy), where wgq,
is set to 0 and all other w are set to 1; (ii) green space (Gra), where wgq
and wg; are set to 0 and all other » are set to 1, and; (iii) green city,
where all three green area parameters are accounted for with all w set to
1. Since we assume an equally-weighted approach for each parameter in
a scenario (i.e. all weights w that are not set to 0 are equal to 1), the
definition of the greening scenarios from the aggregation functions
shown in Egs. 1 and 2 are reduced to the simple product of the
normalized features considered in each greening scenario, as shown in
Table 1.

3.3. Urban green infrastructure assessment

Flood risk is defined based on the definition of risk from the IPCC
Special Report on Managing the Risks of Extreme Events and Disasters to
Advance Climate Change (SREX) (IPCC, 2012), in which risk is a func-
tion of hazard, exposure, and vulnerability. Each greening scenario was
used as input for the Safer RAIN model (Samela et al., 2020) to estimate
flood hazard. Safer RAIN is a static filling and spilling pluvial hazard
model which identifies pluvial flood prone areas on the basis of surface
depressions that could store precipitation water volumes. The Safe-
r_RAIN model is specifically designed for pluvial flood risk assessment,

incorporating various factors such as rainfall intensity, land use, and
infiltration rates. The model is powerful to quickly estimate hotspot
areas of water accumulation and assess the changes of water depth ac-
cording to different surface conditions, such as the incorporation of
green infrastructure scenarios. For the case study of Milan as explored in
this research, a 2 m-resolution elevation model derived from LIDAR data
available from the Lombardy Region was used (Regione Lombardia,
2022). The model generates pluvial flood hazard maps over urban areas
by accounting for spatially distributed rainfall input and for infiltration
processes. Of particular relevance for urban environments and a main
limitation of the model, Safer RAIN is not capable of explicitly ac-
counting for the presence of stormwater drainage network systems. To
account for the presence of stormwater drainage network systems in the
metropolitan area of Milan, we perform a post-processing of the
generated flood maps by assuming a maximum drainage capacity cor-
responding to a precipitation event associated with a return period as
the no-damage baseline. Having no access to the actual design of the
stormwater drainage network system of Milan, and acknowledging the
fact that assuming a spatially consistent, flawlessly designed and
perfectly maintained urban stormwater drainage system with a fixed
return period is a source of uncertainty, we consider three different
maximum drainage capacity levels: a first of five years (RP 5, shown in
details in the Results section) (Skougaard Kaspersen et al., 2017) and
also of 10 years (RP 10) and of twenty-five years (RP 25, both shown in
details in Annex). Infiltration rate in Safer RAIN is computed by means
of a pixel-based Green-Ampt model, while soil properties are obtained
from the European Soil Database v2.0 (Panagos, 2006). A key parameter
that connects the potential green coverage of an area and infiltration is
the imperviousness of the soil, a parameter that ranges from 0 (imper-
vious) to 1 (completely permeable) (see Samela et al. 2020). The
imperviousness at the baseline scenario is derived from the
high-resolution layer on imperviousness density data (EEA, 2018). The
greening scenarios account for the changes in the potential green area
coverage in each cell, which is in turn a function of the share of green
roof (GB), open green spaces (GS), or both (GC). The analysis considered

Table 2
Rain events for the metropolitan area of Milan (Essenfelder et al., 2022;
CNR-GNDCI, 2001).

Return Hourly
Period rainfall
Intensity
[mm]
RP5 33.36 60
RP 10 38.52 55 @
RP 25 45.04 50 (\?
RP 50 49.88 <
g 45 Q
RP 100 54.68 \
£ 40 Q.
>
£ 35 \G
2 Se
S 30 Sl
£ 25 R
T 20 N
c
‘s 15
-4
10
5
0
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

Probability
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extreme rainfall events of 1 hour with different rain intensities as esti-
mated in Essenfelder et al. (2022) to assess changes in water depth by
changing imperviousness in the different scenarios of green conversion.
Rainfall intensities are defined in accordance with the estimated
depth-frequency values of extreme precipitation events (Table 2).

The flood hazard is defined through the flood extent and water depth
outputs obtained from Safer RAIN (Samela et al., 2020). Exposure is
defined by means of built-up environment and population density.
Built-up environment is assessed by means of buildings data that have
been retrieved from OpenStreetMaps (OSM, 2021), while population
density is retrieved from a 100m resolutions dataset named GHS-POP
R2019A (Schiavina et al., 2019). Vulnerability is assessed for built-up
areas only and is computed by using a direct damage estimation func-
tion retrieved from Huizinga et al. (2017) to evaluate the potential
reduction of damages to buildings for each scenario, compared to the
existing green coverage (baseline). The damage estimation is performed
following the work in Essenfelder et al. (2022) and is based on a
depth-damage vulnerability function linking the hazard magnitude to
the value of exposed assets (Huizinga et al., 2017), while building
reconstruction costs are extracted from country-specific cadastral esti-
mates per type of building, i.e. residential, commercial and industrial
(EC-Harris, 2010). Damage results are expressed as percentage reduc-
tion and Expected Annual Damage (EAD) and computed using the
trapezoidal method (Olsen et al., 2015). For each rain event, the ex-
pected damage is compared between the current green condition and the
potential green coverage scenarios. With regards to population density,
lacking access to a specific flood damage function for population in the
case study area, the analysis assessed the population exposed six classes
of water depth: 0-0.05; 0.05-0.1; 0.1-0.25; 0.25-0.5; 0.5-1; >1 m. For
each scenario of green conversion and rain intensity, the population
living in the different classes of flooded areas is counted. Results are
reported as percentage reduction and Expected Annual Exposed Popu-
lation (EAPE).

4. Results
4.1. Milan green infrastructure network

The existing GI network in the city of Milan is shown in Fig. 4. The
city has a significant presence of green areas, but mainly concentrated in
the peripheral zones of the city. Here, the network is well developed and
has important core areas supporting the overall connectivity. The inner
part of the city, on the other hand, has few or no core green areas, that
are disconnected and contribute to a low connectivity value (IIC = 0.1).

4.2. Greening scenarios

Around 6350 suitable cells that could guarantee accessibility to a
green area every 5-10 minutes of walk have been identified. These are
mainly distributed in inner part of the city, in accordance with the
highlighted needs. The top 25 % of potential areas prioritised for min-
imising the damage and the population exposed in the GC scenarios are
reported in Fig. 5. For the full set of scenarios see the Annex. The
combination of the criteria produced different ranking of areas accord-
ing to their contribution to minimize the damage and the population
exposed. New green areas result to be distributed throughout the city,
potentially acting as green corridors between central and peripheral
green areas. They provide a reduction in imperviousness, based on the
share of potential new green areas per cell, that is higher in the green
city scenarios with respect to the solely green spaces and green buildings
conversion. Major improvements are visible in areas closer to existing
green spaces.
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Fig. 4. Existing GI Network in the City of Milan. The lines (connections) and
dots (core areas) are the graphical representation of the network. The size of
dots indicates the importance of the area to the overall connectivity of the
network (IIC values). The green grid represents the ESM green areas reclassified
on a grid of 100m. Green shades correspond to the share of green areas in each
cell and represent the baseline used in the analysis.

4.3. Green network assessment

As discussed in the methods section, the results shown in this section
depicts in full details the main findings when assuming a maximum
drainage capacity corresponding to a precipitation event with a return
period of five years, while, where appropriate, comparing those results
with a maximum drainage capacity of both RP10 and RP25 precipitation
events. Readers interested in checking the results under the RP10 and
RP25 maximum drainage capacity assumptions are invited to read the
Annex.

4.3.1. Damage to buildings

For each scenario of green conversion, a progressive reduction of the
expected damage to buildings at the increasing of green coverage is
observed (Fig. 6). Generally, results show higher effects in case of lower
rain intensities, with similar effects for both the tested configurations, i.
e. minimizing the damage to buildings and minimizing the population
exposed. The two configurations show some differences at the lower
levels of green conversion, being almost equivalent in the 100 % of
potential greening, for all the types of conversion. The Green City sce-
narios lead to higher damage reduction for all rain intensities. For more
extreme events (RP100) the percentage reduction of damage is close to
60 % in RP100 (77 % and 100 % when maximum drainage capacity
corresponds to RP10, RP25 respectively). Green Spaces scenarios reach
a damage reduction of around 35 % in the most extreme scenario
(around 45 % and 80 % in RP10 and R25 max. drainage capacity), while
Green Buildings scenarios provide the lower impacts for extreme rainfall
events of up to 20 % (around 30 % and 50 % in RP10 and R25 max.
drainage capacity). Nevertheless, both GS and GB show important
damage reduction for lower rain intensities.

The expected annual damage to buildings is significantly reduced.
Fig. 7 shows the probability of damage curves referred to the minimi-
zation of damage configuration and Table 3 reports a summary of EAD
estimated values. At the current conditions, the EAD is around 18.6M¢€
(8.1M€ and 1.9 M€ for RP10 and RP25 max. drainage capacity). In GC
scenarios, the EAD is halved with the 25 % of additional green areas
(around 60 % and 80 % reduction in RP10 and RP25 max. drainage
capacity). At the same percentage of conversion, the EAD is reduced by a



A. Staccione et al.

a. 25% Green City min damage

L

Peniousness (%)
0-0
0-0,25

B 0,25-05
Il 05-0,75
B os-1

Sustainable Cities and Society 104 (2024) 105288

b. 25% Green City min pop exposed

Perviousness (%)
0-0
0-0,25

B 025-05
Il o5-075
Bmos-1

Fig. 5. Examples of green scenarios. Top 25% of green conversion in green city scenario: a) configuration to minimise damage; b) configuration to minimise

population exposed. Green shades represent the percentage of green conversion
represent the existing green network (baseline).
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Fig. 6. Percentage reduction of damage to buildings for each scenario of conversion compared to the baseline when assuming a maximum drainage capacity
corresponding to a precipitation event of RP5. On the left, a) reduction associated with the minimization of damage scenarios; b) reduction associated with the
minimization of population exposed scenarios. The x-axis represents the percentage of green conversion (25% to 100%) for each scenario of conversion (GB, GS, GC),
while y-axis reports the percentage reduction of damage to buildings and population exposed.

quarter in GS and in GB (around 30 % and 45 % reduction in RP10 and
RP25 max. drainage capacity). Similar values resulted for the minimi-
zation of population configuration (in Annex). These results show how
the combination of measures, both green roofs and green open areas,
better contribute to flood risk reduction by providing major infiltration
rates of the soil (as observed in Fig. 5).

4.3.2. Population exposed

Results for the population exposed showed similar trends. Fig. 8 re-
ports the results for the population exposed to pluvial floods, showing
the total population exposed to water depth >5 cm and that exposed to
extreme class of water depth > 100 cm. With the increase of green
coverage, less people are generally affected by pluvial floods for all rain
intensities. In case of Green City scenarios, the percentage reduction of
population exposed ranges from 8 % to 45 % in for water depth > 5 cm
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Fig. 7. Expected damage versus probability curves when assuming a maximum drainage capacity corresponding to a precipitation event of RP5. a) comparison of
direct damages for 100% of green in all scenarios; b) Estimated direct damages for Green Buildings scenarios; c) Estimated direct damages for Green Spaces scenarios;

d) Expected direct damages for Green City scenarios.

Table 3

Summary table of expected annual damage in all scenarios of green conversion
when assuming a maximum drainage capacity corresponding to a precipitation
event of RP5.

Expected Annual Damage (M€)

Green Buildings Green Spaces Green City
Baseline 18.56 18.56 18.56
25% 14.11 13.97 9.59
50% 12.60 10.92 6.08
75% 12.08 8.96 4.58
100% 11.39 7.13 2.98

(between 10-65 % and 20-99 % in RP10 and RP25 max. drainage ca-
pacity). For people exposed to extreme pluvial floods, Green City sce-
narios show a reduction of 100 % for lower rain intensities, up to 50 % in
RP100 events (around 70 % and 100 % in RP10 and RP25 max. drainage
capacity). Percentage reduction ranges from 11 % to around 18 % in
Green Buildings scenarios, and from 17 % to 34 % in Green Spaces
scenarios (11-25 %, 20-85 % in GB, 12-45 %, 22-80 % in GS for RP10
and RP25 max. drainage capacity respectively). The larger decrease in
the population exposed to water depth > 100 cm can be explained by the
fact that green areas progressively reduce the water depth in the city,

and so that the population living in higher water depth classes tends to
move to lower exposure classes, resulting in an overall higher number of
exposed people. This is happening again for each rainfall event, with
higher impacts in case of low-intermediate rain intensities. Comparing
the effects associated with the two minimisation goals, higher reduction
can be found in the lower levels of green conversion in the configuration
to minimise population exposed and comparable results in the 100 % of
potential greening.

The expected annual population exposed confirmed a notable
reduction at the increasing of green coverage. At the current conditions,
the total EAPE to water depth > 5 cm counts almost 2500 persons, and
around 500 persons exposed to extreme class of water depth > 100 cm
(1016 and 226 in water depth>5 cm and 240 and 53 in water depth >
100 cm for RP10 and RP25 max drainage capacity respectively). In GC
scenarios, the 25 % of additional green coverage contribute to reduce
the population exposed of around 40-42 % for both classes of water
depth > 5 cm and class >100 cm (see Table 4 and Figs. 9 and 10)
(around 40 % and 60-68 % reduction in RP10 and RP25 max. drainage
capacity). At the same percentage of conversion, the EAPE is reduced by
18-20 % GS and 28-30 % in GB (20-25 % and 25-30 % in GB, 30-35 %
and 45-50 % in GS for RP10 and RP25 max. drainage capacity respec-
tively). Similar results are obtained for the EAPE in the minimization of
population exposed (in Annex).
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Fig. 8. Percentage reduction of population exposed for each scenario of conversion when assuming a maximum drainage capacity corresponding to a precipitation
event of RP5: a-b) reduction of population exposed to classes >5 cm of water depth associated with the minimization of damage scenarios; c-d) reduction of
population exposed to extreme class >100 cm of water depth associated with the minimization of population exposed scenarios. X axis represents the percentage of
green conversion (25% to 100%) for each scenario of conversion (GB, GS, GC), while y axis reports the percentage reduction of damage to buildings and popula-
tion exposed.
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Table 4

Sustainable Cities and Society 104 (2024) 105288

Summary table of expected annual population exposed in all scenarios of green conversion for classes of water depth > 5cm and > 100cm when assuming a maximum

drainage capacity corresponding to a precipitation event of RP5.

Expected Annual Population Exposed (nr of people)

>5cm >100 cm
Green Buildings Green Spaces Green City Green Buildings Green Spaces Green City
Baseline 2496 2496 2496 513 513 513
25% 2136 2071 1721 422 393 327
50% 1939 1674 1087 375 306 201
75% 1863 1370 838 360 246 153
100% 1792 1074 623 343 200 103
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Fig. 9. Expected annual population exposed values versus probability curves for classes of water depth > 5 cm when assuming a maximum drainage capacity
corresponding to a precipitation event of RP5. a) comparison of population exposed for 100% of green in all scenarios; b) estimated population exposed for Green
Buildings scenarios; c) estimated population exposed for Green Spaces scenarios; d) expected population exposed for Green City scenarios.

4.3.3. Overall assessment

The spatial distribution of damage and population exposed reduction
per unit of area is shown in Fig. 11. It reported the 25 % of conversion in
the Green City scenarios for RP100 rainfall events, showing the effects
associated with the two minimization goals analysed. The highest
ranked areas for percentage reduction of impacts are similarly distrib-
uted across the city in both rainfall events. Areas with higher reduction
of population exposed are located mostly in the north or in the very

10

south of the studied area. Areas with higher reduction potential in terms
of direct economic damages are distributed all around the city centre.
Clusters of higher economic impacts are recognizable in the north-east,
south-east and south-west. In general, the higher ranked areas are
mostly concentrated where the surround green coverage is higher. The
spatial ranking of areas with the higher reduction potential is not
changing with the maximum drainage capacity assumed.
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Fig. 11. Spatial representation of damage and population exposed reduction per unit of area in the 25% Green City scenario for a rainfall event RP100: a-b) reduction
associated with the minimization of damage scenarios; c-d) reduction associated with the minimization of population exposed scenarios. Population exposed here

counts for all classes >5cm.
5. Discussion

The analysis of scenarios identified several options for improving the
city’s green infrastructure. The scenarios focused on different ap-
proaches, as the conversion of buildings, the conversion of open spaces
and a combination of both. All scenarios investigated showed positive
impacts on pluvial flood mitigation, reducing both direct damages to
buildings and population exposed. Even with a lower conversion per-
centage (25 % of green improvement), green interventions have the
potential to halve the pluvial flood damages and decrease the population
exposed by 40 %. Generally, all scenarios showed a slightly better
response to lower rain intensities, but with significant contribution even
in the case of more extreme rainfall events. Flood risk also depends not
only on rain intensity but also on soil infiltration capacity, which is a
function of soil characteristics and properties that can limit the amount
of water retained in and passing by soil layers (Ren et al., 2020).
Therefore, higher reduction impacts are linked to larger extent of green
coverage and to different types of conversion combined together. Stra-
tegies that rely solely on a single approach had a limited effectiveness. In
all the cases investigated, Green City scenarios provided larger positive
benefits compared to Green Space and Green Building scenarios. This
suggests that multiple and diverse interventions, spatially distributed
and connected across the space, should be considered to have more
benefits. They can include different NBS options or the integration of
green and more traditional interventions. Green conversion should be
specifically designed according to the context, implementing, for
example, urban parks, rain gardens, green roofs and walls, vegetated
alleys, or green rail paths. It is often not feasible to completely convert
an area to green, therefore NBS should be used in conjunction with the
urban drainage system and more engineered solutions, to increase the
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potential water retention capacity during extreme rainfall events. While
Green Building and Green Space scenarios have a lower impact on
reducing flood risk, they can still provide valuable insight for the dis-
tribution of green interventions throughout the city. The implementa-
tion of diverse nature-based interventions, which can be applied
differently across the city, can enhance both green connectivity and to
the overall effectiveness of flood risk reduction. This is in line with
recent reviews and studies, finding that the potential limited effective-
ness to cope with extreme pluvial flooding can be compensated by the
joint implementation and the use of diverse types of both green and grey
solutions across the city, that differently contribute to mitigate flood risk
(Huang et al., 2020; Costa et al., 2021; Majidi et al., 2019).

As shown in the Results and Annex sections, the presence of a
stormwater drainage system and the associated capacity levels is a main
driver of the direct impact estimates. However, the location in which
areas can potentially be converted to green areas remains largely un-
changed, a result that is potentially attributed to the spatial-consistent
assumption of stormwater drainage system capacity. Overall, the
determination of flood risk hotspots, the spatial distribution, and the
prioritization of areas with a more substantial impact on pluvial flood
risk reduction remain largely unaffected by the considered assumptions
of different maximum drainage capacity. Furthermore, the diverse sce-
narios of green conversion exhibit similar behaviour across various as-
sumptions of no damage. In practice, assuming a spatially consistent and
flawlessly designed urban stormwater drainage system is per se a source
of uncertainty not to be neglected in case the methods proposed in this
paper are to be replicated in a real-world context. In spatial terms,
overlooking the precise location and specific attributes of urban
drainage systems introduces errors that can potentially impact the
model’s results in determining the locations susceptible to flooding.
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Nevertheless, these negative effects are expected to diminish for more
severe, less frequent precipitation events as the capacity of stormwater
drainage network systems is exceeded.

The administration can prioritize green conversion interventions
based on the spatial ranking of areas with higher positive impacts. This
can help minimize the economic damages, the population affected or
both, depending on the goal pursued. The priority areas are located in
the districts characterised also by higher social and material vulnera-
bility, particularly in the north-west (Istat, 2020). This could motivate
actions in areas, where the population may have a lower capacity to
recover after a disaster, such as those. with lower economic capacity,
poorer labour conditions, more fragile social and housing conditions, or
a higher proportion of elderly residents. The spatial ranking of priority
areas can be, however, subject to the importance or weight of each
criterion used. In this case, we limited our analysis to equally weighted
criteria to demonstrate the overall application of this approach. How-
ever, the study could be further improved by engaging key stakeholders
and decision-makers would contribute to better tailor scenarios of green
conversion, in accordance with diverse management or development
plans. Furthermore, stakeholder’s engagement could aid in incorpo-
rating a cost-benefit analysis into the assessment. By targeting the
analysis on particular green solutions, it would be possible to account for
the costs of implementing and maintaining such solutions in relation to
the benefits they provide. When developing adaptation strategies, it is
essential to have information for designing specific interventions. This
information also supports a more in-depth analysis of additional
co-benefits, such us improved biodiversity or health-related benefits.
However, estimating benefits in economic or monetary terms can be
challenging, particularly when considering more ecological and social
benefits, hindering the application of cost-benefit analysis.

The approach presented in the study is aimed to provide a quick
analysis to obtain an overview of hotspot risk areas, potential distribu-
tions and impacts of nature-based interventions. This analysis can guide
the development of specific measures through a more detailed investi-
gation. The approach can be adapted to different realities as an inves-
tigative tool to support tailored strategies according to city goals. In this
perspective, the analysis could be further extended to include additional
scenarios of green conversion, alternative greening solutions or different
city resilience goals. Further analysis could consider climate change
scenarios and related uncertainties, or address different types of haz-
ards, such as heat waves, to support a better understand and quantify
urban green benefits also in future and diverse conditions. Nature-based
interventions may require time to become fully operational and may
also be subject to the impacts of climate change (Calliari et al., 2019).
Therefore, this would be particularly relevant to define plans and stra-
tegies that take into account changes in the distribution of flood risks, as
well as in the effectiveness of solutions over time.

6. Conclusions

The paper proposes an analysis to assess the potential impacts of on
urban green infrastructure network on the reduction of pluvial flood
risk. The scenarios developed help to prioritise areas of interventions
and have an insight of the overall effects to guide decision-makers,
urban plans and strategies. However, the design of specific measures
and solutions in these areas will require further investigation. This study
is also useful for identifying priorities for investments in nature-based
solutions and urban ecosystem restoration. Urban green network can
be connected to and integrated into a regional ecological network,
contributing so to more sustainable interactions between nature and
society, that support human, ecosystem and planetary health (IPCC,
2022). Multifunctional urban green infrastructure can contribute to
thermal comfort, air quality, carbon sequestration, and multiple health,
social and recreational benefits in addition to risk reduction. Robust
evidence of damage reduction could support the development of insur-
ance and investments schemes, to help bridge the financing gap for
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nature-based solutions.
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